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Preface

In recent years, as more and more innovative drug products are going
off patent, the search for new medicines that can treat critical and/or life-
threatening diseases has become the center of attention of many pharma-
ceutical companies and research organizations such as the US National
Institutes of Health (NIH). This leads to the study of promising traditional
Chinese (herbal) medicines (TCM), especially for those intended for treating
critical and/or life-threatening diseases such as cancer. A TCM is defined as
a Chinese herbal medicine developed for treating patients with certain dis-
eases as diagnosed by the four Chinese major techniques of inspection, aus-
cultation and olfaction, interrogation, and pulse taking and palpation based
on traditional Chinese medical theory of global dynamic balance among the
functions/activities of all organs of the body. The development of promising
TCMs will benefit patients with critical or life-threatening diseases by pro-
viding an alternative for treatment and hopefully for cure. The development
of promising TCMs will also enhance the search for personalized medicine
because it focuses on the minimization of intrasubject variability for achiev-
ing the optimal therapeutic effect within individuals. The development of
new treatments (focusing on efficacy) in conjunction with TCMs (focusing
on the reduction/release of toxicity) has been the direction of future clinical
research for treating critical or life-threatening diseases of many pharma-
ceutical companies and clinical research organizations.

Unlike evidence-based clinical research and development of a Western
medicine (WM), clinical research and development of a TCM are usually
experience-based with anticipated evaluator-to-evaluator variability due
to subjective evaluation of the treatment under investigation. The use of
TCM in humans for treating various diseases has a history of more than
several thousand years, although not much convincing scientific documen-
tation is available regarding clinical evidence of safety and efficacy. In the
past several decades, regulatory agencies of both China and Taiwan have
debated which direction TCM should take—Westernization or modern-
ization. The Westernization of TCM refers to the adoption of the typical
(Western) process of pharmaceutical/clinical research and development for
scientific evaluation of the safety and effectiveness of the TCM products,
while the modernization of TCM is to evaluate the safety and effectiveness
of TCM the Chinese way (i.e., different sets of regulatory requirements and
evaluation criteria may be applied) scientifically. Although both China and
Taiwan do attempt to build up an environment for the modernization of TCM,
they seem to adopt the Westernization approach at this moment. In pursuit
of advancing TCM through the modernization way or the Westernization
approach to benefit patients who suffer from critical and/or life-threatening

) xx1ii
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xxiv Preface

diseases, a consortium for globalization of Chinese medicine (CGCM) was
formed in 2003.

The purpose of this book is not only to provide a comprehensive summary
of innovative thinking of quantitative methods for development of TCMs but
also to provide a useful desk reference to the principal investigators engaged
in TCM research and development for achieving the ultimate goal of per-
sonalized medicine the Western way. This book is intended to be the first
book entirely devoted to the design and analysis for development of TCM
the Western way. It covers all of the statistical issues that may be encoun-
tered at various stages of pharmaceutical/clinical development of a TCM.
It is our goal to provide a state-of-the-art examination of the subject area
to scientists and researchers engaged in pharmaceutical/clinical research
and development of TCMs, those in regulatory agencies such as the China
Food and Drug Administration (CFDA) of China, Taiwan Food and Drug
Administration (TFDA) of Taiwan, and the US Food and Drug Administration
(FDA), who have to make decisions in the review and approval process of
TCM regulatory submissions, and to biostatisticians who provide the statis-
tical support to the assessment of clinical safety and effectiveness of TCMs
and related issues regarding quality control/assurance and test for consis-
tency in manufacturing processes for TCMs. It is my hope that this book can
serve as a bridge among the pharmaceutical industry, regulatory agencies,
and academia.

This book consists of 15 chapters. The scope covers scientific/statistical
issues that are commonly encountered in studies conducted at various stages
of pharmaceutical/clinical research and development of TCMs. In Chapter 1,
some background regarding fundamental differences between WMs and
TCMs and practical issues that are commonly encountered during the devel-
opment of TCMs have been discussed. In Chapter 2, the process of global
pharmaceutical development of Western medicines is outlined. The feasi-
bility of the process for modernization of TCM is also discussed. Chapter 3
summarizes regulatory requirements for the development of TCMs world-
wide including Asian Pacific Region (e.g., China), Europe (e.g., Germany),
and the United States. Also included in this chapter is a review of recent
published FDA draft guidances on botanical drug products. Chapter 4 dis-
cusses the establishment of reference standards and product specifications
for drug products and substances according to Pharmacopeia (e.g., USP and
European Pharmacopeia). Commonly used QOL-like instruments for assess-
ment of TCMs are described in Chapter 5. Chapter 6 outlines factor analysis
and principal components analysis approaches for drug products with mul-
tiple components (or combinational drug products). Statistical validations of
Chinese diagnostic procedures are discussed in Chapter 7. Chapter 8 dis-
cusses a general approach for testing consistency in terms of a proposed con-
sistency index. Statistical processes for quality control/assurance including
sampling plan, acceptance criteria, and testing procedure are introduced in
Chapter 9. Bioavailability/bioequivalence and population pharmacokinetics
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are reviewed in Chapters 10 and 11, respectively. Chapter 12 reviews regula-
tory experience for a bioequivalence review of generic drug products with
multiple components such as Conjugated Estrogen USP. Stability analysis for
drug products with multiple components is given in Chapter 13. Chapter 14
discusses some case studies of TCM clinical research and development.
Chapter 15 provides a summary of current issues and recent developments.

From Taylor & Francis, I would like to thank David Grubbs for providing
me the opportunity to work on this book project. I wish to thank colleagues
from Duke University School of Medicine and many friends from academia,
the pharmaceutical industry, and regulatory agencies from Taiwan, China,
the United States, and the European Community for their support and dis-
cussions during the preparation of this book.

Finally, the views expressed are those of the author and not necessarily
those of Duke University School of Medicine. I am solely responsible for the
contents and errors of this book. Any comments and suggestions will be
very much appreciated.

Shein-Chung Chow, PhD

Duke University School of Medicine
Durham, North Carolina, USA
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1

Introduction

1.1 Introduction

In recent years, as more and more innovative drug products are going off
patent, the search for new medicines that can treat critical and/or life-
threatening diseases has become the center of attention of many major phar-
maceutical companies and research organizations such as the United States
(US) National Institutes of Health (NIH). This leads to the study of the poten-
tial use of promising traditional Chinese herbal medicines, especially for
those intended for treating critical and/or life-threatening diseases such as
cancer. In the Chinese community, most people consider traditional Chinese
medicine (TCM) a Chinese herbal medicine, which was developed for treat-
ing patients with certain diseases as diagnosed by the four traditional
Chinese diagnostic techniques of inspection, auscultation and olfaction,
interrogation, and pulse taking and palpation (Table 1.1). Certain diseases
are diagnosed based on traditional Chinese medical theory of global dynamic
balance among the functions/activities of all organs of the body. Unlike
(objective) evidence-based clinical research and development of a Western
medicine (WM), clinical research and development of a TCM is considered
experience-based with anticipated large evaluator-to-evaluator (i.e., Chinese
doctor-to-Chinese doctor) variability due to subjective evaluation of the dis-
ease under study. The use of TCM in humans for treating various diseases
has a history of several thousands of years, although not much convincing
scientific documentation regarding clinical evidence of safety and efficacy of
existing TCMs is available.

In the past several decades, regulatory agencies of both China and Taiwan
have debated which direction TCM should take—Westernization or mod-
ernization. The Westernization of TCM refers to the adoption of the typi-
cal (Western) process of pharmaceutical/clinical research and development
for scientific evaluation of the safety and effectiveness of the TCM products
under investigation, while the modernization of TCM is to evaluate the
safety and effectiveness of TCM the Chinese way (i.e., different sets of regu-
latory requirements and evaluation criteria may be applied) scientifically.
Although both China and Taiwan do attempt to build up an environment

© 2016 by Taylor & Francis Group, LLC



2 Quantitative Methods for Traditional Chinese Medicine Development

TABLE 1.1

Four Major Techniques in English and Chinese

Four Major Techniques s
1. Inspection 2}
2. Auscultation and olfaction |
3. Interrogation [
4. Pulse taking and palpation ]

for the modernization of TCM, they seem to adopt the Westernization
approach. In pursuit of advancing the TCM through the modernization way
or the Westernization approach to benefit patients who suffer from critical
and/or life-threatening diseases, a consortium for globalization of Chinese
medicine (Consortium for Globalization of Chinese Medicine) was formed
in 2003.

In practice, it is a concern whether a TCM can be scientifically evaluated
the Western way because of some fundamental differences between a WM
and a TCM. These fundamental differences include, but are not limited
to, differences in formulation and drug administration, medical theory/
practice, diagnostic procedure, and criteria for evaluation. Under these dif-
ferences, it is of interest to the investigators regarding how to design and
conduct a scientifically valid (i.e,, an adequate and well-controlled) clinical
trial for evaluation of the clinical safety and efficacy of the TCM under inves-
tigation. In addition, it is also of particular interest to the investigators as to
how to translate an observed significant difference detected by the Chinese
diagnostic procedure to a clinically meaningful difference based on some
well-established clinical study endpoint. The purpose of this chapter is not
only to provide a comprehensive overview of the pharmaceutical/clinical
research and development of TCMs but also to provide some basic consider-
ations regarding practical issues that are commonly encountered during the
process of pharmaceutical/clinical research and development of TCMs the
Western way.

In the next section, the definition of TCM in a broader sense is given.
Section 1.3 provides some fundamental differences between a WM and a TCM,
which have an impact on the Westernization of TCM. Section 1.4 provides
some basic considerations for TCM clinical trials. Some practical issues that
are commonly encountered during the process of pharmaceutical/clinical
research and development of a TCM are reviewed in Section 1.5. Section 1.6
introduces the organization of the Consortium for Globalization of Chinese
Medicine and its recent development. The aims and scope of the book are
given in the last section of this chapter.
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Introduction 3

1.2 What Is Traditional Chinese Medicine?

Traditional Chinese medicine (TCM) originated in ancient China and has
evolved over thousands of years. TCM usually refers to a broad range of
Chinese medicine practice including various forms of herbal medicine, acu-
puncture, massage (Tui Na), exercise (Qi Gong), and dietary therapy, which
are briefly described below.

1.2.1 Chinese Herbal Medicine

The Chinese Materia Medica (a pharmacological reference book used by TCM
practitioners) contains hundreds of medicinal substances (primarily plants
but also includes some minerals and animal products) classified by their per-
ceived action in the body. Different parts of plants such as the leaves, roots,
stems, flowers, and seeds are used. Usually, herbs are combined in formulas
and given as teas, capsules, tinctures, or powders. Chinese herbal medicine
has also been studied for a wide range of conditions. Most of the research has
been done in China. Although there is evidence that herbs may be effective
for some conditions, most studies have been methodologically flawed, and
additional, better designed research is needed before any valid, reliable, and
convincing conclusions can be drawn. Note that Chinese herbal medicine
has been studied and commonly used for a wide range of conditions such
as cancer, heart disease, diabetes, and HIV/AIDS. Some case studies are dis-
cussed in Chapter 14.

1.2.2 Acupuncture

Acupuncture involves the insertion of extremely thin needles through the
skin at strategic points on the body. According to Chinese medical theory, acu-
puncture is a technique for balancing the flow of energy or life force. By stimu-
lating specific points on the body, practitioners can remove blockages in the
flow of Qi. Many Western practitioners, however, view the acupuncture points
as places to stimulate nerves, muscles, and connective tissue. This stimulation
appears to boost the activity of body’s natural painkillers and increase blood
flow. Acupuncture is considered a key component of TCM, which is most com-
monly used to treat pain. Acupuncture research has produced a large body of
scientific evidence. Many studies suggest that it may be useful for a number of
different conditions, but additional rigorous research for scientific evidence
is still needed. Note that acupuncture has been used and studied for a wide
range of conditions such as back pain, chemotherapy-induced nausea, depres-
sion, and osteoarthritis. In general, acupuncture is considered safe when per-
formed by an experienced practitioner using sterile needles.
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1.2.3 Other TCM Therapies

Other TCM therapies include, but are not limited to, (1) moxibustion (burn-
ing moxa—a cone or stick of dried, usually mugwort—on or near the skin,
sometimes in conjunction with acupuncture), (2) cupping (applying a heated
cup to the skin to create a slight suction), (3) Chinese massage, and (4) mind-
body therapies such as Qi Gong and Tai Chi. In many cases, these TCM ther-
apies are found useful for a number of different conditions. However, no
scientific documentation regarding clinical evidence of safety and efficacy of
these therapies is available. Thus, additional rigorous research for scientific
evidence is still needed.

1.2.4 Botanical Drug Product

A botanical drug product is intended for use in the diagnosis, cure, mitiga-
tion, treatment, or prevention of disease in humans (FDA 2004). A botani-
cal drug product consists of vegetable materials, which may include plant
materials, algae, macroscopic fungi, or combinations thereof. A botanical
drug product may be available as (but not limited to) a solution (e.g., tea),
powder, tablet, capsule, elixir, topical, or injection. Botanical drug products
often have unique features, for example, complex mixtures, lack of a distinct
active ingredient, and substantial prior human use. Fermentation products
and highly purified or chemically modified botanical substances are not
considered botanical drug products.

1.2.5 Dietary Therapy

The US Food and Drug Administration (FDA) regulations for dietary sup-
plements (including manufactured herbal products) are not the same as
those for prescription or over-the-counter drugs. In general, the regulations
for dietary supplements are less strict. Some Chinese herbal treatments may
be safe, but others may not be. There have been reports of products being
contaminated with drugs, toxins, or heavy metals or not containing the listed
ingredients. Some of the herbs are very powerful, can interact with drugs,
and may have serious side effects. For example, the Chinese herb ephedra
(Ma Huang) has been linked to serious health complications, including heart
attack and stroke. In 2004, the FDA banned the sale of ephedra-containing
dietary supplements used for weight loss and performance enhancement,
but the ban does not apply to TCM remedies or herbal teas.

1.2.6 Complementary and Alternative Medicine

In the United States, TCM is considered part of complementary and alternative
medicine (CAM). The National Center for Complementary and Alternative
Medicine (NCCAM) defines CAM as a group of diverse medical and health
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care systems, practices, and products that are not generally considered part of
conventional medicine. Conventional medicine (also called Western or allo-
pathic medicine) is medicine as practiced by holders of medical doctor (MD)
and doctor of osteopathic medicine (DOM) degrees and by allied health pro-
fessionals, such as physical therapists, psychologists, and registered nurses.
The boundaries between CAM and conventional medicine are not absolute,
and specific CAM practices may, over time, become widely accepted.

Complementary medicine refers to use of CAM together with conventional
medicine, such as using acupuncture in addition to usual care to help lessen
pain. Most CAM use by Americans is complementary. Alternative medicine,
on the other hand, refers to CAM use in place of conventional medicine.
Integrative medicine combines treatments from conventional medicine and
CAM for which there is some high-quality evidence of safety and effective-
ness. Thus, it is also known as integrated medicine.

1.2.7 Remarks

Herbal remedies and acupuncture are the treatments most commonly used
by TCM practitioners. Other TCM practices include cupping, mind-body
therapy, and dietary therapy. The TCM view of how the human body
works, what causes illness, and how to treat illness is different from con-
cepts. Although TCM is used by the American public, scientific evidence of
its effectiveness is, for the most part, limited. Acupuncture has the largest
body of evidence and is considered safe if practiced correctly. Some Chinese
herbal remedies may be safe, but others may not be. TCM is typically deliv-
ered by a practitioner. Before using TCM, ask about the practitioner’s qualifi-
cations, including training and licensure. Tell all your health care providers
about any complementary and alternative practices you use. Give them a full
picture of what you do to manage your health. This will help ensure coordi-
nated and safe care.

A botanical drug product is considered a TCM. A botanical drug’s spe-
cial features require consideration and adjustment during the FDA review
process. Thus, FDA issued a Guidance for Industry-Botanical Drug Products to
take into consideration these features and to facilitate development of new
therapies from botanical sources (FDA 2004). The Botanical Guidance applies
to only botanical products intended to be developed and used as drugs.

CAM practices are often grouped into broad categories, such as natural
products, mind and body medicine, and manipulative and body-based prac-
tices. Mind and body practices focus on the interactions among the brain,
mind, body, and behavior, with the intent to use the mind to affect physical
functioning and promote health, while manipulative and body-based prac-
tices focus primarily on the structures and systems of the body, including the
bones and joints, soft tissues, and circulatory and lymphatic systems. Although
these categories are not formally defined, they are useful for discussing CAM
practices. Some CAM practices may fit into more than one category.
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1.3 Fundamental Differences

The process for pharmaceutical/clinical research and development of WM
is well established, and yet it is a lengthy and costly process (Chow and Liu
2013). This lengthy and costly process is necessary to ensure the efficacy, safety,
purity, quality, stability, and reproducibility of the drug product under inves-
tigation. For pharmaceutical/clinical research and development of a TCM
the Western way, one may consider directly applying this well-established
process to the development of a TCM under investigation. However, this pro-
cess may not be feasible owing to some fundamental differences between a
TCM and a WM, which are summarized in Table 1.2. These fundamental
differences in terms of (1) medical theory/mechanism and practice, (2) tech-
niques of diagnosis, and (3) treatment are briefly described in the subsequent
subsections.

1.3.1 Medical Theory/Mechanism and Practice
1.3.1.1 Medical Theory and Mechanism

TCM is a 3000-year-old holistic medical system encircling the entire scope
of human experience. It combines the use of Chinese herbal medicines, acu-
puncture, massage, and therapeutic exercise such as Qi Gong (the practice of
internal air) and Tai Chi for both treatment and prevention of disease. With
its unique theories of etiology, diagnostic systems, and abundant historical
literature, TCM itself consists of Chinese culture and philosophy, clinical
practice experience, and the use of many medical herbs.

Chinese doctors believe a TCM function in the body is based on the eight
principles (Table 1.3), five-element theory (Table 14), five Zang and six Fu
(Table 1.5), and information regarding channels and collaterals. Eight prin-
ciples consist of Yin and Yang (i.e., negative and positive) (see also, Table 1.6),
cold and hot, external and internal, and Shi and Xu (i.e., weak and strong).

TABLE 1.2

Fundamental Differences between a WM and a TCM

Description Western Medicine Traditional Chinese Medicine

Active ingredient Single Multiple

Dose Fixed Flexible

Diagnostic procedure Objective; validated Subjective; not validated

Therapeutic index Well-established Not well-established

Medical mechanism Specific organs Global dynamic
balance/harmony

among organs
Medical perception Evidence-based Experience-based
Statistics Population Individual
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TABLE 1.3
Eight Principles

Eight Principles J\AR

Yin (negative) A

=

Yang (positive) (5]
Cold
Hot

External

Vit

P
B

i

Internal
Weak
Strong

v
.

TABLE 1.4

Five Elements in English and
Chinese

Five Elements AT
Metal
Wood
Water 7K
Fire X
Earth —+

TABLE 1.5
Five Zang and Six Fu in English and Chinese

Five Zang Tf:
Heart i
Lung Ji
Spleen i
Liver JH
Kidney B
Six Fu aY/ii
Gall bladder ifs
Stomach H
Large intestine PN
Small intestine NG
Urinary bladder B 1
Three cavities =y
(chest, epiastrium, (A BERE L B
hypogastrium) e A o 31 I I
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TABLE 1.6
Examples of Yang and Yin

English Chinese
Yang Yin [5 i3
Sun Moon H H
Sky Ground r Hh
Day time Night &g w
Hot Cold = 5
Left Right Y +
Up Down + N
Spring Autumn #H &
Summer Winter =4 £
Six Fu Five Zang Vayiliit Tl
Strong Weak ot 55

Water

Mutual — (ENEEEY

generation

Mutual
generation

FIGURE 1.1
Relationships between the five elements. (a) Mutual generation and (b) mutual control.
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The eight principles help Chinese doctors to differentiate syndrome patterns.
For instance, people with Yin will develop disease in a negative, passive, and
cool way (e.g., diarrhea and back pain), while people with Yang will develop
disease in an aggressive, active, progressive, and warm way (e.g., dry eyes,
tinnitus, and night sweats). The five elements (earth, metal, water, wood, and
fire) correspond to particular organs in the human body. Each element oper-
ates in harmony with the others. Figure 1.1 illustrates the operation relation-
ships between the five elements.

The five Zang (or Yin organs) include heart (including the pericardium),
lung, spleen, liver, and kidney, while the six Fu (or Yang organs) include
gall bladder, stomach, large intestine, small intestine, urinary bladder, and
three cavities (i.e., chest, epiastrium, and hypogastrium). Zang organs can
manufacture and store fundamental substances. These substances are then
transformed and transported by Fu organs. TCM treatments involve a thor-
ough understanding of the clinical manifestations of Zang Fu organ imbal-
ance and knowledge of appropriate acupuncture points and herbal therapy
to rebalance or maintain the balance of the organs. The channels and collat-
erals are the representation of the organs of the body. They are responsible
for conducting the flow of energy and blood through the entire body:.

The elements of TCM can also help describe the etiology of disease includ-
ing six exogenous factors (i.e., wind, cold, summer, dampness, dryness, and
fire), seven emotional factors (i.e., anger, joy, worry, grief, anxiety, fear, and
fright), and other pathogenic factors (Table 1.7). Once all of the information

TABLE 1.7
Exogenous Factors and Seven Emotional Factors
in English and Chinese
Six Exogenous Factors HMERIR (SR

Wind Ja,
Cold E3
Summer =
Dampness V2
Dryness jcd
Fire X

Seven Emotional Factors NTER % (L1H)
Angry =%
Joy =
Worry B
Grief IR
Anxiety A
Fear 2L
Fright %
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are collected and processed into a logical and workable diagnosis, the tradi-
tional Chinese medical doctor can determine the treatment approach.

Under the medical theory and mechanism described above, Chinese doc-
tors believe that all of the organs within a healthy subject should reach the
so-called global dynamic balance or harmony among organs. Once the global
balance is broken at certain sites such as heart, liver, or kidney, some signs
and symptoms then appear to reflect the imbalance at these sites. An experi-
enced Chinese doctor usually assesses the causes of global imbalance before
a TCM with flexible doses is prescribed to fix the problem. This approach
is sometimes referred to as a personalized (or individualized) medicine
approach.

1.3.1.2 Medical Practice

Different medical perceptions regarding signs and symptoms of certain
diseases could lead to a different diagnosis and treatment for the diseases
under study. For example, the signs and symptoms of type 2 diabetic sub-
jects could be classified as the disease of thirsty reduction by Chinese doctors.
The disease of type 2 diabetes is not recognized by Chinese medical litera-
ture, although they have the same signs and symptoms as the reduction of
thirsty. This difference in medical perception and practice has an impact on
the diagnosis and treatment of the disease.

In addition, we tend to see therapeutic effect of WMs sooner than TCMs.
TCMs are often considered for patients who have chronic diseases or non-
life-threatening diseases. For critical and/or life-threatening diseases such
as cancer or stroke, TCMs are often used as the second or third line treat-
ment with no other alternative treatments. In many cases such as patients
with later phases of cancer, TCMs are often used in conjunction with WMs
without the knowledge of the primary care physicians.

1.3.2 Techniques of Diagnosis

As indicated earlier, the Chinese diagnostic procedure for patients with cer-
tain diseases consists of four major techniques, namely, inspection, ausculta-
tion and olfaction, interrogation, and pulse taking and palpation (see also
Table 1.1). All these diagnostic techniques aim mainly at providing an objec-
tive basis for differentiation of syndromes by collecting symptoms and signs
from the patient. Inspection involves observing the patient’s general appear-
ance (strong or weak, fat or thin), mind, complexion (skin color), five sense
organs (eye, ear, nose, lip, and tongue), secretions, and excretions. Auscultation
involves listening to the voice, expression, respiration, vomit, and cough.
Olfaction involves smelling the breath and body odor. Interrogation involves
asking questions about specific symptoms and the general condition includ-
ing history of the present disease, past history, personal life history, and
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family history. Pulse taking and palpation can help to judge the location and
nature of a disease according to changes in the pulse.

The Chinese diagnostic procedure of inspection, auscultation and olfac-
tion, interrogation, and pulse taking and palpation is subjective, with large
between-rater variability (i.e., variability from one Chinese doctor to another).
This subjectivity and variability will have an impact not only on the patient’s
evaluability but also the prescribability of TCM, which will be further dis-
cussed below.

1.3.2.1 Objective versus Subjective Criteria for Evaluability

For evaluation of a WM, objective criteria based on some well-established
clinical study endpoints are usually considered. For example, response rate
(i.e, complete response plus partial response based on tumor size) is con-
sidered a valid clinical endpoint for evaluating clinical efficacy of oncology
drug products. Unlike WMs, Chinese diagnostic procedure for evaluation of
a TCM is very subjective. The use of a subjective Chinese diagnostic proce-
dure has raised the following issues. First, it is a concern whether the sub-
jective Chinese diagnostic procedure can accurately and reliably evaluate
clinical efficacy and safety of the TCM under investigation. Thus, it is sug-
gested that the subjective Chinese diagnostic procedure should be validated
in terms of its accuracy, precision, and ruggedness before it can be used in
TCM clinical trials. A validated Chinese diagnostic procedure should be
able to detect a clinically significant difference if the difference truly exists.
On the other hand, it is not desirable to wrongly detect a difference when
there is no difference.

In clinical trials, evaluation is usually based on some validated tools
(instruments) such as laboratory tests. Test results are then evaluated against
some normal ranges for abnormality. Thus, it is suggested that the Chinese
diagnostic procedure must be validated in terms of validity and reliability,
and its false positive and false negative rates, before it can be used for evalu-
ation of clinical efficacy and safety of the TCM under investigation.

1.3.3 Treatment

TCM prescriptions typically consist of a combination of several components.
The combination is usually determined based on the medical theory of
global dynamic balance (or harmony) among organs and the observations
from the Chinese diagnostic procedure. The use of Chinese diagnostic pro-
cedure is to find out what caused the imbalance among these organs. The
treatment is to restore the balance among these organs. Thus, the dose and
treatment duration are flexible in order to achieve the balance. This concept
leads to the concept of so-called personalized (or individualized) medicine,
which minimizes intrasubject variability.
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1.3.3.1 Single Active Ingredient versus Multiple Components

Most WMs contain a single active ingredient. After drug discovery, an appro-
priate formulation (or dosage form) is necessarily developed so that the drug
can be delivered to the site action in an efficient way. At the same time, an
assay is necessarily developed to quantitate the potency of the drug. The
drug is then tested on animals for toxicity and humans (healthy volunteers)
for pharmacological activities. Unlike the WMs, TCMs usually consist of
multiple components with certain relative proportions among the compo-
nents. As a result, the typical approach for evaluation of single active ingre-
dient for WM is not applicable.

In practice, one may suggest evaluating the TCM component by compo-
nent. However, this is not feasible due to the following difficulties. First, in
practice, analytical methods for quantitation of individual components are
often not tractable. Thus, the pharmacological activities of these components
are not known. It should be noted that the component that comprises the
major proportion of the TCM may not be the most active component. On the
other hand, the component that has the least proportion of the TCM may be
the most active component of the TCM. In practice, it is not known which
relative proportions among these components can lead to the optimal thera-
peutic effect of the TCM. In addition, the relative component-to-component
and/or component by food interactions are usually unknown, which may
have an impact on the evaluation of clinical efficacy and safety of the TCM.

1.3.3.2 Fixed Dose versus Flexible Dose

Most WMs are usually administered in a fixed dose (say a 10 mg tablet or
capsule). On the other hand, because a TCM consists of multiple compo-
nents with possible varied relative proportions among the components, a
Chinese doctor usually prescribes the TCM with different relative propor-
tions of the multiple components based on the signs and symptoms of the
patient according to his/her best judgment following a subjective evalua-
tion based on the Chinese diagnostic procedure. Thus, unlike a WM that is
prescribed as a fixed dose, a TCM is often prescribed as an individualized
flexible dose.

The approach of WM with a fixed dose is a population approach to mini-
mize the between subject (or intersubject) variability, while the approach to
TCM with an individualized flexible dose is to minimize the variability within
each individual. In practice, it is a concern whether an individual flexible dose
is compatible with a Western evaluation of the TCM. An individualized flex-
ible dose depends heavily upon the Chinese doctor’s subjective judgement,
which may vary from one Chinese doctor to another. As a result, although an
individualized flexible dose does minimize intrasubject variability, the vari-
ability from one Chinese doctor to another (i.e., the doctor-to-doctor or rater-
to-rater variability) could be huge and hence non-negligible.
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1.3.4 Remarks

For the research and development of a TCM, before a TCM clinical trial is
conducted, the following questions are necessarily asked:

1. Will the TCM clinical trial be conducted by Chinese doctors alone,
Western clinicians alone, Western clinicians who have some back-
ground of Chinese herbal medicine alone, or both Chinese doctors
and Western clinicians?

2. Will traditional Chinese diagnostic and/or trial procedures be used
throughout the TCM clinical trial?

3. Upon approval, is the TCM intended for use by Chinese doctors or
Western clinicians?

With respect to the first two questions, if the TCM clinical trial is to be con-
ducted by Chinese doctors alone, the following questions arise. First, should
the Chinese diagnostic procedure be validated in order to provide an accu-
rate and reliable assessment of the TCM? In addition, it is of interest to deter-
mine how an observed difference obtained from the Chinese diagnostic
procedure can be translated to the clinical endpoint commonly used in simi-
lar WM clinical trials with the same indication. These two questions can be
addressed statistically by the calibration and validation of the Chinese diag-
nostic procedure with respect to some well-established clinical endpoints for
evaluation of Western medicines. If the TCM clinical trial is to be conducted
by Western clinicians or Western clinicians who have some background of
Chinese herbal medicine, the standards and consistency of clinical results
as compared to those WM clinical trials are ensured. However, the good
characteristics of TCM may be lost during the process when the TCM clini-
cal trials are conducted. On the other hand, if the TCM clinical trial is to be
conducted by both Chinese doctors and Western clinicians, the difference
in medical practice and/or possible disagreement regarding the diagnosis,
treatment, and evaluation are major concerns.

For the third question, if the TCM is intended for use of Chinese doc-
tors, but it is conducted by Western clinicians, the difference in perception
regarding how to prescribe the TCM is of great concern. The preparation of
a package insert based on the clinical data could be a major issue not only to
the sponsor but also to regulatory authorities. Similar comments apply to the
situation where the TCM is intended for use of Western clinicians, but the
trial is conducted by Chinese doctors.

As a result, it is suggested that the intention of use (i.e., labeling for the
indication) be clearly evaluated when planning a TCM clinical trial. In
other words, the sponsor needs to determine whether the TCM is intended
for use of Western clinician only, Chinese doctors only, or both Western
clinicians and Chinese doctors at the planning stage of a TCM clinical trial
for an adequate package insert of the target diseases under study.
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1.4 Basic Considerations for TCM Clinical Trials

In this section, we describe some basic considerations that are necessary to
ensure success of a TCM clinical trial.

1.4.1 Study Design

To demonstrate clinical efficacy and safety of a TCM under investigation, like
WM, it is suggested that a randomized parallel-group, placebo-controlled
clinical trial be conducted. However, it may not be ethical if the disease
under study is critical and/or life-threatening provided that a WM is avail-
able. Alternatively, a randomized placebo-control crossover clinical trial or
a parallel-group design consisting of three arms (i.e., the TCM under study,
a WM as an active control, and a placebo) is recommended. The three-arm,
parallel-group design allows the establishment of noninferiority/equivalence
of the TCM as compared to the active control (WM) and the demonstration
of the superiority of the TCM with respect to the placebo. One of the advan-
tages of a crossover clinical trial is that a comparison within each individ-
ual can be made, although it will take a longer time to complete the study.
Although a crossover design requires a smaller sample size as compared to
a parallel-group design, there are some limitations for the use of crossover
design. First, baselines prior to dosing may not be the same. Second, when
a significant sequence effect is observed, we would not be able to isolate the
effects of period effect, carryover effect, and subject-by-treatment effect that
are confounded to one another.

In many cases, factorial designs are used to evaluate the impact of spe-
cific components (with respect to the therapeutic effect) by fixing some of the
components. For example, we may consider a parallel-group design compar-
ing two treatment groups (one group is treated with the TCM with a spe-
cific component and the other group is treated with the TCM without the
specific component). The design of this kind may be useful to identify the
most active component of the TCM with respect to the diseases under study.
However, it does not address the possible drug-to-drug interactions among
the components.

1.4.2 Validation of Quantitative Instrument

In TCM medical practice, a Chinese doctor usually collects information from
the patient with a certain disease through the four subjective diagnostic pro-
cedures as described in the previous section. The purpose of these subjective
approaches is to collect information on various aspects of the disease under
study such as signs, symptoms, patient’s performance, and functional activi-
ties, so a quantitative instrument with a large number of questions/items
is necessary and helpful. For a simple analysis and an easy interpretation,
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these questions are usually grouped to form subscales, composite scores
(domains), or overall score. The items (or subscales) in each subscale (or
composite score) are correlated. As a result, the structure of responses to
a quantitative instrument is multidimensional, complex, and correlated. As
mentioned above, a standardized quantitative tool (instrument) is necessary
to reduce variability from one Chinese doctor to another (prior to conducting
a clinical trial).

Guilford (1954) discussed several methods such as Cronbach’s a for
measuring the reliability of internal consistency of a quantitative instru-
ment. Guyatt et al. (1989) indicated that a quantitative instrument should
be validated in terms of its validity, reproducibility, and responsiveness.
Hollenberg et al. (1991) discussed several methods for validation of a quan-
titative instrument, such as consensual validation, construct validation, and
criterion-related validation. There is, however, no gold standard as to how
a quantitative instrument should be validated. In this paper, we will focus
on the validation of a quantitative instrument in terms of validity, reliability
(or reproducibility), and responsiveness (see, e.g,, Chow and Ki 1994, 1996).
As indicated by Chow and Shao (2002), the validity of a quantitative instru-
ment is the extent to which the instrument measures what it is designed to
measure. It is a measure of bias of the instrument. The bias of a quantita-
tive instrument reflects the accuracy of the instrument. The reliability of a
quantitative instrument measures the variability of the instrument, which
directly relates to the precision of the instrument. On the other hand, the
responsiveness of a quantitative instrument is usually referred to as the abil-
ity of the instrument to detect a difference of clinical significance within a
treatment.

Hsiao et al. (2009) considered a specific design for calibration/validation
of the Chinese diagnostic procedure. In their proposed study design, quali-
fied subjects are randomly assigned to receive either a TCM or a WM. Each
patient will be evaluated by a Chinese doctor and a Western clinician inde-
pendently, regardless which treatment group he/she is in. As a result, there
are four groups of data, namely, (1) patients who receive TCM and are evalu-
ated by a Chinese doctor, (2) patients who receive TCM but are evaluated
by a Western clinician, (3) patients who receive WM but are evaluated by
a Chinese doctor, and (4) patients who receive WM and are evaluated by a
Western clinician. Groups 3 and 4 are used to establish a standard curve for
calibration between the TCM and the WM. Groups 1 and 2 are then used to
validate the Chinese diagnostic procedure based on the established standard
curve.

1.4.3 Clinical Endpoint

Unlike WMs, the primary study endpoints for assessment of safety and effec-
tiveness of a TCM are usually assessed subjectively by a quantitative instru-
ment by experienced Chinese doctors. Although the quantitative instrument
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is developed by the community of Chinese doctors and is considered a gold
standard for assessment of safety and effectiveness of the TCM under inves-
tigation, it may not be accepted by the Western clinicians owing to funda-
mental differences in medical theory, perception, and practice. In practice, it
is very difficult for a Western clinician to conceptually understand the clini-
cal meaning of the difference detected by the subjective Chinese quantitative
instrument. Consequently, whether the subjective quantitative instrument
can accurately and reliably assess the safety and effectiveness of the TCM is
always a concern to Western clinicians.

As an example, for assessment of safety and efficacy of a drug product
for treatment of ischemic stroke, a commonly considered primary clinical
endpoint is the functional status assessed by the so-called Barthel index.
The Barthel index is an ordinal scale used to measure performance in activi-
ties of daily living, which was introduced by Mahoney and Barthel (1965).
The Barthel index is a weighted functional assessment scoring technique
composed of 10 items with a minimum total score of 0 (functional incompe-
tence) and a maximum total score of 100 (functional competence) (Table 1.8).
The Barthel index is a weighted scale measuring performance in self-care
and mobility, which is widely accepted in ischemic stroke clinical trials. A
patient may be considered a responder if his/her Barthel index is greater
than or equal to 60. On the other hand, Chinese doctors usually consider a
quantitative instrument developed by the Chinese medical community as
the standard diagnostic procedure for assessment of ischemic stroke. The
standard quantitative instrument is composed of six domains, which cap-
ture different information regarding patient performance, functional activi-
ties, and signs, symptoms, and status of the disease. Note that more details
regarding the development of a quantitative instrument for evaluation of
TCMs are provided in Chapter 5.

In practice, it is of interest to both Western clinicians and Chinese doctors
how an observed clinically meaningful difference by the Chinese quanti-
tative instrument can be translated to that of the primary study endpoint
assessed by the Barthel index. To reduce the fundamental differences in
medical theory/perception and practice, it is suggested that the subjective
Chinese quantitative instrument be calibrated and validated with respect
to that of the clinical endpoint assessed by the Barthel index before it can be
used in TCM ischemic stroke clinical trials.

1.4.4 Matching Placebo

In clinical development, double-blind, placebo-control randomized clinical
trials are often conducted for evaluation of the safety and effectiveness of a
test treatment under investigation. To maintain blindness, a matching placebo
should be identical to the active drug in all aspects of, size, color, coating, taste,
texture, shape, and order except that it contains no active ingredient. In clini-
cal trials, as advanced techniques are available for formulation, a matching
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TABLE 1.8
Barthel Index for Stroke

17

Possible
Item Activity Score

Description

1 Feeding 0-10

2 Bathing 0-5

3 Grooming 0-5

4 Dressing 0-10

5 Bowels 0-10

6 Bladder 0-10

7 Toilet use 0-10

8 Transfers 0-15

9 Mobility 0-15

10 Stairs 0-10

0 = unable

5 = needs help cutting, spreading butter, etc., or requires
modified diet

10 = independent

0 = dependent

5 = independent (or in shower)

0 = needs to help with personal care

5 = independent face /hair/teeth/shaving (implements
provided)

0 = dependent

5 = needs help but can do about half unaided

10 = independent (including buttons, zips, laces, etc.)

0 = incontinent (or needs to be given enemas)

5 = occasional accident

10 = continent

0 = incontinent, or catheterized and unable to manage
alone

5 = occasional accident

10 = continent

0 = dependent

5 = needs some help, but can do something alone

10 = independent (on and off, dressing, wiping)

0 = unable, no sitting balance

5 = major help (one or two people, physical), can sit

10 = minor help (verbal or physical)

15 = independent

0 = immobile or <50 yards

5 = wheelchair independent, including corners, >50 yards

10 = walks with help of one person (verbal or physical)
>50 yards

15 = independent (but may use any aid; for example, stick)
>50 yards

0 = unable

5 = needs help (verbal, physical, carrying aid)

10 = independent

Note: Total possible score (0-100).

placebo is not difficult to make because most Western medicines contain a
single active ingredient. Unlike Western medicines, TCMs usually consist
of a number of components, which often have different tastes. In TCM clini-
cal trials, the TCM under investigation is often encapsulated. However, the
test treatment will be easily unblinded if either the patient or Chinese doctor
breaks the capsule. As a result, the preparation of matching placebo in TCM
clinical trials plays an important role for the success of the TCM clinical trials.
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1.4.5 Sample Size Calculation

In clinical trials, sample size is usually selected to achieve a desired power
for detecting a clinically meaningful difference in one of the primary study
endpoints for the intended indication of the treatment under investigation
(see, e.g., Chow et al. 2002b). As a result, sample size calculation depends on
the primary study endpoint and the clinically meaningful difference that
one would like to detect. Different primary study endpoints may result in
very different sample sizes.

For illustration purposes, consider the example concerning a TCM for
treatment of ischemic stroke, which was developed with more than 30
years clinical experience with humans. Suppose a sponsor would like to
conduct a clinical trial to scientifically evaluate the safety and efficacy of
the TCM the Western way as compared to an active control (e.g., aspirin).
Thus, the intended clinical trial is a double-blind, parallel-group, placebo-
control, randomized trial. The primary clinical endpoint is the response
rate (a patient is considered a responder if his/her Barthel index is greater
than or equal to 60) based on the functional status assessed by the Barthel
index. Sample size calculation is performed based on the response rate
after 4 weeks of treatment under the hypotheses of testing for superiority.
As a result, a sample size of 150 patients per treatment group is required
for achieving an 80 percent power for establishment of superiority of the
TCM over the active control agent. Alternatively, we may consider the
quantitative instrument developed by experienced Chinese doctors as
the primary study endpoint for sample size calculation. On the basis of
a pilot study, about 65 percent (79 out of 122) of ischemic stroke patients
were diagnosed by one domain of the quantitative instrument. A patient
is considered a responder if his/her domain score is greater than or equal
to 7. On the basis of this primary study endpoint, a sample size of 90 per
treatment group is required to achieve an 80 percent power for establish-
ment of superiority.

The difference in sample size leads to the question of whether the use of
the primary endpoint of response rate based on one domain of the Chinese
quantitative instrument could provide substantial evidence of safety and
effectiveness of the TCM under investigation.

1.5 Practical Issues of TCM Development

Although TCM has a long history of being used in humans, no scientifically
valid documentation is available. As indicated by the U.S. FDA, substantial
evidence regarding safety and effectiveness of the test treatment under inves-
tigation can only be obtained by conducting adequate and well-controlled
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clinical trials. However, before the test treatment under investigation can be
used in humans, sufficient information regarding chemistry, manufactur-
ing, and control (CMC), clinical pharmacology, and toxicology must be pro-
vided (see, e.g., Chow and Liu 1995). Because most TCMs consist of multiple
components with unknown pharmacological activities, valid information
regarding CMC, clinical pharmacology, and toxicology is difficult to obtain.
In what follows, these difficulties are briefly described.

1.5.1 Test for Consistency

As mentioned above, unlike most WMs, TCMs usually consist of a number
of components, which are extracted from herbal samples. The herbal samples
are normally dried at 60°C to a constant weight, followed by grinding in a
mortar and storing in a desiccator. For water-soluble substances, an appro-
priate amount of water is first added to the dried material and boiled for
about one hour. For alcohol soluble substances, 60 percent ethanol is added
and the mixture is extracted at 60°C for one hour in an ultrasonic bath. After
cooling to room temperature, the extract can be cleared by filtration through
a net or centrifugation at 12,000 g for 10 min at 20°C, and the supernatant is
used for further applications. The pharmacological activities, interactions,
and relative proportions of these components are usually unknown. In prac-
tice, TCM is usually prescribed subjectively by an experienced Chinese doc-
tor. As a result, the actual dose received by each individual varies depending
on the signs and symptoms as perceived by the Chinese doctor. Although
the purpose of this medical practice is to reduce the within-subject (or intra-
subject) variability, it could also introduce non-negligible variability such as
variations from component to component and from rater to rater (a Chinese
doctor to another). Consequently, reproducibility or consistency of clinical
results is questionable. Thus, how to ensure the reproducibility or consis-
tency of the observed clinical results has become a great concern to regula-
tory agencies in the review and approval process. It is also a great concern to
the sponsor of the manufacturing process. To address the question of repro-
ducibility or consistency, a valid statistical quality control process on the raw
materials and final product is suggested.

Tse et al. (2006) proposed a statistical quality control (QC) method to
assess a proposed consistency index of raw materials, which are from dif-
ferent resources and/or final product, which may be manufactured at dif-
ferent sites. The consistency index is defined as the probability that the ratio
of the characteristics (e.g., extract) of the most active component among the
multiple components of a TCM from two different sites (locations) is within
a limit of consistency. The consistency index closest to 1 indicates that the
components from the two sites or locations are almost identical. The idea
for testing consistency is to construct a 95 percent confidence interval for
the proposed consistency index under a sampling plan. If the constructed
95 percent confidence lower limit is greater than a pre-specified QC lower
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limit, then we claim that the raw materials or final product have passed the
QC and hence can be released for further process or use. Otherwise, the raw
materials and/or final product should be rejected.

It should be noted that Tse et al. (2006) only focused on single (i.e., the most
active) component, assuming that the most active component can be quan-
titatively identified among the multiple active components. Lu et al. (2007)
extended the results to the case of two correlative components following a
similar idea. Various sampling plans are obtained for various combinations
of study parameters to reflect real practice in quality control of traditional
Chinese medicine. More information can be found in Chapter 8.

1.5.2 Stability Analysis

Most regulatory agencies require that the expiration dating period (or shelf-
life) of a drug product must be indicated in the immediate container label
before it can be released for use. To fulfill this requirement, stability studies
are usually conducted in order to characterize the degradation of the drug
product. For drug products with a single active ingredient, statistical meth-
ods for determination of drug shelf-life are well established (e.g., FDA 1987;
ICH 1993). However, regulatory requirements for estimation of drug shelf-
life for drug products with multiple components are not available.

Following the concept of estimating shelf-life for drug products with a
single active ingredient, two approaches are worth considering. First, we
may (conservatively) consider the minimum of the shelf-lives obtained from
each component of the drug product. This approach is conservative and
yet may not be feasible due to the fact that (1) not all of the components of a
TCM can be accurately and reliably quantitated, and (2) the resultant shelf-
life may be too short to be useful (see, e.g., Pong and Raghavarao 2002).
Alternatively, we may consider a two-stage approach for determination of
drug shelf-life. At the first stage, an attempt should be made to identify
the most active component(s) whenever possible. A shelf-life can then be
obtained based on the method suggested in the FDA and ICH guidelines.
At the second stage, the obtained shelf-life is adjusted on the basis of the
relationship and/or interactions of the most active ingredient(s) and other
components.

As an alternative, Chow and Shao (2007) proposed a statistical method for
determining the shelf-life of a TCM following a similar idea suggested by the
FDA, assuming that the components are linear combinations of some factors.
More details regarding this method and various study designs for stability
studies are given in Chapter 13.

1.5.3 Animal Studies

The purpose of animal studies is not only to study possible toxicity in ani-
mals but also to suggest an appropriate dose for use in humans, assuming
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that the established animal model is predictive of the human model. For a
newly developed drug product, animal studies are necessary. However, for
some well-known TCMs, which have been used in humans for years and
have a very mild toxicity profile, it is questionable whether animal studies
are necessary. It is suggested that all components of TCMs as described in
Chinese Pharmacopoeia (CP) be classified into several categories depending
on their potential toxicities and/or safety profiles as a basis for regulatory
requirements for animal studies. In other words, for some well-known TCM
components such as Ginseng, animal studies for testing toxicity may be
waived depending on past experience of human use, although health risks
or side effects following the proper administration of designated therapeutic
dosages were not recorded in human use. Note that the German regulatory
authority’s herbal watchdog agency, commonly called Commission E, has
conducted an intensive assessment of the peer-reviewed literature on some
300 common botanicals with respect to the quality of the clinical evidence
and the uses for which the herb can be reasonably considered effective (PDR
1998).

1.5.4 Regulatory Requirements

Although the use of TCMs in humans has a long history, there have been
no regulatory requirements regarding the assessment of safety and effec-
tiveness of the TCMs until recently. For example, both regulatory authori-
ties of China and Taiwan have published guidelines/guidance for clinical
development of TCMs (see, e.g.,, MOPH 2002; DOH 2004a,b). In addition,
the US Food and Drug Administration (FDA) also published guidance for
botanical drug products (FDA 2004). These regulatory requirements for
TCM research and development, especially for clinical development are very
similar to well-established guidelines/guidances for pharmaceutical research
and development for Western medicines. It is a concern whether these regu-
latory requirements and the corresponding statistical methods are feasible
for research and development of TCM, based on the fact that there are so
many fundamental differences in medical practice, drug administration,
and diagnostic procedure. As a result, it is suggested that current regulatory
requirements and the corresponding statistical methods should be modified
in order to reflect these fundamental differences.

It is strongly recommended that regulatory requirements for the develop-
ment, review, and approval process for Premarin® (conjugated estrogens tablets,
USP) be consulted because Premarin is a WM consisting of multiple com-
ponents that is similar to a TCM (FDA 1991; Liu and Chow 1996). Premarin,
which contains multiple components of estrone, equilin, 17-dihydroequilin,
17a-estradiol, and 178-dihydroequilin, is intended for treatment of moderate to
severe vasomotor symptoms associated with the menopause. The experience
with Premarin is helpful in developing appropriate guidelines/guidance for
TCM drug products with multiple components.
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1.5.5 Indication and Label

As indicated earlier, it is very important to clarify the intention for the
use of a TCM (by Chinese doctors alone, Western clinicians alone, or both
Chinese doctors and Western clinicians) once it is approved by the regula-
tory agencies. If a TCM is intended for use by Chinese doctors alone, the
clinical trials conducted for obtaining substantial evidence should reflect
medical theory of TCM and medical practice of Chinese doctors. The label
should provide sufficient information as to how to prescribe the TCM the
Chinese way. On the other hand, if the TCM under investigation is intended
for use by Western clinicians alone, patients under study should be evalu-
ated using clinical study endpoints for safety and efficacy the Western way.
Consequently, the label should provide sufficient information for prescribing
the TCM the Western way. If the TCM is intended for both Western clinicians
and Chinese doctors, patients are necessarily evaluated by both Western
clinical study endpoints and Chinese diagnostic procedures (e.g., some stan-
dardized quantitative instrument) provided that the Chinese diagnostic
procedure has been calibrated and validated against the well-established
Western clinical endpoint. In this case, there is a clear understanding how
an observed difference by Chinese diagnostic procedure can be translated to
a clinical effect that is familiar to Western clinicians, and vice versa.

1.6 Globalization of TCM
1.6.1 Consortium for Globalization of Chinese Medicine

As indicated earlier, in pursuit of advancing the TCM to benefit patients
who suffer from critical and/or life-threatening diseases, a Consortium for
Globalization of Chinese Medicine (CGCM) was formed at the University
of Hong Kong in 2003. The goals of the consortium are multifold. First,
it is to provide an environment for development of platform technologies
required for advancing Chinese herbal medicine by joint efforts. Second,
it is to facilitate interaction and collaboration among different institutes
in advancing Chinese herbal medicine by information sharing. Third, it is
to promote high-quality research and development of Chinese medicine
internationally. In addition, it is to assist industry and regulatory agencies
worldwide in (1) methodology development in TCM research and develop-
ment and (2) guidance/guidelines development for evaluation and approval
of TCM regulatory submissions. More details can be found at http://www
tcmedicine.org.

The CGCM aims at establishing a network among researchers from aca-
demia, industry, and regulatory agencies under an academic collaboration
arrangement focusing on two main areas. The first area is for the development
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of a centralized database of Chinese medicine complete with formulations,
botanical ingredients, and phytochemical substances along with associated
biological information on traditional and modern therapeutic indication,
clinical information, animal pharmacology, biochemical activities, toxicities,
and manufacturing information. The other area of focus is for the standard-
ization and adoption of a modern quality control platform for chemical and
biological fingerprinting of botanical drugs for scientific and regulatory pur-
poses. The Consortium had 13 institutional members since it was funded in
2003. As of August 2005, it has grown to 32 institutional members worldwide
including Columbia University and Yale University in the United States.

To achieve the goal of globalization of Chinese medicine, the CGCM has
established six working groups including (1) quality control, (2) informatics,
(3) herbal resources, (4) clinical, (5) external affairs and industrial liaison, and
(6) intellectual property. The Quality Control Working Group is to develop
strategy and appropriate methodology including acceptance criteria, sam-
pling plan, and testing procedure for assuring consistency of raw materials,
in-process materials, and final products in post-approval manufacturing pro-
cesses. The Informatics Working Group is to investigate possible biomark-
ers such as PK/PD markers or genomic markers for efficacy and safety in
traditional Chinese medicine clinical trials. The Working Group for Herbal
Resources is not only to identify resources of Chinese herbs worldwide, but
also to determine potential differences in the same species of herbs. The
External Affairs and Industrial Liaison Working Group is seeking collabo-
ration in TCM research and development with the pharmaceutical indus-
try and/or research organizations such as the National Institutes of Health
(NIH) of the United States of America. The Working Group for Intellectual
Property is to develop strategies for patent protection. The efforts of the six
working groups will lead to advances in TCM research and development
in the 21st century. However, it is also strongly suggested that a working
group regarding regulatory requirements for review and approval of TCM
be established to assist the sponsors to bring their promising (efficacious and
safe) TCM products to the marketplace. The Working Group for Regulatory
Affairs should be a collaborative team that includes regulatory agencies from
Taiwan, China, the United States, Europe (such as Germany), and Japan for
harmonized regulatory requirements.

1.6.2 Remarks

As indicated earlier, a TCM is defined as a Chinese herbal medicine devel-
oped for treating patients with certain diseases as diagnosed by the four
major techniques of inspection, auscultation and olfaction, interrogation,
and pulse taking and palpation based on traditional Chinese medical theory
of global balance among the functions/activities of all organs of the body.
When conducting a TCM clinical trial, it is suggested that the fundamental
differences between a WM and a TCM, as described in Section 1.2, should
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be evaluated carefully for a valid and unbiased assessment of the safety and
effectiveness of the TCM under investigation.

One of the key issues in TCM research and development is to clarify the
difference between Westernization of TCM and modernization of TCM. For
Westernization of TCM, we follow regulatory requirements at critical stages
of the process for pharmaceutical development including drug discovery,
formulation, laboratory development, animal studies, clinical development,
manufacturing process validation and quality control, regulatory submis-
sion, review, and process despite the fundamental differences between WM
and TCM. For modernization of TCM, it is suggested that regulatory require-
ments should be modified in order to account for the fundamental differ-
ences between WM and TCM. In other words, we still ought to be able to
see if TCM is really working with modified regulatory requirements using
Western clinical trials as a standard for comparison.

In practice, it is recognized that WMs tend to achieve the therapeutic effect
sooner than that of TCMs for critical and/or life-threatening diseases. TCMs are
found to be useful for patients with chronic diseases or non-life-threatening dis-
eases. In many cases, TCMs have been shown to be effective in reducing toxici-
ties or improving safety profile for patients with critical and/or life-threatening
diseases. As a strategy for TCM research and development, it is suggested that
(1) TCM be used in conjunction with a well-established WM as a supplement to
improve its safety profile and/or enhance therapeutic effect whenever possible,
and (2) TCM should be considered as the second line or third line treatment for
patients who fail to respond to the available treatments. However, some spon-
sors are interested in focusing on the development of TCM as a dietary supple-
ment due to (1) the lack or ambiguity of regulatory requirements, (2) the lack of
understanding of the medical theory/mechanism of TCM, (3) the confidential-
ity of nondisclosure of the multiple components, and (4) the lack of understand-
ing of pharmacological activities of the multiple components of TCM.

Because TCM consists of multiple components that may be manufactured
from different sites or locations, the post-approval consistency in quality of
the final product is both a challenge to the sponsor and a concern to the
regulatory authority. As a result, some post-approval tests, such as tests for
content uniformity, weight variation, and/or dissolution and (manufactur-
ing) process validation, must be performed for quality assurance before the
approved TCM can be released for use.

Most recently, Statistics in Medicine (Vol. 31, No. 7, 2012) published a special
issue on TCM development which covers a variety of topics in TCM devel-
opment, these topics include discovering herbal functional groups (He et
al. 2012), basic theory, diagnostic and therapeutic system (Hu and Liu 2012),
assessing diagnostic accuracy in the absence of a gold standard (Wang and
Zhou 2012), randomized clinical trials (Lao et al. 2012), model for syndrome
evaluation (Li et al. 2012), issues of design and analysis of acupuncture trials
(Ping et al. 2012), and statistical models for osteoporosis TCM trials (Zhou et
al. 2012a,b).
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1.7 Aim and Scope of the Book

This book is intended to be the first book entirely devoted to the design and
analysis for development of TCM the Western way. It covers all of the sta-
tistical issues that may be encountered at various stages of pharmaceutical/
clinical development of a TCM. It is our goal to provide a useful desk refer-
ence and the state-of-the-art examination of the subject area to scientists and
researchers engaged in pharmaceutical/clinical research and development
of TCMs, those in regulatory agencies such as the China Food and Drug
Administration (CFDA) of China, Taiwan Food and Drug Administration
(TFDA) of Taiwan, and the U.S. FDA, who have to make decisions in the
review and approval process of TCM regulatory submissions, and to bio-
statisticians who provide the statistical support to the assessment of clini-
cal safety and effectiveness of TCMs and related issues regarding quality
control/assurance and test for consistency in manufacturing processes for
TCMs. I hope that this book can serve as a bridge among the pharmaceutical
industry, regulatory agencies, and academia.

This book consists of 15 chapters. The scope covers scientific/statistical
issues that are commonly encountered in studies conducted at various stages
of pharmaceutical/clinical research and development of TCMs. In this chap-
ter, some background regarding fundamental differences between WMs and
TCMs and practical issues that are commonly encountered during the devel-
opment of TCMs have been discussed. In Chapter 2, the process of global
pharmaceutical development of Western medicines is outlined. The feasi-
bility of the process for modernization of TCM is also discussed. Chapter 3
summarizes regulatory requirements for the development of TCMs world-
wide including Asian Pacific Region (e.g,, China), Europe (e.g, Germany),
and the United States. Also included in this chapter is a review of recent
published FDA draft guidances on botanical drug products. Chapter 4 dis-
cusses the establishment of product specifications and reference standards
for TCMs. Commonly used QOL-like instruments for assessment of TCMs
are described in Chapter 5. Chapter 6 outlines factor analysis and principal
components analysis approaches for drug products with multiple compo-
nents (or combinational drug products). Statistical validations of Chinese
diagnostic procedures are discussed in Chapter 7. Chapter 8 discusses a
general approach for testing consistency in terms of proposed consistency
index. A statistical process for quality control/assurance including sampling
plan, acceptance criteria, and testing procedure is introduced in Chapter 9.
Bioavailability and bioequivalence for generic approval and population
pharmacokinetics are reviewed in Chapters 10 and 11, respectively. Chapter
12 reviews regulatory experience for bioequivalence review of generic drug
products with multiple components such as Conjugated Estrogen USP.
Stability analysis for drug products with multiple components is given in
Chapter 13. Chapter 14 discusses some case studies of TCM clinical research
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and development. Chapter 15 provides a summary of current issues and
recent developments.

For each chapter, whenever possible, examples are included to illustrate
the described statistical methods for evaluation of clinical safety and efficacy
of TCMs. In addition, if applicable, topics for future research are provided.
All computations in this book are performed using SAS version 9.2 or higher.
Other statistical packages such as R and S-plus can also be applied.
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Global Pharmaceutical Development

2.1 Introduction

It is recognized that in the past decade the increasing spending on biomedi-
cal research does not reflect an increase in the success rate of pharmaceutical
development. Woodcock (2004) pointed out that the causes of the situation
include (1) a diminished margin for improvement that escalates the level of
difficulty in proving drug benefits, (2) genomics and other new science have
not yet reached their full potential, (3) mergers and other business arrange-
ments have decreased candidates, (4) easy targets are the focus as chronic
diseases are harder to study, (5) failure rates have not improved, and (6) rap-
idly escalating costs and complexity decrease willingness/ability to bring
many candidates forward into the clinic. As the low success rate may be due
to an inefficient go/no-go decision process based on limited (or insufficient)
information available from studies conducted in early phase clinical devel-
opment, it is suggested that from bench-to-bedside translational research
such as biomarker studies and genomic-guide clinical studies be conducted
in the early phase of pharmaceutical development with rigorous scientific/
statistical justification to increase the probability of success of the develop-
ment of the drug product under investigation.

For global pharmaceutical (drug) development, health regulatory authori-
ties in different countries or regions have different requirements for approval
of commercial use of the drug products. As a result, considerable resources
had been spent by the pharmaceutical industry in the preparation of dif-
ferent documents for applications of the same pharmaceutical product to
meet different regulatory requirements requested by different countries or
regions. However, because of globalization of the pharmaceutical industry,
arbitrary differences in regulations, increase in health care costs, need for
reduction of time for patients to access new drugs and of experimental use
of humans and animals without compromising safety, the necessity to stan-
dardize these similar yet different regulatory requirements has been rec-
ognized by both regulatory authorities and the pharmaceutical industry.
Hence, the International Conference on Harmonization (ICH) of Technical
Requirements for the Registration of Pharmaceuticals for Human Use was
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organized in 1990 to provide an opportunity for important initiatives to be
developed by regulatory authorities as well as the industry association for
the promotion of international harmonization of regulatory requirements.

For the development of traditional Chinese medicine (TCM), it is sug-
gested the well-established scientific process of pharmaceutical development
of Western medicines be considered, although there are fundamental differ-
ences in culture, medical theory/practice, and treatment between TCMs and
Western medicines. As most of TCMs consist of multiple active and/or inac-
tive components, the dose and treatment duration of TCM is often flexible
depending on the observations collected from the four subjective Chinese
diagnostic procedures. This individualized treatment has posed a major
challenge to the modernization of TCM development in practice. In addition,
an appropriate selection of relative proportions (ratios) of individual compo-
nents for achieving optimal therapeutic effect is a critical issue for subjects in
the target patient population, which is another challenge to the moderniza-
tion of TCM development.

In the next section, an overview of the global pharmaceutical develop-
ment process that is commonly considered by the pharmaceutical industry
in the United States is provided. In Section 2.3, regulatory requirements for
pharmaceutical development set by the U.S. Food and Drug Administration
(FDA) and ICH are briefly described. Practical issues regarding global drug
development are discussed in Section 2.4. Also included in Section 2.4 are
discussions on future perspectives on potential use of adaptive design meth-
ods and a microdosing approach not only for shortening the development
process but also for increasing the probability of success of the development
process with the limited resources available. Section 2.5 provides Chinese
perspectives regarding the modernization of TCM development. Some brief
concluding remarks are given in the last section of this chapter.

2.2 Pharmaceutical Development Process

As pointed out by Chow and Shao (2002), the pharmaceutical development
process is a lengthy and costly process to ensure the safety and efficacy of the
drug products under investigation before they can be approved by the regula-
tory agencies for use in humans. This lengthy and costly development pro-
cess is necessary to assure that the approved drug product will possess some
good drug characteristics such as identity, purity, quality, strength, stability,
and reproducibility. A typical pharmaceutical development process involves
drug discovery, formulation, laboratory development, animal studies for tox-
icity, clinical development, and regulatory submission/review and approval.
Pharmaceutical development is a continual process, which can be classified
into three phases of development, namely, nonclinical development (e.g., drug
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discovery, formulation, laboratory development, scale-up, manufacturing
process validation, stability, and quality control/assurance [ICH 1996; Chow
1997b; FDA 2001b]), preclinical development (e.g., animal studies for toxicity,
bioavailability and bioequivalence studies, and pharmacokinetic and pharma-
codynamic studies), and clinical development (e.g., phases I-III clinical trials
for assessment of safety and efficacy). These phases may occur in sequential
order or be overlapped during the development process. To provide a bet-
ter understanding of the pharmaceutical development process, these critical
phases of pharmaceutical development are briefly outlined below.

2.2.1 Nonclinical Development

Nonclinical development includes drug discovery, formulation, laboratory
development such as analytical method development and validation, (manu-
facturing) process validation, stability, statistical quality control, and quality
assurance (see, e.g,, Chow and Liu 1995). Drug discovery usually consists of
the phases of drug screening and drug lead optimization. At the drug screen-
ing phase, the mass compounds are screened to identify those that are active
from those that are not. Lead optimization is a process of finding a compound
with some advantages over related leads based on some physical, chemical,
and/or pharmacological properties. In practice, the success rate for identify-
ing a promising active compound is usually relatively low. As a result, there
may be a few compounds that are identified as promising active compounds.

The purpose of formulation is to develop a dosage form (e.g., tablets or
capsules) such that the drug can be delivered to the site of action efficiently.
For laboratory development, an analytical method is necessarily developed
to quantitate the potency (strength) of the drug product. Analytical method
development and validation play an important role in quality control and
quality assurance of the drug product. To ensure that a drug product will
meet the US Pharmacopeia/National Formulary (USP/NF) (2000, 2012) stan-
dards for the identity, strength, quality, and purity of the drug product, a
number of tests such as potency testing, weight variation testing, content
uniformity testing, dissolution testing, and disintegration testing are usu-
ally performed at various stages of the manufacturing process. These tests
are referred to as USP/NF tests. At the same time, stability studies are usu-
ally conducted to characterize the degradation of the drug product over
time under appropriate storage conditions. Stability data can then be used
to determine the drug expiration dating period (or drug shelf-life) as it is
required by the regulatory agency to be indicated in the immediate label of
the container.

After the drug product has been approved by the regulatory agency for use
in humans, a scale-up program is usually carried out to ensure that a pro-
duction batch can meet USP/NF standards for the identity, strength, quality,
and purity of the drug before a batch of the product is released to the mar-
ket. The purpose of a scale-up program is not only to identify, evaluate, and
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optimize critical formulation and/or (manufacturing) process factors of the
drug product but also to maximize or minimize excipient range. A successful
scale-up program can result in an improvement in formulation/process or at
least a recommendation on a revised procedure for formulation/process of
the drug product. During the nonclinical development, the manufacturing
process is necessarily validated in order to produce drug products with good
drug characteristics such as identity, purity, strength, quality, stability, and
reproducibility. Process validation is important in nonclinical development
to ensure that the manufacturing process does what it purports to do.

2.2.2 Preclinical Development

The primary focus of preclinical development is to evaluate the safety of the
drug product through in vitro assays and animal studies. In general, in vitro
assays or animal toxicity studies are intended to alert the clinical investiga-
tors to the potential toxic effects associated with the investigational drugs
so that those effects may be watched for during the clinical investigation.
Preclinical testing involves dose selection, toxicological testing for toxic-
ity and carcinogenicity, and animal pharmacokinetics. For selection of an
appropriate dose, dose response (dose ranging) studies in animals are usu-
ally conducted to determine the effective dose, such as the median effec-
tive dose (EDj). Preclinical development is critical in the pharmaceutical
development process because it is not ethical to investigate certain toxicities
such as the impairment of fertility, teratology, mutagenicity, and overdose in
humans (Chow and Liu 1998, 2004). Animal models are then used as a sur-
rogate for human testing under the assumption that they can be predictive
of clinical outcomes in humans.

Following the administration of a drug, it is also important to study the
rate and extent of absorption, the amount of drug in the blood stream,
become available, and the elimination of the drug. For this purpose, a com-
parative bioavailability study in humans is usually conducted to character-
ize the profile of the blood or plasma concentration-time curve by means of
several pharmacokinetic parameters such as area under the blood or plasma
concentration—time curve (AUC), maximum concentration (C,,,,,), and time to
achieve maximum concentration (f,,,,). It should be noted that the identified
compounds will have to pass the stages of nonclinical/preclinical develop-
ment before they can be used in humans.

2.2.3 Clinical Development

Clinical development in the development of a pharmaceutical entity is to sci-
entifically evaluate benefits (e.g., efficacy) and risks (e.g., safety) of promising
pharmaceutical entities at a minimum cost and within a relatively short time
frame. As indicated by Chow and Liu (2000, 2004, 2013), approximately 75
percent of pharmaceutical development is devoted to clinical development
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and regulatory registration. In a set of new regulations promulgated in 1987
and known as the IND Rewrite, the phases of clinical investigation adopted
by the US FDA since the late 1970s is generally divided into three phases, see,
e.g., Code of Federal Regulations (CFR), Part 312.21. These phases of clinical
investigation are usually conducted sequentially but may overlap.

The primary objective of phase I is not only to determine the metabolism
and pharmacological activities of the drug in humans, the side effects associ-
ated with increasing doses, and the early evidence on effectiveness but also
to obtain sufficient information about the drug’s pharmacokinetics and phar-
macological effects to permit the design of well-controlled and scientifically
valid phase II studies. The primary objectives of phase II studies are not only
to first evaluate the effectiveness of a drug based on clinical endpoints for a
particular indication or indications in patients with the disease or condition
under study but also to determine the dosing ranges and doses for phase III
studies and the common short-term side effects and risks associated with the
drug. Note that some pharmaceutical companies further differentiate phase
IT into phases IIA and phase IIB. For example, clinical studies designed to
evaluate dosing are referred to as phase IIA studies, while studies designed
to determine the effectiveness of the drug are called phase IIB. In some cases,
clinical studies based on clinical endpoints are considered phase 1IB stud-
ies. The primary objectives of phase III studies are to (1) gather additional
information about the effectiveness and safety needed to evaluate the overall
benefit-risk relationship of the drug and (2) to provide an adequate basis for
physician labeling. Note that studies conducted after regulatory submission
before approval are generally referred to as phase IIIB studies.

In addition to the three phases of clinical development, many pharma-
ceutical companies consider studies performed after a drug is approved for
marketing as phase IV studies. The purpose for conducting phase IV stud-
ies is to elucidate further the incidence of adverse reactions and determine
the effect of a drug on morbidity or mortality. In addition, a phase IV trial
may be conducted to study a patient population not previously studied
such as children. In practice, phase IV studies are usually considered useful
market-oriented comparison studies against competitor such as quality of
life studies. As indicated by Chow and Shao (2002), in practice, it is estimated
that about 8-10 x 1000 compounds screened may finally reach the phase of
clinical development for human testing. The probability of success for those
compounds that reach clinical development is relatively low. As a result, a
thoughtful clinical development plan is necessary to ensure the success of
the development of a promising pharmaceutical entity.

In practice, phases I/1I are considered early phase clinical development,
while phase III/IV are viewed as later phase clinical development. However,
in the pharmaceutical industry, some pharmaceutical companies consider
clinical studies up to phase IIA are early phase clinical development.

Phase I clinical investigation provides an initial introduction of an investi-
gational new drug to humans. Phase I clinical investigation includes studies
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of drug metabolism, bioavailability, dose ranging, and multiple doses. Phase
I studies usually involve 20-80 normal volunteer subjects or patients. In sev-
eral therapeutic areas, patients with the diseases are subjects rather than
healthy volunteers. This tradition is strongest in oncology because many
cytotoxic agents cause damage to DNA. For similar reasons, many anti-AIDS
drugs are not tested initially in healthy subjects. In neuropharmacology,
some categories of drugs have an acclimatization or tolerance aspect, which
makes them difficult to study in healthy subjects.

For phase I clinical investigation, FDA’s review will focus on the assess-
ment of safety. Therefore, extensive safety information such as detailed labo-
ratory evaluations is usually collected at very extensive schedules. A typical
phase I design for tolerability and safety is a dose escalation trial design in
which successive groups (cohorts) of patients are given successively higher
doses of the treatment until some of the patients in a cohort experience unac-
ceptable side effects. In most phase I trials of this kind, there are three to six
patients in each cohort. The starting dose at the first cohort is usually at a
rather low dose. If unacceptable side effects are not seen in the first cohort,
patients in the next cohort will receive a higher dose. This continues until a
dose is reached at which it is too toxic for some patients (say one out of three).
Then, the previous dose level is considered to be the maximum tolerable
dose (MTD). It should be noted that MTD is usually the most effective dose,
which is often chosen as the optimal dose for phase II studies in practice.
Also, as indicated by the FDA, phase I studies are usually less detailed and
more flexible than for subsequent phases, adaptive (flexible) designs are usu-
ally considered.

Phase II studies are the first controlled clinical studies of the drug under
investigation. Phase II studies usually involve no more than several hun-
dred patients. A commonly employed study design for a phase II study is
a randomized, parallel group (either a placebo-control or an active-control)
study. Patients will be randomly assigned to each of the treatment groups to
receive the dose determined in the prior phase I study. Many phase II trials,
however, are conducted in two stages. The idea is to stop the trial as soon as
it can be known that the treatment is ineffective. On the other hand, we wish
to continue the trial if the treatment has been shown to be effective. In a two-
stage design, after a predetermined number of patients have been treated,
the trial is paused and the response rate is evaluated. If the response rate
is less than a pre-specified minimum goal (undesirable response rate), it is
concluded that the treatment is not worth pursuing and the trial is stopped.
Otherwise, the trial continues and additional patients will be enrolled to
permit determination of the response rate for achieving desired accuracy
with certain statistical power. It should be noted that if the trial has reached
the second stage, it indicates that at least some of the patients are responding
to the treatment though the response rate could still be low at the first stage.

In practice, it is not uncommon to combine a phase I and a phase II trial
of the same treatment into a single protocol for clinical investigation of the
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treatment under study. A combined phase I and phase II study is usually
referred to as a phase I/1l study. As a result, the study objectives of the phase
I/1I study will include objectives from phase I and phase II parts. For exam-
ple, in a phase I/II study, we may want to determine the MTD and at the
same time to demonstrate its clinical efficacy. In this case, the determination
of MTD (phase I) and demonstration of clinical efficacy (phase II) are the
study objectives of the phase I/1l trial. A typical trial design is to include two
phases—the first phase is to determine the MTD and the second phase is to
demonstrate clinical efficacy that follows immediately afterward. At the first
trial phase, we could include several dose groups (say four dose groups). In
each dose group, patients will be randomly assigned to receive the treatment
and a placebo at a 4:1 ratio. As a result, a total of 40 subjects are required (10
subjects per dose group with 8 subjects in the treatment group and 2 sub-
jects in the placebo group) for determination of the MTD. Once the MTD is
identified, additional subjects will be recruited for demonstration of clinical
efficacy at a selected optimal dose during the second phase of the study.

2.3 Regulatory Requirements

For marketing approval of pharmaceutical entities, the regulatory process
and requirements vary from country (region) to country (region) (see, e.g.,
Zhang 1998). For example, the European Union (EU), Japan, and the United
States have similar but different requirements as to the conduct of clinical
trials and the submission, review, and approval of clinical results for phar-
maceutical entities. For simplicity, we will focus on the regulatory process
and requirements for the conduct, submission, review, and approval of clini-
cal trials currently adopted in the United States.

2.3.1 Regulatory Process in the United States

For evaluation and marketing approval of drugs, biological products, and
medical devices, sponsors are required to submit substantial evidence of
effectiveness and safety accumulated from adequate and well-controlled
clinical trials to Center for Drug Evaluation and Research (CDER), Center
for Biologics Evaluation and Research (CBER), or Center for Devices and
Radiological Health (CDRH) of the FDA, respectively. The current regula-
tions for conducting clinical trials and the submission, review, and approval
of clinical results for pharmaceutical entities in the United States can be
found in CER (e.g., see 21 CFR Parts 50, 56, 312, and 314). These regulations
are developed based on the Federal Food, Drug, and Cosmetic (FD&C) Act
passed in 1938. Table 2.1 summarizes the most relevant regulations with
respect to clinical trials. These regulations cover not only pharmaceutical
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TABLE 2.1

U.S. Codes of Federal Regulation for Approving Pharmaceutical Entities

CFR Number Regulations

21 CFR 50 Protection of human subjects

21 CFR 54 Financial disclosure by clinical investigators

21 CFR 56 Institutional review boards (IRB)

21 CFR 312 Investigational New Drug Application (IND)
Subpart E Treatment IND

21 CFR 314 Applications for FDA approval to market a new drug
Subpart C Abbreviated applications
Subpart H Accelerated approval

21 CFR 601 Establishment license and product license applications

(ELA and PLA)

Subpart E Accelerated approval

21 CFR 316 Orphan drugs

21 CFR 320 Bioavailability and bioequivalence requirements

21 CFR 330 Over-the-counter (OTC) human drugs

21 CFR 812 Investigational device exemptions (IDE)

21 CFR 814 Premarket approval of medical devices (PMA)

21 CFR 60 Patent term restoration

21 CFR 201 Labeling

21 CFR 202 Prescription drug advertising

21 CFR 203 Prescription drug marketing

entities such as drugs, biological products, and medical devices under inves-
tigation but also the welfare of participating subjects and the labeling and
advertising of pharmaceutical products. It can be seen from Table 2.1 that
pharmaceutical entities can be roughly divided into three categories based
on the FD&C Act and hence the CFR. These categories include drug prod-
ucts, biological products, and medical devices. For the first category, a drug
is as defined in the FD&C Act (21 U.S.C. 321) as an article that is (1) recog-
nized in the US Pharmacopeia, official Homeopathic Pharmacopeia of the
United States, or official National Formulary, or a supplement to any of them;
(2) intended for use in the diagnosis, cure, mitigation, treatment, or preven-
tion of disease in humans or other animals; or (3) intended to affect the struc-
ture or function of the body of humans or other animals. For the second
category, a biological product is defined in the 1944 Biologics Act (46 U.S.C.
262) as a virus, therapeutic serum, toxin, antitoxin, bacterial or viral vac-
cine, blood, blood component or derivative, allergenic product, or analogous
product, applicable to the prevention, treatment, or cure of disease or injuries
in humans. Finally, a medical device is defined as an instrument, apparatus,
implement, machine contrivance, implant, in vitro reagent, or other similar
or related article, including any component, part, or accessory that—similar
to a drug—is (1) recognized in the official National Formulary or the U.S.
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Pharmacopeia or any supplement in them; (2) intended for use in the diag-
nosis in humans or other animals; or (3) intended to affect the structure or
function of the body of humans or other animals.

The CDER of the FDA has jurisdiction over administration of regulation
and approval of pharmaceutical products classified as drug. These regula-
tions include Investigational New Drug Application (IND) and New Drug
Application (NDA) for new drugs, orphan drugs, and over-the-counter (OTC)
human drugs and Abbreviated New Drug Application (ANDA) for generic
drugs. On the other hand, the CBER is responsible for enforcing the regula-
tions of biological products through processes such an Establishment License
Application (ELA) or Product License Application (PLA). Administration of
the regulations for medical devices belongs to the jurisdiction of the CDRH
through Investigational Device Exemptions (IDE) and Premarket Approval
of Medical Devices (PMA) and other means.

2.3.2 International Conference on Harmonization

Health regulatory authorities in different countries have different require-
ments for approval of commercial use of the drug products. As a result,
considerable resources have been spent by the pharmaceutical industry in
the preparation of different documents for applications of the same phar-
maceutical product to meet different regulatory requirements requested by
different countries or regions. However, because of globalization of the phar-
maceutical industry, arbitrary differences in regulations, increase in health
care costs, need for reduction of time for patients to access new drugs and
of experimental use of humans and animals without compromising safety,
the necessity to standardize these similar yet different regulatory require-
ments has been recognized by both regulatory authorities and pharma-
ceutical industry. Hence, the International Conference on Harmonization
(ICH) of Technical Requirements for the Registration of Pharmaceuticals for
Human Use was organized in 1990 to provide an opportunity for impor-
tant initiatives to be developed by regulatory authorities as well as industry
association for the promotion of international harmonization of regulatory
requirements.

ICH was originally concerned with tripartite harmonization of technical
requirements for the registration of pharmaceutical products among three
regions: the European Union, Japan, and the United States. Basically, the
ICH Steering Committee is the governing body consisting of six cosponsors:
European Commission of the European Union, the European Federation
of Pharmaceutical Industries” Associations (EFPIA), the Japanese Ministry
of Health, Labor and Welfare (MHLW), the Japanese Pharmaceutical
Manufacturers Association (JPMA), the CDER and CBER of the FDA, and
the Pharmaceutical Research and Manufacturers of America (PhRMA).
Each of its six cosponsors has two seats on the Steering Committee:
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one from a regulatory authority and one from the pharmaceutical indus-
try, from each of the three regions. The functions of the ICH steering com-
mittee include (1) determining policies and procedures, (2) selecting topics,
(3) monitoring progress, and (4) overseeing preparation of biannual confer-
ences. The ICH Steering Committee also includes observers from the World
Health Organization, Health Canada, and the European Free Trade Area
(EFTA). In addition, two seats of the ICH Steering Committee are given to
the International Federation of Pharmaceutical Manufacturers Association
(IFPMA), who hosts the ICH Secretariat at Geneva, Switzerland, and partici-
pates as a nonvoting member of the Steering Committee, which coordinates
the preparation of documentation. The Global Cooperation Group (GCG) was
formed as a subcommittee of the ICH Steering committee in 1999 in response
to interest in the non-ICH regions. Currently, the GCG includes the follow-
ing organizations and countries: Asia-Pacific Economic Cooperation (APEC),
Association of Southeast Asian Nations (ASEAN), Pan American Network for
Drug Regulatory Harmonization (PANDRH), Southern African Development
Community (SADC), Australia, Brazil, China, Chinese Taipei, India, South
Korea, Russia, and Singapore.

In order to harmonize technical procedures the ICH has issued a num-
ber of guidelines and draft guidelines. After the ICH Steering Committee
selected the topics, the ICH guidelines were initiated by a concept paper
and went through a five-step review process. A complete updated list of the
ICH guidelines or draft guidelines can be found in its website: http://www
dich.org. As can be seen, these guidelines are not only for harmonization of
design, conduct, analysis, and report for a single clinical trial but also for
consensus in protecting and maintaining the scientific integrity of the entire
clinical development plan of a pharmaceutical entity. Along this line, Chow
(1997a) introduced the concept of Good Statistics Practice in drug development
and regulatory approval process as the foundation of ICH GCP (see also,
FDA 1988). The concepts and principles stated in the ICH clinical guidelines
can be found in the works of ICH (1998, 2009) and Chow and Liu (2004).

Although the primary goals of the ICH are to harmonize the technical
procedures and documents for regulatory submissions, some regulatory
agencies still request the unique documentation specific to the regions. For
example, the integrated summary of effectiveness (ISE) and integrated sum-
mary of safety (ISS) in the Summary of the Clinical and Statistical Section of
an NDA are unique to the FDA. In addition, the FDA points out that section
of Summary of Clinical Efficacy and section of Summary of Clinical Safety in
Module 2 of ICH M4—Efficacy does not describe the needed level of detail
for an ISE and ISS. In addition, these clinical summary sections of M2 are
limited to only 400 pages, whereas a typical ISS alone often can be sub-
stantially larger. On the other hand, Module 5 is designed to contain more
detailed in-depth analysis and has no space limitation. In addition, the FDA
issued guidance on electronic formats using electronic common technical
document (eCTD) specifications.
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2.3.3 Remarks

Current FDA requirements for registration adherence to the principles of
good clinical practices (GCPs), including adequate human subject protection
is universally recognized as a critical requirement to the conduct of research
involving human subjects. GCP is defined as a standard for the design, con-
duct, performance, monitoring, auditing, recording, analysis, and reporting
of clinical trials in a way that provides assurance that the data and reported
results are credible and accurate and that the rights, safety, and well-being
of trial subjects are protected (FDA 1988; ICH 1998). Compliance with prin-
ciples of GCP, as harmonized by FDA/ICH, is a significant regulatory chal-
lenge for global acceptance of clinical trials completed in Asia. Note that
FDA/ICH guidance on GCP was developed with consideration of the cur-
rent GCP practices of the European Union, Japan, and the United States,
Australia, Canada, the Nordic countries, and the World Health Organization
(WHO). Medical practices of Asian countries such as China, India, Taiwan,
and Thailand were not harmonized.

Practical challenges in Asian clinical trials include (1) inexperience, (2) GCP
training, (3) protocol execution/deviations (differentiating between medi-
cal practice and clinical research, documentation, and storage capabilities),
(4) serious adverse event (SAE) reporting, (5) infrastructure and equipment
(e.g., computers, software, scanners, faxes, refrigerators, freezers, and pumps),
and (6) capabilities to produce eCTD formats vary or are not required.
Regulatory challenges in trial execution in global pharmaceutical/clinical
development in Asian Pacific Region are mostly GCP-related. These chal-
lenges include (1) protocol translation (e.g., language barriers), (2) investigator
qualifications (e.g., documentation of training), (3) enrollment, (4) informed
consent, (5) patient compliance, and (6) dropout rates and follow-ups. In addi-
tion, each Asian country’s policies on protocol approvals, insurance regula-
tions, import licenses, and a myriad of other factors can affect a sponsor’s
ability to establish and run clinical trial sites.

2.4 Practical Issues in Drug Development

On March 16, 2004, the FDA released a report addressing the recent slow-
down in innovative medical therapies submitted to the FDA for approval,
“Innovation/Stagnation: Challenge and Opportunity on the Critical Path to
New Medical Products.” The report describes the urgent need to modern-
ize the medical product development process—the Critical Path—to make
product development more predictable and less costly. Through this initia-
tive, the FDA took the lead in the development of a national Critical Path
Opportunities List, to bring concrete focus to these tasks. As a result, the
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FDA released a Critical Path Opportunities List that outlines 76 initial proj-
ects to bridge the gap between the quick pace of new biomedical discover-
ies and the slower pace at which those discoveries are currently developed
into therapies two years later. See, for example, http://www.fda.gov/oc
/initiatives/criticalpath. The Critical Path Opportunities List consists of six
broad topic areas of (1) development of biomarkers, (2) clinical trial designs,
(3) bioinformatics, (4) manufacturing, (5) public health needs, and (6) pediat-
rics. As indicated in the Critical Path Opportunities Report, biomarker devel-
opment and streamlining clinical trials are the two most important areas
for improving medical product development. The streamlining of clinical
trials calls for advancing innovative trial designs such as adaptive designs to
improve innovation in clinical development. These 76 initial projects are the
most pressing scientific and/or technical hurdles causing major delays and
other problems in the drug, device, and/or biologic development process.
Among these 76 initial projects, many of them involve early phase clinical
development (i.e., phase I/II studies), which are critical to the success of the
development of a pharmaceutical entity (i.e., drug, device, and/or biologic).
Some commonly encountered practical issues that may cause major delays
and/or failure of the development process are briefly outlined below.

Global drug development plays an important role in a scientific manner
in pharmaceutical research (ICH 1997). However, the statistical work to
draw a statistical inference with regard to translational medicine research
is still in a preliminary stage. To provide a comprehensive understanding
of statistical design and methodology commonly employed in global drug
development, under the support of the Bureau of Pharmaceutical Affairs,
Department of Health (DOH), Taiwan, National Health Research Institutes
(NHRI), and Formosa Cancer Foundation organized one symposium on
“Current Advanced Statistical Issues in Clinical Trials—Flexibility and
Globalization” held on November 21, 2008, and a closed-door meeting on
“Designs of Clinical Trials in New Drug Developments” held on November
22,2008, in Taipei, Taiwan. As a result, a proposal for statistical guidance to
multiregional trials was developed. This proposal is briefly described below.

Within the Asian region, each country may consider accepting all the
data derived from other countries in the Asian region. For example, Taiwan
accepts all Asian data. A study by Lin et al. (2001) found that the so-called
Taiwanese, accounting for 91 percent of the total population in Taiwan, com-
prise Minnan and Hakka people who are closely related to the southern Han
and are clustered with other southern Asian populations such as Thai and
Malaysian in terms of HLA typing. Those who are the descendants of north-
ern Han are separated from the southern Asian cluster and form a cluster
with the other northern Asian populations such as Korean and Japanese.
The Taiwanese regulatory authority, therefore, accepts data from trials con-
ducted in Taiwan as well as in other Asian countries if those trials meet
Taiwanese regulatory standards and were conducted in compliance with
GCP requirements.
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2.4.1 Multiregional Clinical Trials

As indicated by Uesaka (2009), the primary objective of a multiregional
bridging trial is to show the efficacy of a drug in all participating regions
while also evaluating the possibility of applying the overall trial results to
each region. To apply the overall results to a specific region, the results in that
region should be consistent with either the overall results or the results from
other regions. A typical approach is to show consistency among regions by
demonstrating that there exists no treatment-by-region interaction. Recently,
the Ministry of Health, Labor and Welfare (MHLW) of Japan published
guidance on Basic Principles on Global Clinical Trials that outlines the basic
concepts for planning and implementation of multiregional trials in a Q&A
format. In this guidance, special consideration was placed on the determina-
tion of the number of Japanese subjects required in a multiregional trial. As
indicated, the selected sample size should be able to establish the consistency
of treatment effects between the Japanese group and the entire group.

To establish the consistency of the treatment effects between the Japanese
group and the entire group, it is suggested that the selected size should
satisfy

PD’> >1 2.1)
D P[z1-Y :
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where D; and D,y are the treatment effects for the Japanese group and the
entire group, respectively. Along this line, Quan et al. (2009) derived closed
form formulas for the sample size calculation/allocation for normal, binary
and survival endpoints. As an example, the formula for continuous endpoint
assuming that D; = Dy; = D,y = D, where Dy is the treatment effect for the
non-Japanese subjects, is given below.
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where N and N are the sample size for the entire group and the Japanese
group. Note that the MHLW of Japan recommends that p should be chosen
to be either 0.5 or greater and y should be chosen to be either 0.8 or greater
in Equation 2.1. As an example, if we choose p = 0.5,y = 0.8, « = 0.05, and p =
0.9, then Nj/N = 0.224. In other words, the sample size for the Japanese group
has to be at least 22.4 percent of the overall sample size for the multiregional
trial.

In practice, 1 — p is often considered a noninferiority margin. If p is chosen
to be greater than 0.5, the Japanese sample size will increase substantially. It
should be noted that the sample size formulas given by Quan et al. (2009) are
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derived under the assumption that there is no difference in treatment effects
for the Japanese group and non-Japanese group. In practice, it is expected
that there is a difference in treatment effects due to ethnic difference. Thus,
the formulas for sample size calculation/allocation derived by Quan et al.
(2009) are necessarily modified in order to take into consideration the effect
due to ethnic differences.

2.4.2 Bridging Studies

The aim of a multiregional trial is to show the efficacy of a drug in various global
regions and concurrently to evaluate the possibility of applying the overall trial
results to each region. Therefore, how to bridge the results of the multiregional
trial to the “Asian region” is another important issue. As indicated earlier, the
Japanese Ministry of Health, Labor and Welfare (MHLW) has published the
Basic Principles on Global Clinical Trials guidance to promote Japan’s participation
in global development and international clinical study recently. It outlines the
basic concepts for planning and implementing the multiregional trials in a Q&A
format. Special consideration was placed on the establishment of the consistency
of treatment effects between the Japanese group and the entire group. The same
consistency criterion can also be used to examine whether the overall results
from the multiregional trial can be applied to the Asian region.

Let D, be the observed treatment effect for the Asian region and D, the
observed treatment effect from all regions. Given that the overall result is
significant at a level, we will judge whether the treatment is effective in the
Asian region by the following criterion:

Dysiaz2pDsy forsomeO<p<1. (2.3)

Other consistency criteria can be found in the work of Uesaka (2009) and
Ko et al. (2010). Selection of the magnitude p of consistency trend may be
critical. All differences in ethnic factors between the Asian region and other
regions should be taken into account. The Japanese MHLW suggests that
p be 0.5 or greater. However, the determination of p will be and should be
different from product to product and from therapeutic area to therapeutic
area. For example, in a multiregional liver cancer trial, the Asian region can
definitely require a larger value of p because it will contribute more subjects
than other regions.

In addition to the consistency criterion in Equation 2.3, the following crite-
ria suggested by Uesaka (2009) and Ko et al. (2010) can also be used:

Dysa2pDc forsomeO<p<1;
pSDAsia/DAuSl/p forsome0<p<1;

p<Dyg./Dc<1/p forsome0<p<1;
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where D denotes the observed treatment effect from regions other than the
Asian region. The first criterion is to assess whether the treatment effect in
the Asian region is as large as that of the other regions, while the last two cri-
teria are to assess the consistency of the treatment effect of the Asian region
with overall regions or other regions.

2.4.3 Adaptive Design Methods in Clinical Trials

In recent years, the use of adaptive design methods has become very popular
owing to its flexibility and efficiency for identifying any possible signal or trend
of clinical benefits (preferably the optimal clinical benefits) with the limited
resources available (see, e.g,, Chow and Chang 2006; Pong and Chow 2010). In
its recent draft guidance, the FDA defined an adaptive design clinical study as a
study that includes a prospectively planned opportunity for modification of one
or more specified aspects of the study design and hypotheses based on analysis
of data (usually interim data) from subjects in the study. The FDA emphasizes
that one of the major characteristics of an adaptive design is the prospectively
planned opportunity. Changes should be made based on analysis of data (usu-
ally interim data). In the draft guidance, the FDA classifies adaptive designs as
either well-understood designs or less well understood designs, depending on
the nature of adaptations either blinded or unblinded (FDA 2010).

On the other hand, Chow et al. (2005) provided a broader definition of
an adaptive design. They define an adaptive design of a clinical trial as a
design that allows adaptations or modifications to some aspects (e.g., trial
procedures and/or statistical methods) of the trial after its initiation with-
out undermining the validity and integrity of the trial. Trial procedures are
referred to as the eligibility criteria, study dose, treatment duration, study
endpoints, laboratory testing procedures, diagnostic procedures, criteria
for evaluability, and assessment of clinical responses. Statistical methods
include randomization scheme, study design selection, study objectives/
hypotheses, sample size calculation, data monitoring and interim analysis,
statistical analysis plan, and/or methods for data analysis.

Depending on the types of adaptation or modification made, commonly
employed adaptive design methods in clinical trials include, but are not
limited to (1) a group sequential design, (2) a sample size reestimation (or
an N-adjustable) design, (3) an adaptive seamless (e.g., phase I/l or phase
II/1II) design, (4) a drop-the-loser (or pick-the-winner) design, (5) an adap-
tive randomization design, (6) an adaptive dose finding (escalation) design,
(7) a biomarker-adaptive design, (8) an adaptive treatment-switching design,
(9) an adaptive-hypotheses design, and (10) any combinations of the above
(see also, Chow and Chang 2006; Pong and Chow 2010).

In its draft guidance, the FDA classifies adaptive designs into categories
of well-understood and less well-understood designs. For those less well-
understood adaptive designs such as adaptive dose finding designs and two-
stage phase I/1I (or phase II/11l) seamless adaptive designs, statistical methods
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are not well established and hence should be used with caution. In practice,
misuse of adaptive design methods in clinical trials is a concern to both clinical
scientists and regulatory agencies. It is suggested that the escalating momen-
tum for the use of adaptive design methods in clinical trials be slowed in order
to allow time for development of appropriate statistical methodologies.

2.4.4 Remarks

More and more clinical trials utilizing adaptive design methods have been
conducted in global pharmaceutical (clinical) development since the publi-
cation of the FDA draft guidance on adaptive clinical trial designs in 2010.
For those clinical trials utilizing less well understood adaptive designs, com-
monly asked questions from the FDA include the following: (1) How to con-
trol the overall type I error rate? (2) How to pool data collected before and
after the adaptation for a combined analysis? (3) How to perform sample size
estimation and/or sample size allocation (if a multiple-stage adaptive design
is used)? and (4) How to determine safety and futility/efficacy boundaries if a
group sequential design is used. The FDA does not have any objections to the
use of adaptive design methods in clinical trials if the sponsor can (1) develop
clinical strategy for preventing possible operational bias due to the applica-
tion of adaptive design methods and (2) fully address the above questions.

2.4.5 Microdosing Approach

In pharmaceutical research and development, microdose studies are designed
not only to evaluate pharmacokinetics or imaging of specific targets but also
not to induce pharmacologic effects. Because of this, the risk to human sub-
jects is very limited and information adequate to support the initiation of
such limited human studies can be derived from limited nonclinical safety
studies. A microdose is defined as less than 1/100th of the dose of a test sub-
stance calculated (based on animal data) to yield a pharmacologic effect of
the test substance with a maximum dose of <100 pg. Owing to differences in
molecular weights as compared to synthetic drugs, the maximum dose for
protein products is <30 nmol.

As indicated in the FDA Exploratory IND 2006 guidance, it is suggested
that preclinical and clinical approaches, as well as chemistry, manufacturing,
and controls information, should be considered when planning exploratory
studies in humans, including studies of closely related drugs or therapeutic
biological products, under an investigational new drug (IND) application (21
CFR 312). Existing regulations allow a great deal of flexibility in the amount
of data that needs to be submitted with an IND application, depending on
the goals of the proposed investigation, the specific human testing proposed,
and the expected risks.

The FDA currently accepts the use of extended single-dose toxicity studies
in animals to support single-dose studies in humans. For microdose studies, a
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single mammalian species (both sexes) can be used if justified by in vitro metab-
olism data and by comparative data on in vitro pharmacodynamics effects. The
route of exposure in animals should be by the intended clinical route. In these
studies, animals should be observed for 14 days post-dosing with an interim
necropsy, typically on day 2 and endpoints evaluated should include body
weights. Because microdose studies involve only single exposures to microgram
quantities of test materials and because such exposures are comparable to rou-
tine environmental exposures, routine generic toxicology testing is not needed.
For similar reasons, safety pharmacology studies are also not recommended.

2.4.6 Remarks

The concept of the microdosing approach in pharmaceutical development is
encouraging. As indicated by Burt (2011), the use of human microdosing in
pharmaceutical development has the following benefits that (1) it takes just
six months from lab bench to completion of clinical studies, (2) smarter lead
candidate selection, (3) reduces expensive late stage attrition (i.e., kill ineffec-
tive compound early and cheap), (4) substantially reduced preclinical toxi-
cology package compared to phase I, (5) only gram quantities of non-GMP
drug (typically 10 g) are needed, (6) any route of administration is possible,
including intravenous, (7) absolute oral bioavailability calculation, (8) drugs
can be tested in sensitive populations; renally impaired patients, women
of child-bearing age and cancer patients, and (9) reduces use of animals in
research. However, there are statistical issues/concerns regarding the valid-
ity of the human microdosing approach in pharmaceutical development.
These statistical issues include (1) the selection of microdose (e.g., “how to
distinguish the effect due to microdose and the placebo effect?” and “how
to select the initial dose and the dose range under study?”), (2) the selection
of study endpoint (e.g., “should a clinical endpoint or a surrogate endpoint
or a biomarker be used?” and “whether the surrogate or biomarker is predic-
tive of clinical endpoint?”), (3) the determination of sample size (e.g., preci-
sion analysis or power analysis), and (4) model selection and validation (e.g.,
“how to handle inter- and intrasubject variabilities?” and “how to determine
the impact of nonlinearity for the dose range under study?”). In addition, it
is a concern that the extrapolation based on results from microdose to regu-
lar dose may not be reliable because the variability associated with the dose
is usually proportional to the dose.

2.5 Modernization of TCM Development

As indicated in Chapter 1, there is a debate about how to achieve mod-
ernization of TCM development—either the Western way or the Chinese
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way? Both regulatory authorities of China and Taiwan seem to prefer the
Westernization approach. In pursuit of advancing the TCM through the
Westernization approach to benefit patients who suffer from critical and/or
life-threatening diseases, the TCM development focuses on (1) individual-
ized treatment for achieving optimal therapeutic effect, (2) combinational
treatment as a supplemental treatment for reducing harmful toxicity and
consequently improving tolerability and safety profile, and (3) effective TCM
treatment by identifying the optimal ratios among individual components of
TCM, which are briefly described below.

2.5.1 Individualized Treatment

TCM typically consists of several components. The combination is usu-
ally determined based on observations from the four Chinese diagnostic
procedures under the medical theory of global dynamic balance (or har-
mony) among organs. The use of the four Chinese diagnostic procedures
is to diagnose the possible causes for the imbalance among these organs.
Individualized treatment is to minimize the intrasubject variability for
achieving the optimal therapeutic effect by restoring the balance among
these organs. Thus, the dose and treatment duration are flexible but different
from subject to subject. The concept of individualized treatment leads to the
innovative thinking of personalized medicine.

The concept of individualized treatment is widely accepted by the medical
community for personalized medicine. However, it also posts a major chal-
lenge to the investigators for modernization of TCM development because
the doses and treatment durations are different from subject to subject.
Moreover, the determination of dose and treatment duration is made based
on the four subjective Chinese diagnostic procedures, which may be con-
ducted by inexperienced Chinese doctors. In this case, significant rater-to-
rater variability is anticipated, which has a negative impact on the prescribed
individualized treatment and consequently it may not achieve the optimal
intended therapeutic effect.

2.5.2 Combinational Treatment

One of major challenges for the modernization of TCM development is the
characterization of individual components of the TCMs. Most TCMs contain
a number of individual components, among which, some may be efficacious
and some may reduce toxicity on specific organs such as liver or kidney. In
this case, the investigators may consider combinational treatment by com-
bining some of the individual components of the TCM in conjunction with
an active control agent (i.e., a drug product that has been approved by the
regulatory agency and currently available in the marketplace) to treat a criti-
cal disease under study. As an example, suppose that a component A of a
given TCM is found to be able to reduce the toxicity that induced by having
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drug B for treating a critical disease (e.g., cancer). In this case, drug B can
achieve an efficacy study endpoint while component A can help in reduc-
ing toxicity of drug B and consequently improving the safety profile. The
combinational treatment (Western drug for efficacy and TCM for toxicity) for
treating critical diseases such as cancer and AIDS has become increasingly
popular in recent years.

Note that the pharmacological activities of some individual components
of a given TCM, and the relationships among these individual components,
are usually unknown. In practice, the development of TCM is considered
incomplete until all of the components can be fully characterized. This has
been a major challenge and/or an obstacle for the modernization of TCM
development.

2.5.3 Effective Treatment

Unlike Western medicines, TCMs do not have fixed doses. Flexible doses
allow the Chinese doctor to prescribe effective treatment individually based
on the observations obtained from the four subjective Chinese diagnostic
procedures. For modernization of TCM development, it is not feasible to have
effective treatment individually. For development of TCMs, several attempts
are made to develop a fixed dose (i.e., fixed ratios among individual com-
ponents) for the population rather than individuals. In this case, multilevel
factorial design is usually considered to identify the best combination of
individual components for the TCM under development.

2.6 Concluding Remarks

The development process of a promising compound is a lengthy and costly
process. At the screening stage, many candidate compounds may be dropped
owing to intolerable toxicity/safety or lack of efficacy based on preclinical
data. In practice, it is most likely that only a handful of promising com-
pounds can make it to the stage of clinical development. As a result, how to
select the most promising compounds among these handfuls of compounds
for continued clinical development has become a challenge to the clinical
development team under possible resources/budget constraints. A wrong
decision could lead to a total disaster for the sponsor (all of the efforts and
investment has been wasted). The objective for assessment of the probability
of success is multifold. First, it is to obtain accurate and reliable individual
estimates of the probability of success at each stage and an overall estimate
of the overall probability of success. Second, it is to obtain a lower confidence
boundary of the overall probability of success. Third, it is to a perform a
sensitivity analysis of the probability of success with respect to relatively
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changes in the early phase of clinical development versus the later phase of
clinical development, assuming a fixed total resources/budget.

As indicated earlier, the pharmaceutical/clinical development process of a
compound is a sequential process that consists of several phases of develop-
ment such as pre-clinical phase and phases I-1II of clinical development. At
each phase of development, a go/no-go decision is necessarily made. As dis-
cussed in the previous section, the go/no-go decision is usually made at each
phase of development either based on a subjective evaluation, the simple
approach, or a decision-tree approach. In this section, we attempt to study
the assessment of the probability of success of the development process.

Let S, S,,..., and Sg denote stage 1, 2,..., and K of the development process
of a pharmaceutical compound, respectively. Also, let p;, p,,..., and pg be the
probability of success at stage 1, 2,..., and K, respectively. Thus, the probabil-
ity of success can be obtained as

P(Success) = P(S))P(S,|S5y)-+-P(Sk|Sx-),

where P(S)) is defined as the probability of observing a positive result at the
ith stage. That is,

P(S) = P(positive|T;, n)),

where a positive result is referred to as the rejection of the null hypothesis
of no treatment difference at the o level of significance and there is an 80
percent power for correctly detecting a clinically important difference §, in
which n; and T; are the corresponding sample size and test statistic of the
study conducted at the ith stage, where i =1, 2,..., K. It should be noted that in
practice, there may be more than one study conducted at the same stage. In
other words, n; = ;i and T, = Ty, where j =1, 2,..., J.. In this paper, for simplic-
ity, we will consider the case where J; = 1 for all i. For illustration purposes,
Table 2.2 summarizes probabilities of success of pharmaceutical develop-
ment of a promising compound with various scenarios of success at an early
stage of pharmaceutical development.

TABLE 2.2

Probability of Success for Pharmaceutical Development

Py P(S,|S)) P(S,|S,) P(S,]S,) P(S5,]S,)
0.5 0.9 0.9 0.9 0.365
0.6 0.9 0.9 0.9 0.437
0.7 0.9 0.9 0.9 0.510
0.8 0.9 0.9 0.9 0.583
0.9 0.9 0.9 0.9 0.656
0.95 0.9 0.9 0.9 0.693

Note: S; indicates the ith stage of pharmaceutical development.
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As can be seen from Table 2.2, the probability of success at the early stage
of clinical development is critical. If the probability of success at the early
stage is less than 70 percent, we may have an overall probability of success of
less than 50 percent; even the probabilities of success at subsequent stages of
clinical development are as high as 90 percent.

Global drug development involves the conduct of global (multiregional or
multinational) clinical trials and bridging studies. In practice, conducting
global (multiregional or multinational) clinical trials often encounters practi-
cal issues, challenges, and difficulties due to differences in culture, medical
practice, and regulatory review/approval process from region (country) to
region (country). Conducting bridging studies is necessary in order to deter-
mine (1) whether or not patients at different regions (countries) will respond
to the test treatment differently (e.g., owing to differences in ethnic factors)
and (2) whether foreign (clinical) data can be extrapolated to the new region
reliably with valid scientific/statistical justification. To ensure the success of
global drug development, it is suggested that (1) regulatory requirements
from different regions (countries) be harmonized and (2) innovative meth-
odologies such as adaptive design methods and microdosing approach be
used.
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Regulations on Traditional Chinese Medicine

3.1 Introduction

Traditional Chinese medicine (TCM) is one of the oldest forms of medi-
cine in the world. As indicated in Chapter 1, TCMs are fundamentally
different from Western medicines. For example, As indicated in Chapter 1,
most TCMs contain several active and/or inactive components whose
pharmacological activities are usually unknown. Chinese medical theory
believes in global dynamic balance or harmony among organs. Once the
imbalance occurs, signs and symptoms of the specific organs will show
that there are potential problems. The basic principle of TCM is to readjust
and balance the elements in the human body so that the body will return
to a normal and healthy level. Western medicine, on the other hand, is
like a key to a lock. The mechanism and the compound are very clearly
and precisely designed to hit the target (e.g., specific organ) to fix the
problem. In practice, there are several blind areas (diseases) in Western
medicines that might be solved by alternative medicine such as filterable
virus, most chronic degenerative diseases (diabetes, hypertension, and
kidney failure), most mental diseases (depression), most self-immune and
allergy diseases (asthma, rheumatoid, and leukemia), and most kinds of
cancer and stubborn dermal diseases (World Health Organization [WHO)]
1998).

TCM has been shown to be effective in many diseases such as cancer,
heart disease, diabetes, and HIV/AIDS. Its increasing use is evidence of
alternatives to conventional medicines especially at terminal phases of criti-
cal diseases such as cancer. TCMs offer cost-effective approaches not only
to managing and preventing complex chronic illness but also to provid-
ing hope (alternative treatment) to subjects with complex chronic and life-
threatening diseases. Unlike Western medicines, TCM has been viewed as
food or dietary supplements rather than drugs worldwide in the past several
decades. In 1984, the Chinese government published the Drug Administration
Law of the People’s Republic of China, which put forth regulations for evalua-
tion and approval of TCMs as drugs (see also MOPH 1992). Similarly, in the
United States, the Federal Government regulates TCM through the Food

49

© 2016 by Taylor & Francis Group, LLC



50 Quantitative Methods for Traditional Chinese Medicine Development

and Drug Administration (FDA) as foods rather than as drugs per old regu-
lations, which have some limitations and are not appropriate. In order to
meet the special properties of TCM, protect customers, provide incentives
for research on TCM-based drug development, and benefit public health,
the FDA released new guidance on a botanical drug in 2004 (FDA 2004).
On October 31, 2006, the FDA approved the first ever submitted New Drug
Application (NDA) for a botanical drug product, Polyphenon® E Ointment.
(Veregen™) developed by a German biotech company MediGene AG.
Veregen is intended for the treatment of external and perianal genital warts
(Wall Street Journal 2007). The significant impact of this change in pharma-
ceutical industry is far reaching. It is expected to have more botanical drugs
and tighter competition in the near future. TCM will certainly play a more
important role and make greater contributions to health care of human
beings.

There is mounting evidence that TCMs could produce tangible benefits
for sufferers of diseases (e.g., everyone from menopausal women to cancer
patients) that have confounded both Western and Eastern medicines.
Intuitively, one may consider taking drug combinations that have been used
for thousands of years and applying strict scientific tests to them to find
out what makes them work. Then, distilling the active compound and mak-
ing a pill. However, because traditional Chinese remedies have been used
successfully for centuries, drugs developed from those formulas cannot be
patented. Thus, no international drug behemoth is driving this research.
Another daunting challenge is how to obtain approval from the US FDA.
Until recently, the FDA required proof of how a certain medicine affects the
body. That’s easy with Western medicines. Most TCMs, however, are unable
to prove to the FDA which ingredients do what. A Chinese herbal formula is
a carefully balanced recipe of several different herbs. Each herb has its own
specific functions. An herbal formula is even tailor-made to suit a particular
patient.

As the Chinese government encourages global development of TCMs
the Western way;, it is suggested that the process of pharmaceutical devel-
opment of Western medicines be followed in order to provide substantial
evidence of safety and efficacy of the TCMs under investigation scientifi-
cally. The purpose of this chapter is to provide a summary of regulations
on traditional Chinese herbal medicines published by the WHO, People’s
Republic of China, the European Union, and the United States.

In Section 3.2 regulations on TCM in China are briefly outlined. Also
included in the discussion are recent regulations that were put into effect
in 2003. Section 3.3 describes regulations on Chinese herbal medicine in
Europe focusing on current regulations adopted in Germany. Regulations
on TCM as food and dietary supplements and drugs in the United States are
reviewed in Sections 3.4 and 3.5, respectively. Section 3.6 provides conclud-
ing remarks on harmonization of TCM regulations worldwide.

© 2016 by Taylor & Francis Group, LLC



Regulations on Traditional Chinese Medicine 51

3.2 Regulations on TCM in China
3.2.1 Background

TCM has a long history of several thousand years. Discovery of medicinal
materials in ancient times was closely related to the life and the labor of
people and their natural living conditions. Chinese people discovered that
many natural materials could be used to treat diseases, and great experience
in this field has gradually been accumulated. The Chinese Materia is one of
the best documented and most extensive sources, as well as the one that
enjoys the most continued use, including more than 7000 species of medici-
nal plants.

In the past several decades, traditional Chinese medicine has developed
steadily. As indicated by the WHO (1996, 1998), by the end of 1995, there were
2522 TCM hospitals with a total of 276,000 beds. Most of the general hospitals
have a TCM department. There are 940 factories and plants for the man-
ufacture of herbal medicines. The 1990 edition of the Chinese Pharmacopeia
included 784 articles on traditional Chinese medicines and 509 articles on
Chinese patent medicines. The monographs describe the source or the sub-
stances used, prescriptions, methods of preparation, identification, exami-
nation, extraction, effects, and main indications as well as methods of use,
dosage, precautions, etc. (see, e.g.,, WHO 1996). Further information on herbal
medicines is available in the new edition of the Pharmacopoeia of the People’s
Republic of China (Wang 1991).

3.2.2 Regulations

In China, herbal medicines are normally considered as medicinal products
with special requirements for marketing. In 1984, the Ministry of Public
Health (MOPH) was authorized to approve new drugs based on the Drug
Administration Law of the People’s Republic of China. New drugs are referred
to as drugs that have not been produced previously in China or drugs for
which a new indication, a change in the route of administration, or a change
of dosage form is to be adopted. Any unit or individual engaged in the devel-
opment, production, distribution, prescription, inspection, and surveillance
of new drugs must adhere to the provisions of the document. The regula-
tion includes general principles concerning new drugs, their classification,
research, clinical trials, approval, and manufacture.

3.2.2.1 Regulatory Approval Process

According to the Drug Administration Law of the People’s Republic of China, new
drugs have to be examined in terms of quality, safety, and efficacy and
approved (with respect to special labeling). After approval, a new drug
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certificate is granted with an approval number. The manufacturer or sponsor
is then permitted to put the product on the market. This procedure reflects
the respect in which traditional experiences are held, while modern scientific
and technical knowledge is used in appraising the therapeutic effects and
the quality of the modified traditional medicines and contributes admin-
istratively to the exploitation of traditional Chinese medicine (Wang 1991).

Article 3 of the Drug Administration Law of the People’s Republic of China
(MOPH 1984) states

The State encourages the development of both modern and traditional
drugs, the role of which in the prevention and treatment of diseases as
well as in health care will be fully brought into play. The State protects
the resources of wild herbal drugs and encourages domestic cultivation
of herbal drugs.

3.2.2.2 Drug Categories

On the basis of the Amendment and Supplemental Regulation of Approval
of New TCM Drugs, implemented September 1, 1992, new TCM drugs are
classified into five categories (Table 3.1).

3.2.2.3 Documentation for Applications for New Drugs

On the basis of Article 21 of the Drug Administration Law, the clinical trial
or clinical verification of a new drug should be sanctioned by the Ministry
of Public Health or the health bureau of the province, autonomous region,
or municipality. A new drug will be approved for clinical use and a license
issued by the MOPH, if the clinical trial or clinical verification has been

TABLE 3.1

Classification of TCMs in China

Classification Description

Category 1 Artificial imitations of TCM herbs; Newly discovered medicinal plants and

their preparations; Single active principal extracted from TCM plant
material and their preparations.

Category 2 Chinese medicinal herbal injections; Parts of TCM medicinal plants newly
employed as a remedy and their preparations; Non-single components
extracted from TCM and natural plants and their preparations; TCM
materials obtained by artificial techniques in vivo and their preparations.

Category 3 New TCM preparations; Combined preparations of TCM and modern
medicine in which TCM medicine is the main component; Cultivated
material which traditionally is imported.

Category 4 New dosage forms or new routes of administration of TCM drug; Materials
introduced from other parts of the country and those for cultivation instead
of harvesting in the wild.

Category 5 TCM products with new and additional indications.
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completed and an appraisal of its efficacy has been made. Pursuant to Articles
21 and 22 of the Drug Administration Law, on 1 July 1985, the Ministry of
Public Health issued and implemented a regulation for the Approval of New
Drugs. Several appendices provide detailed information on the application
form, list of documents required, and technical requirements of toxicologi-
cal and clinical studies on new modern drugs, and new TCM drugs (MOPH
1984).

In addition, all research on new medicines should provide data on toxicity,
pharmacological properties, and clinical research, as well as detailed docu-
mentation on the quality of the medicinal material and the pharmaceutical
form. For the five categories mentioned above, different requirements have
to be fulfilled for the medicinal material as well as for their pharmaceutical
preparation. Proprietary medicines included in the national pharmacopoeia
and new medicines approved by the MOPH are exempted from clinical test-
ing when only the dosage form is changed, such as from powder into gelatin
capsules or from tablets into granular form infused with boiling water, with-
out changes in the indications for cardinal symptoms or dosage.

The report on the medicinal material should contain the following items in
applications for clinical research: purpose of research, previous experience
or modern research data, source of material, cultivation, processing, prop-
erties, data based on Chinese pharmacology and experience, efficacy with
respect to cardinal symptoms, pharmacological research data, acute toxicity
tests, data on mutagenicity/carcinogenicity/reproductive toxicity (only for
category 1), draft on quality standards, stability, and the proposed plan for
clinical research. A separate application for production should include docu-
mentation on quality standards, stability tests, a summary of clinical studies,
and packaging material.

The report on pharmaceutical preparation has to meet similar require-
ments to the report on medicinal material, depending on the drug category
indicated in Table 3.1.

3.2.2.4 Pharmacological Requirements

Technical requirements for pharmacological studies are laid down in a
special paragraph. The tests on major drug effects should be designed in
such a way that the special characteristics of traditional Chinese medicine
are taken into consideration. Two or more methods should be selected for
research on the major drug actions, based on the effects of the new medicine
on the complex of symptoms or the illness. For new medicines in categories
1, 2, and 3, this research should be sufficient to verify the major therapeu-
tic functions and other important therapeutic effects. For new medicines in
category 4, two (or more) tests on the major effects are required, or else well-
documented material has to be submitted. For new medicines in category 5,
only tests on the major effects of the medicine on new cardinal symptoms
are required. Research on general pharmacology should be performed on
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the nervous system, on the cardiovascular system, and on the respiratory
system. Technical requirements for studies on toxicity are also laid down in
a special paragraph. Here a difference is drawn between a clinical trial and
a clinical verification. Clinical trials should be conducted for new medicines
of categories 1, 2, and 3, and clinical verifications are required for new medi-
cines of categories 4 and 5. Clinical trials are divided into three phases, but
clinical verification does not have phases.

3.2.2.5 Clinical Trials

The purpose of a clinical trial phase I is to study the reaction and the tol-
erance of the human body to the new medicine and to find out the safe
dosage. Medicines in categories 1 and 2 that have either toxic or incompat-
ible compounds have to go through phase I of the clinical trial. For dosage
determination, the dosage used in animal tests may be used as a reference.
The purpose of phase II of a clinical trial is to obtain an accurate evalua-
tion of the curative effects of the new medicine and its safety. In addition, a
comparison has to be made between the new medicine and known drugs,
so as to determine its advantages and disadvantages. Phase II consists of
two parts, the first applies when the treatment is performed and the sec-
ond when the treatment is expanded. The dosage used in the clinical trial
should be based on pharmacodynamics tests made beforehand and clini-
cal facts, or the results of phase I. For the selection of cases, there are strict
standards on diagnosis, and the diagnosis is based on overall analyses of
symptoms and signs, the course, nature and location of the illness, and the
patient’s physical condition, according to the basic theories of TCM. For
the performance of a clinical trial, either the single- or the double-blind
method may be used, according to need or the actual circumstances. When
the curative effects are determined, four ratings are applicable: clinical
recovery, significantly effective, effective, and noneffective. The evaluation
of curative effects should be based on the clinical symptoms (symptoms
and physical signs), objective standards for curative effects, and the ulti-
mate results on the patient.

The objective of the clinical trial phase III is the further investigation of
the safe use or effectiveness of the new medicine on the basis of the findings
of phase II. The main purpose is to have clinical trials on a new medicine
during its trial production or after it has been put on the market for a period
of time. This is to make up for deficiencies in phase II, to observe further
the curative effects and the nature of its effects on cardinal symptoms and
adverse reactions.

Clinical verification is applicable for new medicines in categories 4 and 5,
the purpose being to observe their curative effects, contraindications, and
precautions. Different groups should be used for control and for comparison.
For new medicines that have changed their dosage forms, the control should
be same pharmaceutical form as the original form. For those medicines that
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have additional curative effects, a known medicine with curative effects on
the same illness should be selected as control.

The summary of the clinical trial should be objective and comprehensive
and should be an accurate reflection of the whole process. The discussion in
the final report should include a conclusion that is based on the outcome of
the tests, the functions and effects on cardinal symptoms, the scope of appli-
cation of the new medicine, its administration, the course of treatment, cura-
tive effects, safety, adverse reactions (including the measures to be taken),
contraindications, and precautions. An objective evaluation on the charac-
teristics of the new medicine should also be made.

3.2.2.6 Raw Materials

Technical requirements for studies on quality standards for Chinese medici-
nal material and medicines are also presented in the Drug Administration Law
of the People’s Republic of China. The source (i.e., original plant, part of the plant,
harvesting conditions), properties, identification, test for impurities, assay,
and processing all have to be described. The quality standards for Chinese
medicines should include the prescription, the way of processing, the prop-
erties, the identification, the examination, and the assay in accordance with
the general guidelines laid down in the pharmacopoeia. A further special
paragraph describes the technical requirements for studies on stability and
identifies which items have to be checked for which dosage form.

3.2.2.7 Manufacturing

Regarding the manufacturing of herbal medicines, Article 5 indicated that
the manufacturer or sponsor should have sufficient staff with an adequate
number of pharmacists or technical personnel with a title equivalent to or
higher than associate engineer, and skilled workers adaptable to the scale
of drug production. In addition, the preparation and slicing of raw plant
materials should be performed by experienced pharmaceutical professionals
familiar with the property of raw materials and registered with the health
bureau above the county level to ensure that the processed medicinal plant
materials are in compliance with the specifications of the Pharmacopoeia
of the People’s Republic of China or the processing norms stipulated by
the health bureau of the province, autonomous region or municipality, see,
Article 6 of MOPH (1984).

3.2.2.8 Quality Control

For the control of drug handling enterprises, Article 11 states that a drug han-
dling enterprise should be established with an adequate number of pharma-
ceutical technicians adaptable to the scale of its business. However, enterprises
engaged in the handling of modern drugs may be staffed with pharmaceutical
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TABLE 3.2
Order of the State Council of the People’s Republic of China
Chapter Title No. of Articles
1 General Provisions 7
II Medical Institutions and Practitioners 6
of Traditional Chinese Medicines
1 Education and Scientific Research on 11
Traditional Chinese Medicines
v Guaranty Measures 7
\% Legal Liabilities 8

Note: The new regulations on TCM were adopted at the Third Executive
Meeting of the State Council on April 2, 2003, and is promulgated
and come into force on October 1, 2003.

professionals familiar with the property of drugs and registered with the
health bureau above the county level, if pharmaceutical technicians are not
available. Article 15 states that in the market of country fairs only the sale of
medicinal plant materials is permitted, with certain exceptions.

3.2.2.9 Remarks

It should be noted that the MOPH of China has the authority to restrict or
prohibit the exportation of medicinal plant materials and patent herbal med-
icines if they are in short supply in the domestic market (see, e.g., Article
29 of MOPH, 1984). In addition, the sale of medicinal plant materials newly
discovered or introduced from abroad is not allowed unless it is approved by
the health bureau of the province, autonomous region or municipality (see,
Article 31 of MOPH, 1984).

In 2003, the Chinese government published new regulations Order of the
State Council of the People’s Republic of China to strengthen regulatory require-
ment for evaluation and approval of traditional Chinese medicines. The new
regulations on TCM were adopted at the Third Executive Meeting of the
State Council on April 2, 2003, and are promulgated and come into force on
October 1, 2003. The new regulations contain five Chapters with 39 Articles
(see Table 3.2).

3.3 Regulations on Herbal Products in Europe

Countries in the European Community (EC) including Austria, Belgium,
Bulgaria, Estonia, Denmark, Finland, France, Germany, Greece, Hungary,
Iceland, Ireland, Italy, the Netherlands, Norway, Portugal, Spain, Sweden,
Switzerland, Turkey, and United Kingdom have similar but different
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regulations on TCM. The EC has developed a comprehensive legislative net-
work to facilitate the free movement of goods, capital, services, and persons
in the EU. According to Directives 65/65/EEC (EC 1991) and 75/318/EEC (EC
1975a), pharmaceutical products require premarketing approval before gain-
ing access to the market. Requirements for the documentation of quality, safety,
and efficacy, the dossier, and expert reports are provided in Directive 91/507/
EEC (EC 1991). Article 39 Para 2 of Directive 75/319/EEC (EC 1975b) obliged
Member States to check all products on the market at that time, with a deadline
of 12 years, to determine whether they met the requirements of these directives.
Countries have taken different approaches in reviewing phytomedicines.

As indicated by Yang (2007), Europe accepted TCM earlier than the United
States. For example, acupuncture has been popular in the continent for a
century, and herbs are regarded as drugs and prescribed by physicians. In
most European counties, acupuncture and herbal therapy are conducted
mainly by Western medical doctors. In 2004, the governments of Italy and
China signed agreements to intensify cooperation in the development and
marketing of TCM, which faces difficulties entering the global market due
to the lack of scientific evidence as to its safety and efficacy. The investments
were increased in clinical studies and personnel exchanges to make TCM
acceptable to public organizations and more patients in the West. In the same
year, the European Union formed a new government panel to investigate the
safety of herbal medicines. The Committee on Herbal Medicinal Products
held its meetings every two months under new EU legislation designed to
protect consumers. One of the goals of the panel is to harmonize regula-
tion of the herbal product industry across the European Union. But so far,
Germany and France are in advance in this field. Both countries have estab-
lished their own complete effective regulatory systems specifically for TCM.
For illustrative purposes, in what follows, we will focus on German regula-
tions on TCM.

3.3.1 German Regulations on Herbal Products
3.3.1.1 Herbal Medicines Market

According to a report by Institut fiir Medizinische Statistik (IMS) (ESCOP
1990), the German herbal medicines market was worth US$ 1.7 billion in
1989, which was about 10 percent of the total pharmaceutical market in
Germany. As indicated by a study conducted by the Allensbach Institute,
about 58 percent of the German population had taken herbal remedies. The
study also showed that over the years the number of younger people using
natural medicines had increased significantly. The majority of the German
population (85 percent) believe that the experience of physicians, practition-
ers, and patients should be accepted as a proof of the efficacy of natural
medicines (AI 1989). In Germany, herbal medicines are available over-the-
counter and on medical prescription through pharmacies. In principle, they
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are reimbursable under the health insurance system unless special criteria
for exclusion apply. As indicated by Schwabe and Paffrath (1995), herbal
medicines can be found among the 2000 most important drugs prescribed
by medical doctors and reimbursed by health insurance.

3.3.1.2 Legal Status

In Germany, herbal medicines are considered as medicines. On January 1,
1978, the Second Medicines Act was enacted; this set new standards for
herbal medicines. Under this regulation, proof of quality, safety, and efficacy
become pre-requirements for the registration of medicines. The Medicines
Act requires all member states to conduct review of all herbal medicines
on the market to make sure that they are in accordance with the European
Directive (Article 39 para 2 of Council Directive 75/319/EEC). The review
of existing products was to establish a priori criteria for active ingredients
that would be authorized. The review of herbal remedies is typically done
by Commission E (a pluridisciplinary commission of experts consisting of
pharmacists, pharmacologists, toxicologists, clinical pharmacologists, bio-
statisticians, medical doctors from hospitals, and general medical practition-
ers). Commission E is responsible for the evaluation of medicinal plants. The
results (monographs) have been published in the Bundesanzeiger (Federal
Gazette) since 1984, which cover most of the ingredients of industrially pre-
pared herbal medicines on the market.

3.3.1.3 Requirements for Marketing Authorizations for Herbal Remedies

The Federal Institute for Drugs and Medical Devices, Bundesinstitut fiir
Arzneimittel und Medizinprodukte (BfArM) is responsible for the assess-
ment of medicines and the verification of submitted dossiers with respect to
quality, safety, and efficacy. European Directives set forth criteria and guide-
lines for registration of herbal medicines. In practice, criteria and mono-
graphs developed by Commission E are widely used to document safety
and efficacy of herbal remedies. Monographs developed by Commission E
usually contain pharmacological, toxicological, and clinical information
regarding quality, safety, and efficacy of herbal medicines. In addition, the
monographs also include analytical test requirements and the texts for labels
and package leaflets. Note that 279 monographs of standardized marketing
authorizations (mainly for herbal teas) have been published. An applicant
referring to such a monograph does not need to present any documentation
to the BfArM.

In 1994, the fifth amendment of the German Medicines Act was passed and
became effective. It not only provides a new procedure for proof of quality;,
safety, and efficacy but also widens the scope of existing legislation for prod-
ucts including herbal medicines already on the market. To assist the spon-
sors, the BEArM has compiled lists indicating which preparations are allowed
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under this regulation and which traditional indications can be claimed. This
new system may offer a legal possibility for a large number of preparations
without sufficient scientific documentation as proof of efficacy to be re-
registered under such a simplified procedure (see, e.g., Steinhoff 1993).

3.3.2 Harmonization on Herbal Products in EU

In the interest of harmonization of requirements across Member States within
the European Community (EC), a system of mutual recognition of marketing
authorization decisions has been installed (EC 1993). This system of mutual
recognition indicates that an assessment by one national authority should
be sufficient for subsequent registration in other Member States within EC.
Under this system, the summary of product characteristics (SPC) approved
by the first authority must be taken into account. If differences in evaluation
occur between national authorities, a decision will be reached by an EC pro-
cedure. Note that there exist no uniform criteria regarding the assessment
of safety and efficacy of herbal medicines but there is a guideline for quality
of herbal remedies (EC 1989). The harmonization of scientific assessment is
considered a precondition for adjustment of different marketing authoriza-
tion decisions, particularly in the field of phytomedicines. As a result, the
European Scientific Cooperative on Phytotherapy (ESCOP) was founded in
1989. The main objectives of ESCOP are to establish harmonized criteria for
the assessment of phytomedicines and to support scientific research and to
contribute to the acceptance of phytotherapy at a European level. In October
1990, the first five monographs were presented at a symposium in Brussels
and were officially submitted to the Committee on Proprietary Medicinal
Products (CPMP) of EC. Since then, the ESCOP continued preparing har-
monized SPC proposals and completed 50 monographs by end of December
1996. Criteria for the selection of medicinal plants and the preparation of
draft SPCs by the Scientific Committee are important for inclusion in the
European Pharmacopoeia or a national pharmacopoeia. When a harmonized
draft is regarded as finalized by the Scientific Committee, it is circulated to
an independent Board of Supervising Editors. Members of this Board are
scientists and experts from academia in European countries.

3.4 Regulations on Herbal Products as Dietary
Supplements in the United States

3.4.1 Regulations for Dietary Supplements

In the United States, herbal and other dietary supplements are regulated
as foods or nutraceuticals rather than drugs by the FDA. Nutraceutical is
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defined as any substance that may be considered as food or part of food that
provides medical or health benefits, including the prevention and treatment
of disease. This means that traditional Chinese herbal remedies do not have
to meet the same standards as drugs and over-the-counter medications for
proof of safety and effectiveness. In fact, the FDA cannot restrict the use of
supplements unless substantial harm has been proven. It is highly impera-
tive to have regulations for traditional Chinese herbal medicines or supple-
ment. In 1997, per recommendation by Presidential Commission, the FDA
was asked to convene an expert committee to review the wealth of informa-
tion that already exists on botanicals and inform consumers and manufac-
turers about unsafe preparations.

FDA regulation of herbs falls into a somewhat gray area between food and
drugs. Depending on their intended use, herbs and other products, such
as vitamins and diet aids, might sometimes be considered foods, drugs, or
both. However, herbs and herbal teas have been used for medicinal purposes
for centuries. Many of today’s most potent medicines, such as digitalis, mor-
phine, and opium, are also derived from herbs. If an herbal tea makes a claim
to prevent or cure a disease, FDA considers it to be a drug and regulates it
as a drug product. This means the tea must be approved by FDA as safe and
effective for its intended use.

In general, regulations on foods or dietary supplements are less strict than
those on drugs (see, e.g., Abdel-Rahman et al. 2011). This can be demonstrated
in two aspects specifically. First, unlike drug products, clinical studies in
humans for evaluation of a supplement’s safety are not required before the
supplement is marketed. Second, the manufacturer does not have to prove
that the supplement is effective. The manufacturer can indicate that the
product addresses a nutrient deficiency, supports health, or reduces the risk
of developing a health problem, However, if the manufacturer does make a
claim, it must be followed by the statement that “This statement has not been
evaluated by the Food and Drug Administration” and that “This product is
not intended to diagnose, treat, cure, or prevent any disease.”

3.4.2 Quality Issue

In practice, the FDA generally does not analyze the content of dietary supple-
ments. Thus, the manufacturer is not required to prove quality of dietary
supplements. However, manufacturers must meet the FDA’s requirement for
good manufacturing practice (GMP) for foods. GMPs describe conditions
under which products must be prepared, packed, and stored.

Some manufacturers voluntarily follow the FDA’s current good manu-
facturing practice (cGMP) for drugs, which are much stringent for quality
control/assurance and consequently for product consistency. If the FDA finds
a dietary supplement to be unsafe once it is on the market, only then can it take
action against the manufacturer and/or distributor by issuing a warning or
requiring the product to be removed from the marketplace. In March 2003, the
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FDA published new proposed guidelines for supplements that would require
manufacturers to avoid contaminating their products with other herbs, pesti-
cides, heavy metals, or prescription drugs. The guidelines also require supple-
ment labels to be accurate. The Federal Government also regulates supplement
advertising, through the Federal Trade Commission. It requires that all infor-
mation about supplements be truthful and not mislead consumers.

3.4.3 Safety Concern

Although herbs have been used as dietary supplements for years, quality
and safety of herbal preparations could be a great concern. In late 1990s, sev-
eral dozen Japanese died after taking a popular liver tonic called shosikoto,
which had been certified by the national health insurance program, but its
safety was never tested. In 2004, the May issue of “Consumer Reports” pub-
lished a list of the 12 most dangerous supplements. Two traditional Chinese
herbal products from China are categorized as absolutely dangerous due to
their containing of aristolochic acid. Taking these two supplements could
result in cancer, renal disease, or even death. Thus, it is suggested that these
supplements should not be used. Herbal supplements can cause problems
if they are not used correctly or if they are taken in large amounts. In some
cases, people have experienced negative effects even though they followed
the instructions on a supplement label.

3.4.4 Remarks

The manufacturer of a dietary supplement is responsible for ensuring the
quality, safety, and effectiveness of the product before it can be sold in the
market place. The FDA does not require testing of dietary supplements prior
to marketing. However, while manufacturers are prohibited from selling
dangerous products, the FDA can remove a product from the marketplace
if the product is dangerous to public health. Furthermore, if in the labeling
or marketing of a dietary supplement a claim is made that the product can
diagnose, treat, cure, or prevent disease, the product is considered an unap-
proved new drug and hence it cannot be sold over-the-counter.

3.5 Regulations on Herbal Products as Drug
Products in the United States

3.5.1 Botanical Drug Products

As indicated in the previous section, TCM is often considered as food or
dietary supplements. In early 2000s, with the increasing demand, the FDA
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was under pressure to regulate the TCM as drugs rather than as foods. The
FDA's old regulations require sponsors to identify exactly what kind of herbal
ingredients can cure and prove their effectiveness. Owing to the complex
nature of a typical herbal drug and the lack of knowledge of its active
constituent(s), the requirements of old regulations may not be appropriate.
Following European regulations for traditional Chinese herbal medicine and
to meet the special properties of TCM, FDA lowered the hurdle by setting a
new regulation specifically for botanical drug products including TCM.

FDA defines a botanical product as a finished, labeled product that con-
tains vegetable matter, which may include plant materials, algae, or combi-
nations of these. Depending in part on its intended use, a botanical product
may be a food, drug, medical device, or cosmetic. Only when a botanical
product is intended for use in diagnosing, mitigating, treating, curing, or
preventing disease is it taken as a botanical drug product or botanical drug
and subject to the new regulation as a drug. A botanical drug substance, on
the other hand, is a drug substance derived from one or more plants, algae,
or macroscopic fungi. It can be made from one or more botanical raw materi-
als. A botanical drug substance does not include a highly purified or chemi-
cally modified substance derived from natural sources.

3.5.2 Regulations on Botanical Products

In 2004, the US FDA published guidance on botanical drug products, which
explains when a botanical drug may be marketed under an over-the-counter
drug monograph, when FDA regulations require approval for marketing of
NDA, and when INDs for botanical products currently lawfully marketed as
foods in the United States (FDA 2004). To provide a better understanding of
the review process in the Center for Drug Evaluation and Research (CDER)
for INDs and NDAs for botanical drug products, the CDER of FDA also pub-
lished the Manual of Policies and Procedures (MAPP): Review of Botanical
Drug Products, which describes the review process in CDER for INDs and
NDAs for botanical drug products (MAPP 2004). The MAPP (2004) recom-
mends that the guidance entitled Guidance for Industry — INDs for Phase 2
and Phase 3 Studies, Chemistry, Manufacturing, and Controls Information be con-
sulted for preparing CMC information that would be submitted for phase 2
and phase 3 studies required for botanical drug product development con-
ducted under INDs in the United States (FDA 2003c).

As indicated in the 2003 FDA guidance, similar to conventional drug
development, the INDs for botanical drug products should include proto-
cols, chemistry, manufacturing, and control (CMC), pharmacological and
toxicology information, and previous human experience with the product
(Table 3.3). Requirements for CMC and nonclinical safety assessment are
given in Tables 3.4 and 3.5, respectively. Table 3.4 indicates that animal safety
tests need to be performed. This requirement, however, refers to an acute
animal toxicity test applied only to an injectable drug product. For matching
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TABLE 3.3

Basic Format for IND for Botanical Drug Products

Cover sheet

Table of contents

Introductory statement and general investigational plan
Investigator’s brochure

Protocols

Chemistry, manufacturing, and controls
Pharmacological and toxicology information

Previous human experience with the product

TABLE 3.4

CMC Requirements for INDs of Botanical
Drug Products

Botanical raw material

Botanical drug substance and product
Animal safety test

Placebo

Labeling

Environmental assessment

TABLE 3.5

Requirements for Nonclinical Safety Assessment

Repeat-dose general toxicity studies

Nonclinical pharmacokinetic/toxicokinetic studies
Reproductive toxicology

Genotoxicity studies

Carcinogenicity studies

Special pharmacology/toxicology studies
Regulatory consideration

placebo, the FDA requires that the components of any placebo used must
be described. For phase 3 clinical studies, the FDA requires that the follow-
ing information that (1) description of product and documentation of human
experience, (2) chemistry, manufacturing, and controls, (3) nonclinical safety
assessment, (4) bioavailability and clinical pharmacology, and (5) clinical
considerations must be provided. Figure 3.1 provides a summary for infor-
mation required for an IND of botanical drug products.

3.5.3 Current Review Process for Botanical Products

Regulatory review of botanical submission includes CMC information review,
clinical pharmacology/biopharmaceutics information review, nonclinical
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FIGURE 3.1
Information required for an IND of botanical drug products.
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pharmacology and toxicology information review, and medical/statistical
information review. For each botanical submission, the FDA establishes a
botanical review team (BRT) to assist the review divisions for review of the
botanical submission. The BRT review covers (1) biology of medicinal plant
identification, potential misuse of related species, (2) pharmacology of the
botanical product-activity/toxicology in old documents and new testings,
(3) prior human experiences with the botanical product—past clinical use
and relevance to current setting. The botanical team will perform phar-
macognosy review throughout the IND and NDA process and a botanical-
specific medical review. For issues related to specific applications, the
botanical team will not have direct contact with the sponsors. However, the
botanical team may respond directly to general inquiries related to botanical
guidance and other relevant policies/procedures. Note that all communi-
cations will be transmitted through the review division. A flow chart that
describes regulatory approaches for marketing botanical drug products
is given in Figure 3.2.

3.5.4 Botanical Products versus Chemical Drugs

Although regulatory requirements for botanical products are similar to
those for chemical drugs in principle, there are many differences in policy
issues, which are summarized below.

3.5.4.1 Purification and Identification

Botanical drugs are derived from vegetable matter and are usually pre-
pared as complex mixtures. Their chemical constituents are not always well
defined. In many cases, the active constituent in a botanical drug is not iden-
tified nor is its biological activity well characterized. A new botanical drug
(containing multiple chemical constituents) may qualify as a new chemical
entity. Both purification and identification of the active ingredients in botani-
cals are optional and not required. In the initial stage of clinical studies of
a botanical drug, it is generally not necessary to identify the active constit-
uents or other biological markers or to have a chemical identification and
assay for a particular constituent or marker. Identification by spectroscopic
and/or chromatographic fingerprinting and strength by dry weight (weight
minus water or solvents) can be acceptable alternatives.

3.5.4.2 Test and Control

Because of the complex nature of a typical botanical drug and the lack of
knowledge of its active constituent(s), the FDA may rely on a combination of
tests and controls to ensure the identity, purity, quality, strength, potency,
and consistency of botanical drugs. These tests and controls include (1) mul-
tiple tests for drug substance and drug product (e.g., spectroscopic and/or
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chromatographic fingerprints, chemical assay of characteristic markers, and
biological assay), (2) raw material and process controls (e.g., strict quality
controls for the botanical raw materials and adequate in-process controls),
and (3) process validation (especially for the drug substance).

Raw material and environmental issue: because the botanical drug prod-
ucts are allowed to remain as complex mixtures, quality consistency is a
more complicated issue than that of nonbotanicals. Plant materials used
in the production of botanical drug products often are not completely
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characterized and defined or are prone to contamination, deterioration, and
variation in composition and properties. In many cases, the active constit-
uent in a botanical drug is not identified nor is its biological activity well
characterized. Therefore, in contrast to the situation with synthetic or highly
purified drug products, it may be difficult to ensure the quality of a botani-
cal drug by controlling only the corresponding drug substance and drug
product. To ensure that a botanical drug product used in clinical trials is of
consistently good quality and that sufficient information exists to meet the
requirements, the sponsor should have, in addition to final product testing,
appropriate quality controls for the botanical raw materials. It became neces-
sary to extend the control of botanical drug substance and product to that
of botanical raw material, and in some cases, to the agricultural aspects of
growing/harvesting medicinal plants by following good agricultural and
good collection practices for starting materials of herbal origin. The FDA
encourages early consultation with the Agency on environment-related
aspects of a requested action, especially one that involves harvesting a wild
species to ensure that planning and decisions reflect environmental values,
avoid delays later in the process, and avoid potential conflicts.

Bioavailability: because there could be more than one active constituent in
a botanical drug or the active constituent may not be identified, it could be
difficult or impossible to perform standard in vivo bioavailability and phar-
macokinetic studies. If this is not possible, the bioavailability of a botanical
drug could be based on clinical effects observed in well-controlled clinical
trials. FDA may, for good cause, waive or defer the in vivo bioavailability
study requirement if a waiver or deferral is compatible with the protection
of the public health.

FDA does not require that all studies submitted in an NDA be conducted
under an IND. Clinical studies need not necessarily be conducted under an
IND (i.e, if they are carried out abroad). The clinical data generated from
these studies conducted without an IND can be used to support an NDA if
the studies were adequately designed and conducted under good clinical
practices. However, although an IND is not required by law in all cases, the
sponsor is encouraged to go through the IND process.

3.5.4.3 Individualized Treatments

In many cases, botanical therapies are highly individualized with variations
in relative contents of multiple plant ingredients tailored for each patient.
A sponsor may not submit a separate IND for every change in composition
if similar patients are being treated for the same indication. Studies can be
designed to take into account individualized treatments. Multiple formula-
tions can be included in one IND if they are being studied under a single
clinical trial. It is important that the IND provide the rationale for using mul-
tiple formulations and the criteria used to assign patients to different treat-
ment regimens.
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3.5.4.4 Toxicity

Many medicinal plants with therapeutic potential are quite toxic. Well-
known examples of safety issues concerning botanicals include the neph-
rotoxicity associated with herbal preparations containing aristolochic acid
and the hepatotoxicity associated with comfrey products containing pyr-
rolizidine alkaloid. Other examples include the cardiovascular and central
nervous system effects associated with yohimbe and the hepatotoxicity
associated with germander and chaparral. When the potential benefit of an
investigational drug outweighs its risk in the intended patient population,
clinical trials may be allowed to proceed under an IND.

3.5.4.5 Prior Human Experience

The Guidance also stipulates that because many botanicals have been used
as medicine in alternative medical systems for a long time, prior human
experience may substitute for animal toxicology studies in the preliminary
safety evaluation of IND studies. How these human data, mostly not of mod-
ern scientific quality, can be useful to support an NDA application was not
clearly described in the Guidance. The Agency recognizes that prior human
experience with a botanical product can be documented in many different
forms and sources, some of which may not meet the quality standards of
modern scientific testing. The sponsor is encouraged to provide as much data
as possible, and the review team for the botanical drug IND generally will
accept all available information for regulatory consideration. The FDA will
assess the quality of the submitted data on a case-by-case basis. It should be
emphasized that, in reviewing botanical drugs, the Agency does not lower
or raise the safety and efficacy standards for marketing approval that apply
to purified chemical drugs.

3.5.4.6 Priority

The FDA treats botanical and purified chemical drugs the same. The FDA
will assign the same level of priority to botanical drug products as to other
drugs with respect to meeting with IND sponsors and NDA applicants. For
clinical data to support marketing approval, there should be no difference
between botanical and nonbotanical drugs. The Guidance also provides
two flow charts for (1) the regulatory approaches for marketing botanical
drug products and (2) the information to be provided in an IND for a botani-
cal drug. The two flow charts are included in this chapter to elucidate the
process of the new policy. With the release of the new FDA guidance and
approval of first botanical drug, more and more botanical drugs are pre-
dicted to be developed and get into the approval process. In the near future,
botanical drugs will be accepted by the mainstream medical field. The com-
petition in the drug industry will be tighter.
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3.6 Conclusions

Traditional chinese medicines (TCM) have worked well for centuries. The
interest in using them is growing, and the research on them is increasing.
The Western narrow scientific approach tends to miss the point of the ancient
practices. Consequently, it has become a hurdle to the acceptance of TCM in
the mainstream. The FDA's old regulations on drugs have some limitations
and are not appropriate to regulate TCM as drugs. The FDA’s recent release
of new guidance and approval of the first botanical drug brings a significant
impact in drug industry. More botanical drugs and tighter competition are
expected. There is a potential role for some complementary medicine and
natural health products in preparing us to meet the challenges of the 21st
century. The FDA hired experts to enrich the education sector and have the
new Botanicals Review Team (BTR) to perform pharmaceutical assessment.
The team includes a team leader, pharmacologist, reviewer, and other experts.
Now many companies are submitting applications of botanical drug products
to the FDA and some drugs are into the clinical stage. Currently, about 250
botanicals have been approved into clinical trials. Most drugs are based on
traditional Chinese medicine.

For too long, the natural health products industry has kept its distance from
medical research and from clinical medical practice, focusing instead on the
short-term marketing advantages derived from keeping herbal and nutri-
tional remedies exempt from any FDA review of efficacy. A wiser approach
should be for the natural products industry to work with medical research,
including the FDA, so that consumers and medical practitioners could be
warned about potential harm and assured that the claimed health benefits
were really there. The public needs good science to sort the worthless and
dangerous from the potentially helpful. Many scientists support efforts to
investigate alternative therapies “provided that the research is held to rig-
orous scientific standards, is suitably peer-reviewed, and is fairly admin-
istered,” as expressed by Nobel laureates Paul Berg, a Stanford University
biochemist, and Jerome Friedman, a Massachusetts Institute of Technology
physicist. However, Western pharmacology studies focus on identifying sin-
gle compounds to treat diseases.

In early 1990s, the FDA started drafting of Guidance for Industry: Botanical
Drug Products. The final version was released in June 2004. Currently, there
are several botanical drugs, including cascara, psyllium, and sienna, that are
included in the OTC drug review. On October 31, 2006, just about 2 years
after the release of its new regulation, FDA approved the first ever submitted
New Drug Application (NDA) for a botanical drug product, Polyphenon E
Ointment. The approval for Polyphenon E Ointment has been made out to
the name Veregen. The product is developed by a German biotech company
MediGene AG and is indicated for the treatment of external and perianal
genital warts. Orally administered green tea, catechins, or catechins-rich
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green tea extracts were reported to have several health benefits including
anti-oxidative, chemo-preventive, anti-tumor, and other health protective
activities. Although tea was considered a panacea for some, as a Materia
Medica in TCM, tea is known to have side effects. Overdose of tea could cause
sleeplessness or insomnia. MediGene AG tried a new way of using green tea.
The clinical trial indicated that Veregen showed high and sustained efficacy
with very few adverse events in the treatment of genital warts. The results
come from an international phase III trial with more than 1000 patients in
15 countries medicated with Veregen. For the purpose of FDA approval, the
safety and efficacy of Veregen were studied in two randomized, double-blind
clinical studies on nearly 400 adults with external genital and anal warts.

The significance of this approval is that the active substance in Veregen
is an extract from green tea leaves. Veregen is a relatively simple botanical
derived from a single part of a single plant (green tea leaves), containing a
class of well-studied chemical entities as the major active ingredients (cat-
echins). Because of the unique nature of botanicals, the FDA finds it appro-
priate to apply regulatory policies that differ from those applied to synthetic,
semisynthetic, or otherwise highly purified or chemically modified drugs.
The major change in the new policy is that, for those who want to develop
prescribed drugs from plant extracts, they only need to extract one effective
material, and this extracted material may contain hundreds of compounds.
There is no longer a need to indicate the effect of each single compound.
The implementation of the new policy brought about a substantial growth
in NDA submission of herbal drug products so that the FDA even set up a
special office to receive such applications.
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Reference Standards and
Product Specifications

4.1 Introduction

As discussed in Chapter 1, most TCMs consist of a number of active and/
or inactive ingredients (components). These components may be extracted
from natural resources such as plants. In practice, however, some compo-
nents may not be able to be fully characterized even with advanced technol-
ogy. Thus, many of their pharmacological activities may remain unknown.
In this case, it is almost impossible to evaluate the effectiveness and safety of
the TCM under investigation following the process of pharmaceutical devel-
opment the Western way. For commonly used Chinese herbal medicines, the
Pharmacopoeia of the People’s Republic of China (Chinese Pharmacopoeia) is an
official and authoritative compendium of Chinese herbal medicines. It cov-
ers almost all traditional Chinese herbal medicines and most Western medi-
cines and preparations. It provides information on the standards of purity,
description, test, dosage, precaution, storage, and strength for each herbal
medicine. The herbal medicines included in the Chinese Pharmacopoeia are
considered reference standards in TCM development. These reference stan-
dards are useful in establishing product specification in TCM development.

For a given TCM, although analytical methods and reference standards
for individual components may be available in the Pharmacopoeia, the rela-
tive proportions of individual components toward the final product of TCM
are usually unknown. Thus, analytical methods for quantitative assessment
of these components are necessarily developed based on available reference
standards. In most TCMs, the relative proportions of individual components
may have an impact on the clinical outcomes (i.e., safety and efficacy). Thus,
it is important not only to establish reference standards, specifications, and/
or relative proportions of individual components for achieving the optimal
therapeutic effect but also to study the possible component-to-component
interaction. In some cases, some of these individual components may not be
relevant to the clinical efficacy but to reduce the incidence of adverse events
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for tolerability. To address these questions, a factorial design for combina-
tional drug products at different levels is often conducted.

In Section 4.2, Chinese Pharmacopoeia, the U.S. Pharmacopoeia (PDR for
Herbal Medicine), and European Pharmacopoeia, which are commonly
considered as reference standards, are briefly described. Section 4.3 dis-
cusses product specification for quality control and assurance of traditional
Chinese medicine. Multilevel factorial designs that are frequently used for
characterizing combinational drug products with multiple dose levels are
reviewed in Section 4.4. Section 4.5 posts some practical issues that are com-
monly encountered during the development of traditional Chinese medi-
cines. Some concluding remarks are given in Section 4.6.

4.2 Reference Standards

For pharmaceutical research and development, each country publishes a
pharmacopoeia, which provides information on the standards of purity,
description, test, dosage, precaution, storage, and strength for each drug.
In this section, for illustration purpose, we briefly describe the 2010 ver-
sion of Pharmacopoeia of the People’s Republic of China, the USP Chinese
Pharmacopoeia, and European Pharmacopoeia, which cover almost tradi-
tional Chinese medicines and most Western medicines and preparations.

4.2.1 Chinese Pharmacopoeia

The Pharmacopoeia of the People’s Republic of China (PPRC), which is
usually referred to as Chinese Pharmacopoeia (CP) by the China Food and
Drug Administration (CFDA), Ministry of Health of China. The Chinese
Pharmacopoeia 2010, which is the ninth edition of Chinese Pharmacopoeia
since the founding of the founding of the People’s Republic of China, fea-
tures significant revisions and improvements as compared to the Chinese
Pharmacopoeia 1997. The English edition of Chinese Pharmacopoeia 2010 com-
piled by the Pharmacopoeia Commission of the Ministry of Health is an
official and authoritative compendium of drugs. It covers traditional Chinese
medicines, most Western medicines and preparations, giving information
on the standards of purity, description, test, dosage, precaution, storage, and
strength for each drug. It is recognized by the World Health Organization as
the official Chinese Pharmacopoeia.

Contents of the Chinese Pharmacopoeia 2010 are given in Table 4.1. The
key features of the Chinese Pharmacopoeia 2010 are outlined below. First, it
includes 4567 total monographs. Among these monographs, 1386 are for new
admissions and 2228 are for revisions. Second, the Chinese Pharmacopoeia
2010 emphasizes (1) concepts of the wild resource protection and sustainable
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TABLE 4.1

Contents of Chinese Pharmacopoeia 2010

New
Volume  Monographs  Admissions Revisions Content

I 2165 1019 634 Chinese material medica
Prepared slices of Chinese crude
drugs
Vegetable oils
Fats and extracts
Patented Chinese traditional
medicines
Single ingredients of Chinese
crude drug preparations
I 2271 330 1500 Chemical drugs
Antibiotics
Biochemical preparations
Radiopharmaceuticals
Excipients for pharmaceutical use

I 131 37 94 Biological products

development of traditional Chinese medicines, (2) pharmaceutical safety in
General Notices, Appendices, and Monographs, (3) applications of contem-
porary analytical technologies, and (4) the development of green standards.
In the English edition, the 2005 version of Chinese Pharmacopoeia consists of
three volumes (ISBN 7117069821) and a total of 2691 monographs (992 for
traditional Chinese medicines and 1699 for modern western drugs). It is con-
sidered a compendium of almost all traditional Chinese medicines and most
Western medicines and preparations. Information is given for each drug
on standards of purity, description, test, dosage, precaution, storage, and
strength. Volume I contains monographs of Chinese material medica and
pared slice, vegetable oil/fat and its extract, Chinese traditional patent medi-
cines, single ingredients of Chinese crude drug preparations, etc.; Volume II
deals with monographs of chemical drugs, antibiotics, biochemical prepara-
tions, radiopharmaceuticals, and excipients for pharmaceutical use; Volume
III contains biological products.

As compared with the 2005 Chinese Pharmacopoeia, the 2010 Chinese
Pharmacopoeia has significant changes that can be outlined in the follow-
ing aspects. First, on the basis of the previous edition, containing relevant
species a significant increase in species containing a total of 4615 kinds of
income, new varieties of 1358, an increase of 42 percent, 69 percent revision
rate for the calendar version of the maximum. Second, drug test ways to
increase testing, higher standards, so in the drug safety and controllability
have more to upgrade. Third, standards for Chinese medicine have a break-
through and innovation, especially in the past, Chinese herbal medicine
and Chinese medicine are relatively weak pieces of new and revised stan-
dards, there were a major breakthrough. Fourth, the new Pharmacopoeia in
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the Legend, variety of standards, appendix, etc. General formulations have
a greater change and progress, largely with international practice. Finally,
the new Pharmacopoeia of adhering to scientific, practical, standardized,
and drug safety, quality control of and standards of the advanced nature of
principle, seek to cover the National Essential Drugs List species and social
health insurance reimbursement catalogs kinds.

Note that there are over three hundred herbs that are commonly being
used today. Some of the most commonly used herbs are listed in Table 4.2.

4.2.2 PDR for Herbal Medicines

In the United States, herbal products are marketed under the provisions
of the Dietary Supplement and Health Education Act of 1994, which prohibits
their sale for the diagnosis, treatment, cure, or prevention of any disease.
Enumeration of specific commercial preparations within an herbal mono-
graph should not be construed as a claim or warranty of their efficacy for any
purpose by either the manufacturer or the publisher. Furthermore, it should
be understood that, just as omission of a product does not signify rejection,
inclusion of a product does not imply endorsement and that the publisher is
not advocating the use of any product or substance described herein.

TABLE 4.2

List of Most Commonly Used Herbs

English Name Chinese Name
Ginseng A2, rénshen
Wolfberry i1
Angelica sinensis 414, danggut
Astragalus %, hudngqi
Atractylodes AR, bdizhu
Bupleurum 5L, chaiha
Cinnamon twigs KL, guizhi

Cinnamon bark
Coptis

Ginger

Hoelen
Licorice
Ephedra sinica

Peony

Rehmannia
Rhubarb

Salvia

WEE, rougui
O, huéanglian
%, jiang
K%, faling
HE, gancio
J# 3%, méhuang
White: [H*j, baishdo
Reddish: 7#5+7j, chishdo
3%, dihudng
K#%, dahuéng
JF}%, danshen
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The PDR for Herbal Medicines is the product of one of the most thor-
ough and inclusive examinations of the herbal literature ever undertaken.
Nevertheless, it is important to remember that it merely summarizes and
synthesizes key data from the underlying research reports and of necessity
includes neither every published report nor every recorded fact.

The PDR for Herbal Medicines provides with the closest available ana-
log to FDA-approved labeling—the findings of the German Regulatory
Authority’s herbal watchdog agency, commonly called “Commission E.”
This agency has conducted an intensive assessment of the peer-reviewed
literature on some 300 common botanicals, weighing the quality of the
clinical evidence and identifying the uses for which the herb can reason-
ably be considered effective. Its conclusions represent the best expert con-
sensus on medicinal herbs currently available. For the herbs not considered
by Commission E, the PDR for Herbal Medicines provides the results of an
exhaustive literature review conducted by the respected PhytoPharm U.S.
Institute of Phytopharmaceuticals under the direction of noted botanist,
Dr. Joerg Gruenwald. These additional monographs, now some 400 in num-
ber, provide a detailed introduction to an array of exotic botanicals that you
will be hard pressed to find in any other source.

Each monograph contains title, trade name, description, actions and phar-
macology, indication and usage, contraindications, precautions and adverse
reactions, over dosage, dosage, and literature. The title of each specific herb is
referred to by the generally accepted common name followed by the scientific
name, description such as detailed botanical review of the herb including
its medicinal parts (flower and fruit, leaves, stem, and root), unique charac-
teristic, habitat, production, related plants, and additional common names
and synonyms. The section of actions and pharmacology include data on
the active compounds or heterogeneous mixtures found in the plant and a
summary of its clinical effects. Information regarding indication and usage
is listed under the categories of (1) approved by Commission E, (2) unproven
uses, (3) Chinese medicine, (4) indicant medicine, and (5) homeopathic. As
a few pharmacologically potent herbs should be avoided in the presence of
certain medical conditions, such contraindications are summarized in the
section on contraindications. The section on precautions and adverse reac-
tions includes any restrictions on use in pregnancy or childhood and any
notably side effects reported in the available literature. Whenever adverse
effects of overdose have been found in the literature, they are also reported
in the section on overdoses. The section on dosage describes the common
modes of administration, forms and strengths of available commercial prep-
arations, methods for preparing the natural herb, and representative dosage
recommendations drawn from the literature. Although the dosage recom-
mendation can be used only as a general guide, the potency of individual
preparations and extracts is subject to substantial variation. Thus, it is sug-
gested that the manufacturer’s directions should be consulted whenever
available.
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For example, the scientific name of Lotus is Nelumbo nucifera. The medic-
inal parts are the roots, the seeds, and the aerial part of the flowering
plant. The plant is indigenous to India. Lotus is the whole plant of Nelumbo
nucifera. The active compounds of Lotus are the alkaloids nelumbin and
roemerine in the leaves. The drug is an astringent. The powdered beans are
often used in the treatment of digestive disorders, particularly diarrhea,
while flowers are used an as astringent for bleeding. However, these usages
are considered unproven. No health hazards or side effects for Lotus are
known in conjunction with the proper administration of designated thera-
peutic dosages. The mode of administration for Lotus includes power and
liquid extract for internal use.

4.2.3 European Pharmacopoeia

The 8th edition of the European Pharmacopoeia (Ph. Eur.) was published in
July 2013. A new edition is updated and published every 3 years. The 8th edi-
tion of Ph. Eur. comprises two initial volumes which contain the complete set
of the 7th edition texts and the texts adopted or revised at the November 2012
session of the European Pharmacopoeia Commission including 2224 mono-
graphs, 345 general chapters illustrated with diagrams or chromatograms,
and 2500 descriptions of regents.

Several legal texts make the European Pharmacopoeia mandatory in
Europe, including (1) Convention on the Elaboration of a European Pharma-
copoeia, and amending Protocol (following accession of the European
Union), and (2) European Union Directives 2001/82/EC and 2001/83/EC,
as amended, and 2003/63/EC on medicines for human and veterinary
use. These state the legally binding character of European Pharmacopoeia
texts for marketing authorization applications. As indicated in Directive
2001/83/EC as amended, the monographs of the European Pharmacopoeia
shall be applicable to all substances, preparations, and pharmaceutical
forms appearing in it. In respect of other substances, each Member State
may require observance of its own national pharmacopoeia. Also, in the
case where starting and raw materials, active substance(s) or excipient(s)
are described neither in the European Pharmacopoeia nor in the phar-
macopoeia of a Member State, compliance with the monograph of a third
country pharmacopoeia can be accepted. In such cases, the applicant shall
submit a copy of the monograph accompanied by the validation of the ana-
lytical procedures contained in the monograph and by a translation where
appropriate.

European Pharmacopoeia provides specifications in monographs for the
following products: (1) active substances including antibiotics, (2) excipi-
ents, (3) biologicals, blood and plasma derivatives, vaccines and radiophar-
maceutical preparations, (4) dosage forms, (5) homoeopathic preparations
and homoeopathic stocks, and (6) herbal drugs, herbal drug preparations
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TABLE 4.3

Number of Texts Included in European Pharmacopoeia
Monograph for Number of Texts (Approximately)
APIs 1480

Excipients 370

Finished dosage forms 30

Biologicals 295

General 22
Supplementary* 3210

* 33 general texts, 258 methods of analysis, 2513 reagents, 26
materials and containers, and 1 suture.

and Traditional Chinese Medicines. The numbers of texts (approximately)
included in the pharmacopoeia is summarized in Table 4.3.

Note that most monographs require at least one reference standard and
the reference standard underpins the quality standard. Thus, there are about
2200 reference standards in European Pharmacopoeia.

4.2.4 Remarks

It should be noted that reference standards for specific components of a TCM
such as botanical components as described in Chinese Pharmacopoeia, PDR for
Herbal Medicines, and European Pharmacopoeia may be similar but differ-
ent owing to differences in (1) locations of raw materials, (2) assay methods
used, (3) experiences in different regions (e.g., Asian Pacific region and the
United States), and (4) interpretation and perception of the pharmacological
activity and/or therapeutic effect.

4.3 Product Specifications

As indicated by USP/NF, a drug product is said to possess good drug charac-
teristics such as identity, strength, quality, and purity if the good drug char-
acteristics remain within some acceptance limits (product specifications) of
the good drug characteristics prior to the expiration dating period of the
drug product. As an example, without loss of generality, consider manufac-
turing tablets of a drug product. To ensure that a drug product will meet
the USP/NF (2000) standards for the identity, strength, quality, and purity of
the drug product, a number of tests such as potency testing, content unifor-
mity testing, dissolution testing, and disintegration testing are usually per-
formed at various stages of the manufacturing process of the drug product.
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In this book, we will refer to these tests as USP tests. The USP/NF provides
standard testing procedure and requirements regarding sampling plan and
acceptance criteria for each of these USP tests.

4.3.1 Testing Procedure

For Good Laboratory Practice (GLP), testing procedures must be clearly
described with sufficient information in a way such that laboratory techni-
cians or analysts are able to verify the compliance of the drug product up
to the end of drug expiration dating period (shelf life). The analytical meth-
ods must be validated in accordance with regulatory guidelines/guidance
(see, e.g., FDA 2001b). The results of analytical method validation must be
documented for GLP. The testing procedure should include the description
of the reference substance including its specifications and the description
of the calculation formula (or an example of the calculation regardless of
whether they are performed by an automatic instrument), chromatograms,
and spectra furnishing the proof of the results obtained. As an example, con-
sider dissolution testing. Dissolution testing is typically performed by plac-
ing a dosage unit in a 1000-mL transparent vessel containing a dissolution
medium. A variable-speed motor rotates a cylindrical basket containing the
dosage unit. The dissolution medium is analyzed to determine the percent
of the drug dissolved. The dissolution test is typically performed on six units
simultaneously. The dissolution medium is usually sampled at various pre-
determined intervals to form a dissolution profile (over time).

In practice, a testing procedure may use either an official reference sub-
stance (e.g,, European Pharmacopoeia or USP/NF) or a working standard
provided that the latter is standardized against the official reference sub-
stance. It should be noted that an analytical result cannot be dissociated
from the method used. Thus, in practice, it is assumed that the specifica-
tions adopted for the tests and assay are established from the methods
described in the Pharmacopoeia (e.g.,, Chinese Pharmacopoeia, USP/NF, and
European Pharmacopoeia). Methods other than the methods described in
the Pharmacopoeia may be used for control purposes providing that these
methods are validated with reference to the official method and provid-
ing that these methods used enable an unequivocal decision to be made
as to whether compliance with the standards of the monograph would be
achieved if the official methods were used. In addition, the general methods
described in the Pharmacopoeia may be used for products not described
in the Pharmacopoeia or for specifications not described in individual
monographs.

4.3.2 Sampling Plan and Acceptance Criteria

The USP/NF requires that a specific sampling plan for the individual USP
test be employed and that specific acceptance criteria be met in order to pass
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the test. In this subsection, sampling and acceptance criteria for individual
USP tests are described.

4.3.2.1 Potency Testing

Let Y; be the assay results of the potency, i =1, ..., K. Also, let LPS and UPS
denote the lower and the upper product specifications as designated in the
USP/NF individual monograph. Then the requirement for potency testing
is met if all of the individual assay results and the average assay results lie
within (LPS, UPS), where LPS and UPS are lower and upper product speci-
fication, respectively. If the requirement is not met, additional assays may be
required.

4.3.2.2 Content Uniformity Testing

For the determination of dosage uniformity by assay of individual units, the
USP/NF recommends assaying 10 units individually, as directed in the assay
in the individual monograph, unless specified otherwise in the test for con-
tent uniformity. Where a special procedure is specified in the test for content
uniformity in the individual monograph, the results should be adjusted (see,
e.g., Chow and Liu 1995). The requirements for dose uniformity are met if
the amount of the active ingredient in each of the 10 dosage units conforms
to the acceptance criteria given in Table 4.4. The requirements for dosage
uniformity are met if the amount of active ingredient in each of the 10 dosage
units lies within the range of 85-115 percent of label claim and the relative
standard deviation is less than 6 percent. If one unit is outside the range of
85-115 percent of the label claim and no unit is outside the range of 75-125
percent of the label claim, or if the relative standard deviation is greater than
6 percent, or if both conditions prevail, test 20 additional units. The require-
ments are met if not more than one unit of the 30 units is outside the range
of 85-115 percent of the label claim and no unit is outside the range 75-125
percent of the label claim and the relative standard deviation of the 30 dos-
age units does not exceed 7.8 percent.

TABLE 4.4

Acceptance Criteria for Content Uniformity Testing

Stage  Number Tested Pass IF

S 10 1. Each of the 10 units lies within the range of 85% to 115% of
the label claim.
2. The relative standard deviation is less than or equal to 6%.
S, 20 1. No more than one unit of the 30 units (S; + S,) is outside the
range of 85% to 115% of label claim.
2. No unit is outside the range of 75% to 125% of label claim.
3. The relative standard deviation of the 30 units (S, + S,) does
not exceed 7.8%.
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It should be noted that the acceptance criteria in Table 4.4 apply only if the
average of the limits specified in the potency definition in the individual
monograph is 100 percent or less. If the average of the limits specified in
the potency definition in the individual monograph is greater than 100 per-
cent, the requirements are the same as those given in Table 4.4 except that
the words label claim are replaced by the words label claim multiplied by the
average of the limits specified in the potency definition in the monograph divided
by 100.

4.3.2.3 Dissolution Testing

The USP/NF provides detailed sampling plan and acceptance criteria for
dissolution testing (see Table 4.5). The requirements are met if the quantities
of active ingredient dissolved from the units conform to the USP/NF accep-
tance criteria. Let Q be the amount of dissolved active ingredient specified
in the individual monograph, which is usually expressed as a percentage of
label claim. The USP/NF dissolution acceptance criteria comprise a three-
stage sampling plan. For the first stage (S;), six dosage units are to be tested.
The requirement for the first stage is met if each unit is not less than Q +
5%. If the product fails to pass S;, an additional six units will be tested at the
second stage (S,). The product is considered to have passed if the average of
the 12 units from S, and S, is equal to or greater than Q and if no unit is less
than Q — 15%. If the product fails to pass both S; and S,, an additional 12
units will be tested at the third stage (S;). If the average of all 24 units from
S, Sy, and S; is equal to or greater than Q, no more than two units are less
than Q — 15%, and no unit is less than Q — 25%, the product has passed the
USP/NF dissolution test.

4.3.2.4 Disintegration Testing

The USP/NF provides a detailed sampling plan and acceptance criteria for
disintegration testing (see Table 4.6). Disintegration testing is to determine

TABLE 4.5

Acceptance Criteria for Dissolution Testing

Stage  Number Tested Pass IF

S, 6 Each unit is not less than Q + 5%

S, 6 Average of 12 units (S; + S,) is equal to or greater than Q, and no

unit is less than Q — 15%

S, 12 Average of 24 units (S; + S, + S;) is equal to or greater than Q, no
more than two units are less than Q — 15%, and no unit is less
than Q — 25%

Note: Q is the amount of dissolved active ingredient specified in the individual monograph,
which is expressed as a percentage of label claim.
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TABLE 4.6

Acceptance Criteria for Disintegration Testing

Stage Number Tested Pass IF

S, 6 All of the units have disintegrated completely

S, 12 No fewer than 16 of the total of 18 units (S; + S,) tested

disintegrate completely

compliance with the limits on disintegration as stated in the individual
monograph except where the label indicates that the tablets or capsules are
intended for use as troches, are to be chewed, or are designed to liberate the
drug content gradually over a period of time or release the drug over two
or more separate periods with a distinct interval between periods. As indi-
cated in Table 4.6, in the first stage (S;) of disintegration testing, six dosage
units are tested. The requirements are met if all six units disintegrate com-
pletely. Complete disintegration is defined as that state in which any residual
of the unit, except fragments of an insoluble coating or capsule shell that may
remain on the test apparatus screen, is a soft mass with no palpably firm
core. If one or two units fails to disintegrate completely, repeat the test on 12
additional units at the second stage (S,). The requirements are met if no fewer
than 16 units of the total of 18 units tested disintegrate completely.

Note that disintegration testing may be applied to uncoated tablets, plain
coated tablets, enteric-coated tablets, buccal tablets, sublingual tablets, hard
gelatin capsules, and soft gelatin capsules.

4.3.3 Product Specification

Product specifications are referred to as specific intervals that the sample
mean and standard deviation must be contained to meet USP/NF standards
for good drug characteristics such as identity, strength, quality, purity, and
stability with a high probability. For example, for a pharmaceutical compound,
the dissolution specifications after encapsulation may state that at 4 hours the
mean percent release of 12 capsules must be between 35 and 60 percent and the
standard deviation must be less than 11 percent. In this example, the specific
interval (35, 60 percent) and (0, 11 percent) are the specifications on mean and
standard deviation for the dissolution testing at 4 hours. For pharmaceutical
development, there are two types of product specifications, namely in-house
specifications and release targets, which are briefly described below.

4.3.3.1 In-House Specifications

For a given drug product, in-house specifications (acceptance limits) are often
established for quality assurance/control of the drug products/substances
at various stages of the manufacturing process of the drug product. In-house
specifications are usually derived based on quality characteristics related to the
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manufacturing process of the drug product. An appropriate in-house specifica-
tion for each quality characteristic during the phase of development and dur-
ing the validation of the manufacturing process should be determined. At least
those aspects considered to be critical should be the object of specifications
routinely. In-house specifications are usually constructed based on the sample
mean and standard deviation of test results. For a given sample, the idea is to
construct acceptance limits for the population mean and standard deviation. If
the sample mean and standard deviation fall inside the acceptance limits, there
is a high probability of passing the USP tests. As an example, typical in-house
specifications (acceptance limits) for potency testing are obtained as follows.
Let Y be the potency assay (percent of label claim). Assume that Y follows
a normal distribution with mean p and variance 62. Let s be an estimate of
the standard deviation ¢ with v degrees of freedom. Then, there is a 5 percent
chance that the mean of the next K potency assay results will be greater than

or equal to p+ts, (s/\/z ), where t5, is the upper 5 percent quantile of a ¢
distribution with v degrees of freedom. Similarly, there is a 5 percent chance
that the mean of the next K potency assay results will be less than or equal

to W—tg0s, (s/\/E ) These statements can be applied to obtain a set of accep-
tance limits for potency testing at various stages of a manufacturing process
of a drug product. Denote by L and U the lower and upper acceptance limits,
respectively. L and U can be constructed by letting u equal the lower product
specification (LPS) limit in the first statement and p equal the upper product
specification (UPS) limit in the second statement. This leads to

L=LPS+ty5 , (sK),

U =UPS—t,5 , (s/VK).

This set of acceptance limits is then considered in-house specifications for
potency testing for quality assurance and control. It should be noted, how-
ever, that the lower and upper acceptance limits are meaningful (i.e, L < U)
only when the difference between the upper and lower product specification

limits (i.e, UPS — LPS) is greater than Ztvos,v(S/\/E ) The situation for L >
U can occur when the variation of the potency assay result under study is
large or K is too small. When L turns out to be greater than U, the assay fails
the potency testing. Following a similar idea, in-house specifications for con-
tent uniformity testing, dissolution testing, and disintegration testing can be
obtained (see, e.g,, Chow and Liu 1995).

4.3.3.2 Release Targets

Release targets are usually referred to as in-house specifications for testing
for quality characteristics such as potency testing at the time of manufacture
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or at the time of release for use. Basically, there are two types of release tar-
gets: one is established for the final finished product at manufacture (or at
release), while the other one is established for the final finished product up to
the end of shelf life. In practice, the release targets of a finished product at the
time of manufacture or release are often set up in such a way that the specifi-
cations proposed at the end of shelf life are guaranteed. The specifications of
the finished product at manufacture may be different from those products at
expiry due to potential stability loss over time. As an example, consider the
same example of potency testing mentioned above, the release targets that
will take stability loss up to the expiry become

L=LPS+tys , (sWK)+3,
U =UPS -ty . (sWK )-8,

where 6 is the estimated stability loss over the drug expiration dating period
(shelf life).

In certain cases, for characteristics of the product that may change during
storage under the approved conditions, the quality required at the end of
shelf life should be taken into account in determining appropriate specifica-
tions at the time of manufacture. For example, in the case of overages for
reasons of stability, it is desirable that all specifications (characteristics and
acceptance limits) of the drug product and the finished product at the time of
release be presented in the form of a summary table. In this table, the limits
of any likely breakdown products that may form under the approved condi-
tions of storage should be stated.

4.3.3.3 Remarks

Note that the standard deviation or variance of a test result may consist of
several variance components, depending on how the test is conducted. For
example, the test may be conducted at different laboratories on different days
by different analysts. In addition, the sample may be drawn from different
locations of a transport or drum at different stages of a manufacturing pro-
cess. An appropriate statistical model, which can account for these possible
sources of variations, should be considered to obtain estimates of these vari-
ance components. In practice, estimates of these sources of variations pro-
vide valuable information regarding whether the drug product will meet the
USP/NF requirements for good drug characteristics. The sources of varia-
tions include dosage unit-to-unit, batch-to-batch, laboratory-to-laboratory, day-
to-day, analyst-to-analyst, and location-to-location variations. Once these
sources of variations have been identified, attempts can be made to elimi-
nate, reduce, and control these variations. The impact of these variations on
the quality of the drug product can also be assessed.
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4.3.4 Probability of Passing USP Tests

As discussed above, most USP tests utilize a multiple-stage sampling plan
(e.g., two-stage sampling plan for dose uniformity testing and three-stage
sampling plan for dissolution testing). In practice, it is of interest to evaluate
the probability of passing a multiple-stage sampling test for quality assurance
and control. Bergum (1990) proposed the use of a lower probability bound as
a conservative approach to approximating the exact probability bound, the
acceptance limits can be constructed for the sample means and variances of
the test results. The acceptance limits assure that a future sample will have a
high probability of passing multiple-stage sampling tests provided that the
acceptance limits are met.

Following Bergum’s proposal, we need to first evaluate the probability of
passing a multiple-stage sampling test. Suppose there is an USP test utilizing
a K-stage sampling plan. At each stage, denoted by S; and C; the event that
the ith stage is passed the event that the jth criterion for the ith stage is met,
wherej=1,...,m;and i = 1,..., K. Also, let P, be the probability of passing the
ith stage. Then the probability of passing a multiple-stage sampling test is
given by

P{passing a K — stage sampling test} = P{S, or S, or...or S}
= P(S;)+ P(not S, )P(S,|not S;) +...
+P{not(S,,S,,..., Sk )} P{Sk|not(S,, S,, ..., Sk}

=P +(1-P)P+(1-P)1-P)P+...

=R+§{f{(l—a>}m
=1-[Ja-m

i=1

>max{P,P,..., P }.

Furthermore, we have

P, =P(S)=P{C, and C; and...and C,,, }

2> max {2 P(Cy)—(m; = 1), 0} .

j=1
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Chow and Liu (1995) and Chow et al. (2002a) derived the lower bounds of
probabilities of passing the content uniformity testing, dissolution testing,
and disintegration testing. The results are summarized in Tables 4.7 through
4.9, respectively.

As indicated in Table 4.7, the lower bound (LB) for the probabilities of pass-
ing the content uniformity test can be calculated for given values of p and
based on the approximations by a central F distribution and a standard nor-
mal distribution. For example, with normal approximation, if p is 98 and o is
less than 5.64, there is at least a 95 percent chance of passing the content uni-
formity test. For dissolution testing, as indicated by Table 4.8, the LB depends
on o2 and the magnitude of the difference between Q and p (i.e, D = p — Q).
For example, if D is 10 percent of label claim and if ¢ is less than 17.4 percent
of label claim, the lower bound on the probability of passing the dissolution
testing test is 50 percent. It should be noted that the lower bound on the prob-
ability of passing will increase as o decreases. For the disintegration testing,
as indicated by Table 4.9, if p = 15 min and if o is less than 14.22 min, there is
at least a 50 percent chance of passing the disintegration test.

TABLE 4.7

Probability Lower Bounds of Passing
Content Uniformity Test

c

LB =0.50 LB = 0.95

" F N F N

86 0.67 0.67 045 044
88 2.01 2.00 133 133
90 3.33 3.34 222 221
92 4.39 4.60 3.11 3.10
94 5.60 5.63 399 399
9% 6.44 6.77 487 487
98 6.92 752 5.61 5.64
100 7.12 7.77 589 596
102 7.06 7.53 564 564
104 6.63 6.77 487 487
106 5.64 5.78 399 399
108 454 4.66 3.11 3.10
110 3.34 3.34 222 221
112 2.01 2.00 133 1.33
114 0.67 0.67 045 044

Note: F,approximation by a central F distribution;
N, approximation by a standard normal
distribution.
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TABLE 4.8

Probability Lower Bounds of Passing
Dissolution Testing

DE=p-Q) LB =0.50 LB =0.95
1 9.84 2.98
5 14.11 9.94
10 17.40 12.03
15 20.27 13.87
20 23.06 15.67
25 25.81 17.45
30 28.53 19.22
35 31.21 20.97
40 33.87 22.72
45 36.54 24.48
50 39.19 26.22

TABLE 4.9

Probability Lower Bounds of Passing Disintegration Test

c

Exact Probability Bound Lower Probability Bound
p 0.50 0.95 0.50 0.95
1 30.29 17.90 27.50 17.32
3 28.20 16.67 25.60 16.12
5 26.11 15.44 23.70 14.93
7 24.03 14.20 21.81 13.73
9 21.94 12.97 1991 12.54
11 19.85 11.73 18.02 11.35
13 17.76 10.50 16.12 10.15
15 15.67 9.26 14.22 8.96
17 13.58 8.03 12.33 7.76
19 11.49 6.79 10.43 6.57
21 9.40 5.56 8.53 5.37
23 7.31 4.32 6.64 418
25 5.22 3.09 4.74 2.99
27 3.13 1.85 2.84 1.79
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4.4 Product Characterization

In practice, TCM can be viewed as combination treatments because it often
contains multiple components. Individual components are expected to
make a contribution to the therapeutic effect on the disease under study.
Combination treatments are widely used in medicine especially for cancer.
The FDA regulations regarding fixed-dose, combination-dosage form pre-
scription drugs for humans is that two or more drugs may be combined in
a single-dosage form when each component makes a contribution to the
claimed effects of the combination and the dosage of each component is such
that the combination is safe and effective for a significant patient population
requiring such concurrent therapy as defined in the labeling for the drug
[21 CFR 300.50].

In clinical studies, it is expected that the combination is superior to its
components in terms of effectiveness or safety. The relationship between the
combination treatments and its components has been studied by Laska et
al. (1997). In many diseases such as hypertension, drug treatments for the
patients are administered according to a dose titration schedule. Dose-effect
information is essential for drug labeling, particularly if one or both of the
component drugs have dose-dependent side effects. Therefore, a multilevel
factorial design trial for simultaneously studying multiple-dose combina-
tions is often asked for during the development of combination drugs (see,
e.g., Hung et al. 1990, 1994). Such a factorial design trial is also needed for
studying a combination drug proposed for use as an initial therapy.

4.4.1 Fixed-Dose Combination

In practice, the following full 2 x 2 factorial design (Table 4.10) is often con-
sidered for evaluation of a fixed-dose combination of two drugs namely
drug A and drug B, respectively (Hung 2010).

Subjects will be randomly assigned to one of the combinations: P,Py, P,B,
APg, and AB, where P, and Py are placebos for drug A and drug B, respec-
tively. As can be seen from the table, the effects of drug A and drug B can be
evaluated by comparing the treatment group APy with P,Py and treatment
group P,B with P, Py, respectively. On the other hand, the effect of drug A (B)
on drug B (A) can be studied by comparing AB with P,B (APy). In practice,
it is expected that the combination treatment (AB) is superior to drug A and

TABLE 4.10

2 x 2 Factorial Design for Combination Treatments

PPy P,B:

Placebo of A and Placebo of B Placebo of A and Drug B
APy AB:

Drug A and Placebo of B Drug A and Drug B
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drug B alone. The above 2 x 2 factorial design is useful for verifying this
hypothesis. It should be noted that the placebo-placebo combination may
sometimes be voided, but usually it is preferred to include this combina-
tion. The purpose of including this combination is to check the activity of
each component drug. The subjects enrolled are randomly allocated into the
three or four combination cells. The allocation can be in equal or unequal
proportions.

The primary statistical hypothesis of concern involves two pairwise com-
parisons between the combination and the two components. Both of the
comparisons must succeed in order to prove the notion of contributing. This
is a well-known statistical testing problem studied in the literature (see, e.g.,
Lehmann 1952; Berger 1982). Laska and Meisner (1989) proposed a natural
joint test by taking the minimum of the individual standardized tests for
the respective pairwise comparisons. In parametric testing, such as test-
ing for mean difference, the distribution of the min test involves a primary
parameter and a nuisance parameter. The primary parameter is the mini-
mum of the values of the parameters for the two respective comparisons.
The nuisance is the difference of the values of the parameters for the two
comparisons. If the hypothesis pertains to a single response, then the pri-
mary parameter measures the least gain of effect by use of the combination
relative to its components whereas the nuisance is the mean difference of
the components.

Snapinn (1987) constructed five tests based on the min test. Each of his first
four tests (T;.-T,) employs a different estimate of the nuisance parameter that
is derived from the same set of the data used for testing the hypothesis of the
primary parameter. As indicated by Snapinn (1987) and Hung et al. (1994),
the tests could be biased in favor of the combination treatment. That is, if the
true value of the nuisance parameter differs from the estimate, then the tests
could lead one to falsely assert that the combination is superior to the com-
ponents more often than it should be. The maximum Type I error probability
for each of these tests exceeds the target a-level. Snapinn’s fifth test (T;) is the
a-level min test, later presented by Laska and Meisner (1989); it requires the
individual test statistics to reject the respective null hypotheses at the level of
at most a. Equivalently, the individual p values for all pairwise comparisons
must not exceed a. The a-level min test has existed early in the literature (see,
e.g., Lehmann 1952) and its maximum Type I error probability is o. Laska and
Meisner (1989) showed an optimality property of this test, the implication
of which needs to be an important consideration in regulatory applications.
The performance of the a-level min test as a function of the nuisance param-
eter has been further studied by Patel (1991), Hung (1993), Hung et al. (1994),
and Wang and Hung (1997). On the other hand, Gibson and Overall (1989),
Sarkar et al. (1993), and Snapinn and Sarkar (1995) also contemplated the pos-
sibility of improving the min test. It is clear that the a-level min test cannot
be improved unless the true value of the nuisance parameter is known to be
in a very narrow range or under a specific alternative.
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The statistical power of the a-level min test depends on the primary
parameter and the nuisance parameter discussed above. In the case of test-
ing a mean parameter, given any fixed value of the primary parameter, the
power of the a-level min test increases as a function of the absolute value of
the nuisance parameter. Therefore, given any value of the primary param-
eter, the a-level min test has the smallest power when the nuisance param-
eter is null. Ideally, the sample size for a fixed-dose combination trial should
be planned to ensure sufficient power for detecting an expected value of the
primary parameter, assuming that the nuisance parameter is zero; i.e., the
two components have an identical effect.

The problem of comparing a combination treatment with its component
drugs on multiple-response variables has been studied extensively (Laska et
al. 1992). The multivariate responses present more than one way of interpret-
ing “making a contribution,” depending on the claimed effects. The optimal-
ity of the a-level min test in the univariate response case also carries to the
multiple-response case for showing that the combination is superior to the
components on all response variables.

4.4.2 Multiple-Dose Combinations

Similarly, for multiple-dose combinations, the following multilevel facto-
rial design is an intuitive choice for studying multiple-dose combinations
of two drugs simultaneously in one trial. Thus, in a (r + 1) x (s + 1) factorial
cell, AB; labels the combination of the ith dose of drug A and the jth dose of
drug B, and A, and By are the placebos of drug A and drug B, respectively (see
Table 4.11). The subjects enrolled are randomly allocated to the cells. As indi-
cated by Hung et al. (1990, 1994), the above factorial design trial carries mul-
tiple objectives. For one, the study needs to provide confirmatory evidence
for the assertion that the combination of the drugs is more beneficial than
each component drug alone. Another objective is to obtain reliable and use-
ful dose-effect information for writing instructions for use in drug labeling.

TABLE 4.11

Multilevel Factorial Design for Combination
Treatments

AB, A.B, A,B, A,B,
A,B, A,B, AB, " AB.
A,B, A,B, A,B, A,B,
AB, AB, AB, AB,

Note: Drug A has r dose levels and drug B has s
dose levels.
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The definition for superiority of the combination drug over the compo-
nent drugs in studying multiple-dose combination is not obvious. Hung et
al. (1990) presented two distinct concepts of global superiority. In a weak
sense of global superiority, the average of all the nonzero dose combinations
is superior to both of the averages of the individual component doses. In a
strong sense, there exist some nonzero dose combinations that are superior
to the respective components in the dose region under study. The weak sense
is less desirable because by showing it there is no guarantee that there is a
single-dose combination superior to its components.

To demonstrate the strong sense of global superiority, the classical analysis
of variance (ANOVA) using the additive model (i.e., no drug by drug interac-
tion terms) can be a very powerful method. The additive model prescribes
that the effect of each nonzero dose combination is the sum of the effects of
its components. If the true effect of a dose combination is less than the sum of
the component effects, the additive model will overestimate the effect of the
combination. For such dose combinations, the probability of falsely asserting
superiority over the components will be greater than it should be. Thus, the
assumption of no drug interaction is essential to the validity of the ANOVA
using the additive model. The classical global F test for testing additivity
does not guarantee that nonadditivity is always detectable at each dose com-
bination. The patterns depicted by the estimates of the drug by drug interac-
tions for the dose combinations may be more informative for detecting the
possible presence of nonadditivity at the local level.

When the validity of the ANOVA is in doubt, some alternative useful
methods for testing the strong-sense global superiority are a-level AVE and
MAX tests developed by Hung et al. (1993). These global tests are based on
the estimate of the least gain in effect resulting from use of each combination
relative to its component. The AVE test is an average of the min test statistics
applied to the nonzero dose combinations under study, whereas the MAX
test takes the largest min test statistic. The a-level AVE test imposes a weak
control on the family-wise Type I error probability; that is, the probability of
the type I error associated with the global null hypothesis that none of the
dose combinations under study are superior to their respective components
is maintained at . The a-level MAX test controls at a the maximum prob-
ability of the family-wise type I error incurring in the pairwise comparisons
between all nonzero dose combinations and their respective components
(i.e., strong control). These tests have been extended to the incomplete facto-
rial designs where some nonzero dose combinations are not studied and to
the unbalanced designs where the cell sample sizes are not equal (see, e.g.,
Hung 1996, 2000).

The power functions of both the a-level AVE test and the a-level MAX
test contain the nuisance parameters, each quantifying the difference of the
respective component doses. The most conservative but perhaps impractical
strategy of sample size planning for a multifactorial trial is one that assumes
an identical effect for each dose level of both component drugs. A practical
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strategy should rely on Monte Carlo simulation studies based on a number
of layouts for possible expected effect sizes at all local cells.

A more informative approach is to identify a dose combination that is
superior to the highest dose of Drug A and the highest dose of Drug B under
study. The most natural dose combination for testing is the combination of
the highest doses of Drug A and Drug B. Some other considerations may
prompt testing lower dose combinations against the highest dose of each
single drug alone. Strong control of type I error rate associated with testing
such multiple dose combinations is generally required to assert which dose
combination(s) is superior to the highest dose of either drug.

Dose-effect relationship can be studied using a biological model or an
empirical statistical model, such as a quadratic polynomial model via
response surface or regression analyses. The surface can provide valuable
information as to whether the effect increases as a function of dose, whether
the effect increases start to level off at some dose combination, or whether
there may be drug by drug interactions. If the response surface model fits
the dose-effect data well, then one can construct confidence surfaces to iden-
tify desirable dose combinations that have greater effects than the individual
components with a desired level of confidence (Hung 1992). Other useful
analysis approaches using response surface method can be found in Phillips
et al. (1992).

4.4.3 Global Superiority of Combination Drug

In order to identify the optimal combination of dose levels and to investigate
the potential drug-to-drug interactions, it is recommended that several or
all possible combinations be explored simultaneously with multilevel facto-
rial designs. Table 4.12 provides a cross tabulation of a full multilevel facto-
rial design with p; representing the average response of the combination
made of dose i of component A and dose j of component B. A separate dose-
response relationship of each component can be investigated by the first row
for drug B or first column for drug A where the placebo is administered for

TABLE 4.12

Cross Tabulation of a Full (a + 1) x (b + 1) Factorial Design for Combination
Therapy with the Mean Effects

Dose Levels for Component B
Dose Levels for

Component A Placebo 1 2 e b Overall
Placebo Hoo Hor Hoz e Hop Ho.
1 P10 P P12 s Hup [t
2 B0 Ha1 () s Hop Ho.
A Hao Ha1 Ha2 R Hap Ha.
Overall o M Mo - [Th ..
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the other component. In order to provide a useful dose-response relationship
for therapeutic applications, Hung et al. (1989) suggests that the dose ranges
to be investigated must include a very low dose level and a very high dose
level that are not in the effective dose range. As a result, the contribution of
some doses by one component when added to the other drug may not be
different from the placebo, while the contribution of the other component is
quite obvious. Hence, with respect to the requirement described in Section
300.50 in Part 21 of CFR that each component makes a contribution to the
claimed effects, Hung et al. (1990) defines the superiority of a combination
drug over its component drugs in a global sense. Strict superiority of a com-
bination drug is defined as the existence of at least one dose combination that
is more effective than its components. Let d; be the minimum gain in efficacy
obtained from combining dose i of drug A and dose j of drug B as compared
to its component drugs at the same dose levels alone,

d;; = p; max(py, o), i =1,..,8,j=1,...,b. 4.1)

The corresponding statistical hypotheses can then be formulated as

H,: dij <Oforeveryi=1,..,a,j=1...,b

versus H, : d; >0 forsomei=1,...4,j=1,...b. 4.2)
A combination drug is said to be superior to its components in the wide
sense if the average of all the dose combinations is superior to both the
averages of the individual monotherapy doses. Let 1, represent difference
between the average responses of all (i,j) combinations over the entire range

of active doses and that dose i of component A when placebo is administered
for component B,

my = AW(HU = Hio)-
Similarly,
my = Ave(p;; — pg)-

Consequently, the concept of the wide global superiority of a combination
drug can be stated as

Hy:my<0o0rmg<0
versus H, : m, >0 and m; > 0. 4.3)

The strict global superiority of a combination drug restricts our attention
to a more effective class of combinations than either component drug alone.
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According to d;; in the alternative hypothesis of Equation 4.2, we only need
to identify one dose level that is better than mean responses ;. and p, of the
corresponding monotherapy of component A at dose i and of component B
at dose j. However, it does not guarantee superiority of one combination over
all dose levels of either monotherapy.

Consider the example given by Hung et al. (1993). Table 4.13 displays the
mean reductions from the baseline in post-treatment supine diastolic blood
pressure from a clinical trial that evaluated a combination drug with three
dose levels for drug A and four dose levels for drug B, including the placebo
(Hung etal. 1993). From Table 4.13 the mean reductions in diastolic blood pres-
sure of all combinations are seen to be more than those at the corresponding
doses of either monotherapy. As a result, the minimum gain d is positive for
all combinations, which is shown in Table 4.14. From Table 4.15 suppose that
the mean reduction from the baseline in diastolic blood pressure of dose 3

TABLE 4.13

Difference from Placebo in Mean Reduction
in Supine Diastolic Blood Pressure (mmHg)

Dose Levels for Dose Levels for Component B

Component A Placebo 1 2 3
Placebo 0 4 4 3
1 5 9 7 8
2 5 6 6 7

Source: Hung, HM.]. et al., Biometrics, 49, 85-94, 1993.

TABLE 4.14

Minimum Gain of Combinations for the Data

in Table 4.13

Active Dose Levels Active Dose Levels for Component B
for Component A 1 2 3

1 4 2 3

2 1 1 2

Source: Hung, HM.]. et al., Biometrics, 49, 85-94, 1993.

TABLE 4.15

Modified Differences from Placebo in Mean Reduction
in Supine Diastolic Blood Pressure (mmHg)

Dose Levels for Dose Levels for Component B

Component A Placebo 1 2 3
Placebo 0 4 4 7
1 5 9 7 8
2 5 6 6 4

Source: Hung, HM.]. et al., Biometrics, 49, 85-94, 1993.
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for component B as monotherapy is changed from 3 to 7. Table 4.16 reveals
that although the minimum gain of all combinations over their correspond-
ing monotherapy is at least 0, only combinations (1, 1) and (1, 3) surpass the
monotherapy of drug B at dose level 3. This result is desirable because the
monotherapy of drug B at the highest dose may induce some severe adverse
events, while the dose level of drug B in combination with a larger reduction
is two levels lower than that of the monotherapy. As a result the combination
of dose 1 of drug A with dose 1 of drug B provides a much safer margin and
hence a larger benefit-to-risk ratio.

For assessment of wide global superiority, as outlined in the hypotheses
(Equations 4.2 and 4.3), there seem to be, on the one hand, a combination
that is better than its component A and, on the other, a combination that
might not be the same combination but is better than its component B.
Unlike strict superiority, however, this does not guarantee that there is a
combination that is better than both of its components as required by the
FDA regulation. Therefore, the strict global superiority meets the current
regulatory requirement for approval of a combination drug product. Hung
et al. (1990, 1993) propose two statistical testing procedures for hypoth-
eses (Equations 4.2 and 4.3) under the assumption that data are normally
distributed. The proposed methods reduce to the min test proposed by
Laska and Meisner (1989) when only one active dose level is included in the
assessment trial of a combination drug. Note that the sampling distribu-
tions of the methods proposed by Hung et al. are quite complicated and
require special tables for the significance tests. Hung (1996) extends the
application of these two methods to the situations (1) where the variance of
the clinical endpoint is a function of its mean and (2) where an incomplete
factorial design is used.

When a combination drug consists of more than two component drugs,
the concept of strict global superiority for the combination drug of two com-
ponents can be easily extended. Let dj; be the minimum gain in efficacy
obtained by combining dose i of drug A with dose j of drug B, and dose k of
drug C over its components alone at the same dose levels:

dijk = Hijk — maX(HiJ K }/Lk), i= 1,...,£l,j =1...bk=1,..c (4.4)
TABLE 4.16
Minimum Gain of Combinations for the Modified Data
in Table 4.15
Active Dose Levels Active Dose Levels for Component B
for Component A 1 2 3
1 4 2 1
2 1 1 0

Source: Hung, HM.]. et al., Biometrics, 49, 85-94, 1993.
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where p;; is the mean response of the combination of dose i of drug A, dose j
of drug B, and dose k of drug C, and p;, p;, and p, represent the mean
responses of its components A, B, and C alone at the same dose levels 1, j, and
k, respectively, where the active agents are administered with the placebos
of the other two components. The strict global superiority of a three-drug
combination over its components can be formulated by the following statisti-
cal hypotheses:

H,: dl-jk <Oforeveryi=1,..,4,j=1..,.bbandk=1,..c

versus H, :dy >0 forsomei=1,...,4,j=1,..bandk=1,..c. 4.5)

The above hypotheses can be tested to verify the existence of strict global
superiority of a combination drug. However, the extension of the methods
of Hung et al. (1993) for testing the above hypotheses is not straightforward.
Further research is needed.

Suppose that a combination of two component drugs is developed to treat
patients with benign prostatic hyperplasia (BPH). Two primary efficacy end-
points for assessment of the combination are peak urinary flow are (mL/s)
and AUA-7 symptom scores. Let ¢; and d;; be the minimum gain of combi-
nation of dose i of drug A with dose j of drug B of peak urinary flow rate
and AUA-7 symptom scores, respectively. Following the suggestion by Laska
and Meisner (1990), the strict global superiority for more than one clinical
endpoint is defined as that where at least one combination is superior to its
component drugs for at least one clinical endpoint. Hence, if a combination
is better than its component drugs for at least one clinical endpoint, then the
minimum gain of the combination based on both clinical endpoints must be
greater than zero. The hypotheses corresponding to the strict global superi-
ority can be formulated as follows:

H,: min(c dij) <Oforeveryi=1,..,a,j=1...b

ijr

versus H,, : min(cij, di]-) >0forsomei=1,..,,j=1..>b. 4.6)

The concept of the hypotheses (Equation 4.6) can easily be extended to
an evaluation of the combination drug based on more than two endpoints.
However, the definition of strict global superiority and its corresponding
formulation of hypotheses and proposed statistical procedures are to verify
the existence of at least one combination that is better than both of its com-
ponents. Furthermore, they are hypothesis testing procedures and hence
cannot describe the dose-response relationship and potential drug-to-drug
interaction among components. Consequently, they fail to provide a way to
search for combinations for which each component makes a contribution to
the claimed effects should they exist.
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4.4.4 Method of Response Surface

To overcome the drawbacks associated with the definition of the strict global
superiority for a combination drug, the concept of response surface meth-
odology (Carter et al. 1982; Carter and Wampler 1986) can provide a nice
complement to the statistical testing procedures suggested by Laska and
Meisner (1989) and Hung et al. (1993). For a combination trial conducted
with a factorial design, if the dose levels of each component are appropri-
ately selected, then the technique of response surface can provide valuable
information regarding (1) the therapeutic dose range of the combination
drug with respect to effectiveness and safety and (2) the titration process
and drug-to-drug interaction. The response surface method can empirically
verify a model that adequately describes the observed data. For example, we
can consider the following statistical model to describe the response:

Yy = flA;, B, 6) + e, 4.7)

where Yy is the clinical response of patient k who receives dose i of drug A,
denoted by A; and dose j of dose B, denoted by B, is a vector of unknown
parameters, and ¢ is the random error in observing Yj;, wherek=1,...,n;, j =
1,..,b,i=1,.,a. The component f(A, B, 6) in Equation 4.7 gives a mathemati-
cal description and an approximation to the true unknown response surface
provided by the two drugs. When the primary clinical endpoints of interest
are continuous variables, f(A, B;, 0) is usually approximated by a polyno-
mial. For a detailed description of response surface methodology, see Box
and Draper (1987); also see Peace (1990) for applications of response surface
to a phase II development of anti-anginal drugs.

If the assumed mathematical model is not too complicated, then the stan-
dard statistical estimation procedures such as least squares method or maxi-
mum likelihood method can be selected to estimate the unknown parameter
0. After substitution of the parameter in f(A; B, 0) by its estimate, an estimated
response surface can be obtained that provides an empirical description of
the dose-response relationship either by a three-dimensional surface or by
two-dimensional contours. In addition, an optimal dose combination can be
estimated to give a maximum clinical response if it exists and is unique.
If the 95 percent confidence region for the optimal dose combination does
not lie on both the horizontal axis representing drug A and the vertical axis
representing drug B at the contours, then it is concluded that the estimated
optimal combination is superior to both of its components. The technique of
response surface therefore can estimate an optimal dose combination that
may not be the combination of doses of both components selected for the
trial given the existence of such combinations. Hung (1992) suggests a pro-
cedure to identify a positive dose-response surface for combination drugs.
Hence, the response surface can also estimate a region in which the com-
binations are superior to their components. Estimation of a superior region
is particularly appealing if safety is the major reason for the combination
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drug because a combination can be chosen from the superior region with
much lower doses of both components to achieve the same superiority in
efficacy but with a much better safety profile. Because y; is estimated using
the information of the entire sample, if the assumed model can adequately
describe the dose-response relationship of the combination, the response
surface method requires fewer patients than the procedures for testing strict
global superiority proposed by Hung et al. (1993).

Note that estimation of the unknown parameters, response surface, and
the optimal combination dose and construction of the confidence region for
the optimal combination dose are model dependent. Consequently, as indi-
cated by Hung et al. (1990), the FDA is concerned about the application of
the response surface method for the following reasons. First, the sensitivity
of the methods such as lack-of-fit tests, goodness-of-fit tests, and residual
plots for verification of the adequacy of the fitted models is often question-
able. Second, even if there is no evidence for the inadequacy of the fitted
model, the chance of selecting an inadequate model and the effect of such
an error cannot be evaluated. Third, the response surface method is model
dependent. Two different models that both adequately fit the given data may
provide contradictory conclusions in any subsequent statistical analyses.
The methods for strict global superiority and response surface methodology
should play crucial but complementary roles in assessment of combination
drugs. Existence of a combination superior to its components can be veri-
fied first by the model-independent statistical testing procedures proposed
by Hung et al. (1993). Then the response surface technique can be applied
to (1) empirically describe the dose-response relationship, (2) identify the
region of superior efficacy, and (3) estimate the optimal dose combination.
Also, it would be of interest to provide a scientific justification as to why the
two methods yield inconsistent conclusions.

4.4.5 Remarks

Combination treatment trials present many interesting and yet difficult sta-
tistical design and inference problems. For testing a single dose combination
versus its components, it is a typical intersection-union testing problem that
involves the difference between the effects of the two components as the
nuisance or ancillary parameter. Without a complete knowledge of the value
of this parameter, the a-level min test described above is the only solution
to the testing problem. From a design perspective, a good sample size plan
should ensure that this test has sufficient statistical power under the worst
scenario that the effects of the two component drugs are equal.

The multilevel factorial design provides an avenue for studying multiple
dose combinations with multiple objectives entertained above. Depending
on the study objective, sample size planning requires careful attention. If
the objective is to assert that at least one dose combination is superior to its
respective components, then the sample sizes need to be carefully allocated
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to all dose combination cells under testing. If, however, the objective is to
identify which dose combination(s) is superior to the highest dose of each
drug, then the tested dose combinations need to be loaded with the major
portion of the total sample size. Multiple comparison adjustments need to
be incorporated in sample size planning. Consequently, the dose-response
exploration that will involve other dose combinations will be based on much
smaller sample sizes.

4.5 Practical Issues

For most TCMs, it is not uncommon to have 5-10 individual components.
Some TCMs may consist of more than 10 individual components. These
components could be active components or inactive components. In prac-
tice, pharmacological activities of some of these components may be known
and available in Pharmacopeia such as Chinese Pharmacopoeia, USP/NF, and
European Pharmacopeia. One of the major concerns, however, is that phar-
macological activities for some components may be unknown. There may
exist unknown relationships among the active and/or inactive components.
Besides, it is not clear whether there exist possible component-to-component
interactions among these components.

In addition, the relative proportions (ratios) among the individual compo-
nents that will lead to the optimal therapeutic effects are also unknown. If
the relative proportions of the individual components are known for a given
subject or some subjects, it is a concern whether this relative proportion is
applicable to other subjects as the TCM is meant to be individualized treat-
ment with flexible dose and/or treatment duration for minimizing intrasub-
ject variability and consequently maximizing (optimizing) the therapeutic
effect. In practice, itis very difficult, if it is not impossible, to address the above
questions even if a large scale of multilevel factorial design is employed.

4.6 Concluding Remarks

In pharmaceutical research and development, the establishment of product
specifications is important for meeting reference standards for (1) manu-
facturing process validation and (2) quality assurance and control of the
final product before it is released for use. The USP/NF provides reference
standards for various drug products and substances in terms of some good
drug characteristics (e.g.,, dosage content uniformity, dissolution and dis-
integration for tablet manufacturing). The USP/NF also provides detailed
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information regarding sampling plan, acceptance criteria, and testing pro-
cedures for various tests to assist the sponsors to meet the reference stan-
dards. In practice, it is of interest to set up product specifications based on
the test results in such a way that if we pass a specific test, there will be a
high probability of passing the test for future products manufactured by the
same manufacturing process.

For drug products with single active ingredients, reference standards for
various drug products and substances are available in Pharmacopeia (e.g.,
European Pharmacopeia and US Pharmacopeia). Statistical methods for
establishment of product specifications (e.g., in-house specification for in-
process materials and/or release targets for final finished products) based
on sampling plan, acceptance criteria, and testing procedure as described
in the Pharmacopeia are well established. For drug products with multiple
components such as TCMs, on the other hand, the multiple components are
usually unknown and/or not well understood. Besides, the pharmacological
activities of these individual components could vary widely and their rela-
tive ratios (or proportions) for achieving optimal therapeutic effect are usu-
ally unknown. In this case, not only are reference standards for individual
components not available, product specifications for individual components
and/or the product are often difficult, if not impossible to obtain. Thus, it is
suggested that analytical methods for quantitation of the pharmacological
activity of individual components be developed for establishing reference
standards and consequently specifications for individual components. The
established reference standards and specifications can then be applied for
quality assurance and quality control during the manufacturing process and
final finished product after manufacture.

For a given TCM with multiple components, in practice, it is desired to
obtain acceptance limits for these components, which guarantee that future
samples will pass the USP tests for good drug characteristics such as potency,
strength, quality, and purity with a high probability. Such acceptance limits
are usually constructed based on the sample means and standard deviations
of the test results of these components. For a given USP test (e.g., potency
testing), the idea is to construct a joint confidence region for the population
means and standard deviations of these components. The probability of
passing the USP test for each population mean and standard deviation in the
confidence region can then be evaluated. The confidence region is obtained
as the set of all possible sample means and standard deviations such that the
probability of passing the USP test is greater than a pre-specified probabil-
ity for all points in the confidence region. The confidence region is usually
referred to as the acceptance region.

© 2016 by Taylor & Francis Group, LLC



5

QOL-Like Quantitative Instrument
for Evaluation of TCM

5.1 Introduction

In clinical research, a quantitative instrument (or questionnaire) is often used
to provide objective measurement of safety and efficacy of a test treatment
under investigation across various therapeutic areas. In practice, although
there exist many instruments such as Hamilton-D (Hamilton scale for depres-
sion) and Hamilton-A (Hamilton scale for anxiety) for central nervous system
(CNS) and quality of life (QOL) assessment in cancer trials, the investigators
frequently face the need to develop new ones. A typical example is the devel-
opment of an objective instrument for evaluation of clinical benefits including
safety, efficacy, and/or quality of life of traditional Chinese herbal medicines.
This need arises because proper development/validation or modification of
instruments can achieve specific purposes relative to specific target patient
populations. While the existing instruments may include one that has been
developed for the target patient population and the desired purpose, new
research questions often require new instruments or modification of exist-
ing instruments for measurement. Validation of the developed instrument is
important to ensure a proper sampling and a valid measurement of the con-
tent of the subjective state, behavior, or disease to be measured. In this chap-
ter, without loss of generality and for illustrative purposes, we will focus on
validation of a developed instrument for assessment of QOL in cancer trials.
The performance characteristics for validation of QOL instruments can be
applied to other instruments for other purposes such as the evaluation of
safety and efficacy of TCMs across therapeutic areas.

In cancer clinical trials, it has been a concern that the treatment of disease
or survival may not be as important as the improvement of QOL, especially
for patients with chronic and/or life-threatening diseases. Enhancement of
life beyond absence of illness to the enjoyment of life is considered more
important than the extension of life. QOL not only can provide information
as to how patients feel about drug therapies but also appeals to the physi-
cian’s desire for the best clinical practice. It can be used as a predictor of
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compliance of the patient. In addition, it may be used to distinguish between
therapies that appear to be equally efficacious and equally safe at the stage
of marketing strategy planning. The information can be potentially used in
advertising for the promotion of the drug therapy. However, unlike the ana-
lytic instrument, no known standards exist that can be used as a reference.
In addition, the QOL instrument is a very subjective tool, which is expected
to have a large variation. It is then a concern as to whether the adopted QOL
instrument can accurately and reliably quantify patients” QOL. To ensure
the accuracy and reliability of QOL assessment in clinical trials, the adopted
QOL instrument is necessarily validated in terms of some performance char-
acteristics. In practice, a QOL instrument is usually validated based on some
classic validation parameters such as validity, reliability, test-retest reproduc-
ibility, responsiveness, and sensitivity. However, it is not clear whether the
classic validation can actually verify the instrument. In other words, can the
classic validation address whether the questions are the right ones for assess-
ment of QOL?

In Section 5.2, we briefly review background and statistical methods for QOL
assessment. In Section 5.3, we provide statistical evaluation for the valida-
tion of a QOL instrument in terms of performance characteristics of validity,
reliability, and test-retest reproducibility. Responsiveness and sensitivity are
discussed in Section 5.4. The validation of utility analysis and calibration is
discussed in Section 5.5. The use of QOL-like instrument for evaluation of
TCMs is discussed in Section 5.6. A controversial issue concerning parallel
assessments of TCM is discussed in Section 5.7. A brief discussion concerning
the use of an instrument for evaluation of TCMs is given in the last section.

5.2 QOL Assessment

In general, there exists no universal definition for QOL. It may vary from one
patient population to another and from one therapeutic area to another. For
example, Williams (1987) defined QOL as a collective term that encompasses
multiple components of a person’s social and medical status. However,
Smith (1992) interpreted QOL as the way a person feels and how he or she
functions in day-to-day activities. The concept of QOL can be traced back
to the mid-1920s. Peabody (1927) pointed out that the clinical picture of a
patient is an impressionistic painting of the patient surrounded by his home,
work, friends, joys, sorrows, hopes, and fears. In 1947, the World Health
Organization (WHO) stated that health is a state of complete physical, medi-
cal, and social well-being and not merely the absence of disease or infirmity.
In 1948, Karnofsky published his performance status index to assess the use-
fulness of chemotherapy for cancer patients. The New York Heart Association
proposed a refined version of its functional classification to assess the effects
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of cardiovascular symptoms on performance of physical activities in 1964.
In the past several decades, QOL has attracted much attention. Since 1970,
several research groups have been actively working on the assessment of
QOL in clinical trials. For example, Kaplan et al. (1976) developed the Index
of Well-Being to provide a comprehensive measure of QOL. Torrance (1976)
and Torrance and Feeny (1989) introduced the concept of utility theory to
measure the health state preferences of individuals and quality-adjusted
life-year to summarize both quality of life and quantity of life. Bergner et
al. (1981) developed the Sickness Impact Profile to study perceived health
and sickness-related QOL. Ware (1987) proposed a set of widely used scales
for the Rand Health Insurance Experiment and Williams (1987) studied the
effects of QOL on hypertensive patients.

In clinical trials, QOL is usually assessed by means of a global physician’s
assessment or a QOL instrument that consists of a number of questions. The
global physician’s assessment, such as an analog scale ranging from 0 to 10, is
easy to apply by simply asking the question “How is your QOL?” However, it
cannot capture the whole spectrum of QOL. In addition, if the drug therapy
does improve QOL, no information as to which domain of QOL is provided. The
global physician’s assessment generally produces large variability and low repro-
ducibility. For a QOL instrument, the questionnaire may be assessed by patients,
their spouses/significant others, reviewers (e.g,, nurses or social workers), and/
or physician through direct observation or face-to-face or teleconference inter-
view. It can be self-administered or supervised self-administered. On the basis
of the collected data, the health-related QOL can be quantified. Generally, health-
related QOL may be described by a number of major domains (or dimensions).
The most commonly considered QOL domains include physical functioning and
morbidity, emotional or psychological status and well-being, disease-specific
symptoms and somatic discomfort, and cognitive function. Other domains, such
as intimacy and sexual functioning, economic status and personal productivity,
employment, and laboratory test values, are less often used.

In the QOL instrument, for each patient, scores associated with each ques-
tion are usually referred to as items. In practice, there may be a larger number
of items and it is not practical to analyze the data by item. Thus, items are
usually grouped to form subscales, which are often used to evaluate different
components of QOL. However, analysis of individual subscales often produces
inconsistent results across subscales; consequently, no overall conclusion can
be made. As an alternative, these subscales may be combined to form the so-
called composite scores, which can be used to assess major domains of QOL.

As aresult, QOL may be assessed by analyzing items, subscales, composite
scores, and/or total score. Unlike multivariate analysis (e.g., Morrison 1976),
Tandon (1990) applied global statistics to combine the results of univariate
analysis of each subscale. His approach is useful; yet, it does not reveal the
underlying correlation structure of subscales. As an alternative approach,
Olschewski and Schumacher (1990) proposed the use of aggregated mea-
sures to reduce the dimension of the measurements. Their method uses
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the standardized scoring coefficients from factor analysis as data-oriented
weights for combining subscales that neglects small coefficients. The disad-
vantage of their method is that the selected coefficients are neither unique
nor have optimal properties. To overcome these problems, Ki and Chow (1995)
suggest the use of factor analysis in conjunction with the analysis of princi-
pal components for combining subscales. The proposed method provides
statistical justification for the use of composite scores.

5.3 Performance Characteristics

In practice, commonly considered performance characteristics for validation
of an instrument include, but are not limited to, accuracy (or validity), preci-
sion (or reliability), and reproducibility (see, e.g., USP/NF 2000, 2012; NCCLS
2001), which are briefly described below.

5.3.1 Validity

Validity of a QOL instrument is defined as the extent to which the QOL
instrument measures what it is designed to measure. In other words, it is a
measure of bias of the instrument. The bias of an instrument can reflect the
accuracy of the instrument.

In clinical trials, as indicated earlier, the QOL of a patient is usually quanti-
fied based on responses to a number of questions related to several compo-
nents or dimensions of QOL. It is a concern that the questions may not be the
right questions to assess the components or domains of QOL of interest. To
address this concern, consider a specific component (or domain) of QOL that
consists of K items (or subscales), i.e, X, i = 1,..., K. Also, let Y be the QOL
component (or domain) of interest that is unobservable. Suppose that Y fol-
lows a normal distribution with mean 6 and variance 2 and can be quanti-
fied by X, i = 1,..., K. In other words, there exists a function f such that

fX) = X, Xy X) =,

where X = (X, X,,..., X)) Suppose X follows a distribution with mean p =
(Mg, .., B and variance X. Thus, 6 can be estimated by

0= f(X,, Xy,..., Xy),

and the bias is given by

Bias(6) = E(0 — ) = E(f(X,,X,,..., X)) — 6.
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In practice, for convenience, the unknown function f is usually assumed
to be the mean of X, i.e.,

1 K
f(X)=f(X1,X2,...,XK)=K;Xi -y,

Thus, it is desired to have the mean of X, i = 1,..., K closes to 6 and

K
n= %Z L; = 0. As a result, we may claim that the instrument is validated
i=1

in terms of its validity if

W-H<8Vvi=1,..,K.

To verify this, we may consider a simultaneous confidence interval for

_ _ 1 1 1
—u, i = 1,..., K Let u;,—p=aju, wh =l-= 1l 1-—,-— 1, |
I et |, —u=a, where a ( K K"K K
Suppose the QOL questionnaire is administered to N patients. Let

1% .
Q=NZX]-=X.

=1

-

Then, the (1 — o) x 100% simultaneous confidence intervals for u; —t, i =
1,..., K are given by

ap—, /% a’Sa, T(o,, K, N-K)<au<ap+, /% a;Sa,T(o, K, N - K),

i=1,..K
where
1 ¥ - -
S= N—1§4<Xf - X)(X; - X,
T2, K,N-K) = N "D b kN K,
N-K
and

P(TXK,N -K) < T2 (0, K, N-K)) =1 — .
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We may also consider Bonferroni adjustment of an overall a level as follows:

a,-';l—J;]u,-’Sa,-T(zaK,N—lj <au Sa{ﬁﬁ/i{a{SaiT(;;(,N—l).

We then compare the confidence interval with (-5, 8) and reject the null
hypothesis that

H,:

W-H<dVi=1,..,K

if any confidence interval falls completely outside (-3, 5).

Note that it is also important to establish concurrent validity in practice.
Concurrent validity is established for a new instrument by demonstrating a
good correlation with an already existing tool that is widely accepted as mea-
suring the same construct(s). For example, a clinical evaluation by a physician
might be considered the gold standard diagnosis. Or a well-recognized and
accepted diagnostic criterion that is widely used by practitionersin the area may
exist. In the case that the existing tool is continuous, a Pearson or Spearman’s
correlation coefficient can be computed. In the case of a dichotomous diagnos-
tic tool, the area under the Receiver Operating Characteristics curve (ROC)
can be used to establish a good relationship. If no such gold standard exists, one
option is to compare the new instrument to existing instruments that mea-
sure similar or related constructs. This is referred to as convergent validity
(discussed below). For example, all instruments in the same general area of
general well-being should show some degree of relationship. Furthermore, all
instruments or domains designed to measure general well-being should show
a somewhat closer relationship to one another than they do to other domains,
even if they have been developed on varying populations.

5.3.2 Reliability

The reliability of a QOL instrument reflects the other part of measurements
and refers to the freedom from random error. The reliability of an instru-
ment measures the variability of the instrument, which directly relates to
the precision of the instrument. Therefore, the items are considered reliable
if the variance of Y is small. To verify the reliability of estimating 6 by Y, we
consider the following hypothesis:

H,: Var(Y) < A for some fixed A.

The variance of Y is given below

K
1 1
Var(Y)=Var| — Y X, |=—1X1.
(Y) {K ;:1 ] K2
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The sample distribution of

D (Y, =)/ Var(Y)

j=1

Has a chi-square distribution with N — 1 degrees of freedom. Thus, a (1 — &) x
100% one-sided confidence interval for Var(Y) as follows:

Z(Y — Yy

Var(Y) > (—N =&(Y).

If (YY) > A, then we reject the null hypothesis and conclude that the items
are not reliable in estimating 0. As indicated earlier, patients’” response to a
QOL instrument may vary from one patient population to another and from
one therapy to another. Therefore, it is recommended that the variability of
QOL scores be studied before and after medication intervention.

Since the items X, X,,..., X are relevant to a QOL component, they are
expected to be correlated. In classical validation, a group of items with high
intercorrelation between items are considered to be internally consistent.
The Cronbach’s o defined below is often used to measure the intercorrela-
tions between items:

K=1 Z;anLZZZGﬂ

i<l

where 67 = Var(X,) and o, = Cov(X,, X). When the covariance between items
is high compared to the variance of each item, o is large. To ensure that the
items are measuring the same component of QOL, the items under the com-
ponent should be positively correlated, i.e., a- > 50%. However, if the inter-
correlations between items are too high, i.e,, a. is close to 1, it suggests that
some of the items are redundant. Note that the variance of Y given below

Var(Y) = (K K-1) j ZVar(X)
Oc

Increases with a for fixed K and K and Var(X), i = 1,...,K. By including
redundant items we cannot improve the precision of the result. It is desired to
have independent items reflect the QOL component at different perspective.
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However, in that case, it is hard to validate whether the items are measuring
the same targeted component of QOL. Therefore, we suggest using items
with moderate o i.e., o is somewhere between 50 and 80 percent.

5.3.3 Reproducibility

Reproducibility is defined as the extent to which repeat administrations of the
same QOL measure yield the same result, assuming no underlying changes
have occurred. The assessment of reproducibility involve expected and/or
unexpected variabilities that might occur in the assessment of QOL. It includes
inter-time (between time) point and inter-rater (between rater) reproducibility.

For the assessment of reproducibility, the technique of test-retest is often
employed. The same QOL instrument is administered to patients who have
reached stable conditions at two different time points. These two time points
are generally separated by a sufficient length of time that is long enough to
wear off the memory of the previous evaluation but not long enough to allow
any change in environment. The Pearson’s product moment correlation coef-
ficient, p, of the two repeated results is then studied. In practice, a test-retest
correlation of 80 percent or higher is considered acceptable. To verify this,
the sample correlation between test-retest, denoted by 7, is calculated from a
sample of N patients. The following hypotheses are then tested.

Hy:p=2pyversus H,: p < p,.

When N is large,

1 1+7r
Z<f>=z’“(1_rj

is approximately normally distributed with mean Z(p) and variance 1/(N — 3).
The null hypothesis is rejected if

VN =3(Z(r) - Z(py)) < z(1- o),
where z(1 — o) is the ath quantile of the standard normal distribution. Note

that a shift in mean of the score at test-retest may be detected by using a simple
paired t-test. The inter-rater reproducibility can be verified by the same method.

5.4 Responsiveness and Sensitivity

The responsiveness of a QOL instrument is usually referred to as the abil-
ity of the instrument to detect a difference of clinical significance within a
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treatment. The sensitivity is a measure of the ability of the instrument to
detect a clinically significant difference between treatments. A validated
instrument should be able to detect a difference if there is indeed a difference
and should not wrongly detect a difference if there is no difference. Chow
and Ki (1994) proposed precision and power indices to assess the respon-
siveness and sensitivity of a QOL instrument when comparing the effect of
drugs on QOL between treatments. The precision index measures the prob-
ability of not detecting a false difference and the power index reflects the
probability of detecting a meaningful difference. The precision and power
indices for measuring responsiveness and sensitivity under a time series
model proposed by Chow and Ki (1994) are described below.

5.4.1 Statistical Model

For a given QOL index, let X, be the response of the ith subject to the jth
question (item) at time t, wherei=1,....N,j=1,...,J,and t = 1,...,T. Consider the
average score over | questions:

Since the average scores y;y,...,;r are correlated, the following autoregres-
sive time series model is an appropriate statistical model for v;,.

yit = H + lll(yi,t—l - l.l) + eit/ Z = ].,..., N, t = 1,. ..,’T, (5].)

where p is the overall mean, |y| < 1 is the autoregressive parameter, and
e; are independent identically distributed random errors with mean 0
and variance 62 It can be verified that E(e;,, ey)=0 foralli jand t # ), and
E(e;,y»)=0 for all ' < t. The autoregressive parameter y can be used to
assess the correlation of consecutive responses y; and v, ,;. From the above
model, it can be shown that the autocorrelation of response with k lag times
is y*, which is negligible when k is large. Based on the observed average
scores on the ith subject, i.e., ¥, Yip,...,Yy;, We can estimate the overall mean p
and the autoregressive parameter y. The ordinary least squares estimators of
p and y can be approximated by

lii =Yy

T
th Wi —Yi)Yip1 — Vi)

S we-ny
=2 yzt yz~

V= Ty
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which are the sample mean and sample autocorrelation of consecutive obser-
vations. Under model (Equation 5.1), it can be verified that the variance of [, is

T-1
g
k=1

where v, = Var(y,). The standard error of (i, is then given by

Var(y,) =12

in which

Suppose that the N subjects are from the same population with same vari-
ability and autocorrelation. The QOL measurements of these subjects can be
used to estimate the mean average scores p. An intuitive estimator of p is the
sample mean

. 1\
== D0
i=1

Under model (Equation 5.1), the variance and standard error of [1 are given
by, respectively,

N
_ 1 _
Var(y ) = F ; Var(y,),

and

T-1 2
=;{§E’2[1+22T;krf‘ﬂ G.2)

i=1 k=1
1/2
T-1
o T-k ,
=1——=|1+2 7 ,
{NT ka T 1”
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where

N
0= N(T 1 NE-D 2

i=1

[Z(yﬁ -7 ]

As a result, an approximate (1 — a) x 100% confidence interval for p can
then be constructed as follows:

Y. £21048(Y.), 5.3)

where z,_, ,, is the 100(1 — a/2)th percentile of a standard normal distribution
and s(y_) is given in Equation 5.2. As a matter of fact, the assumption that all
the QOL measurements over time are independent is a special case of model
(Equation 5.1) with y = 0. In practice, it is suggested that model (Equation 5.1)
be used to account for the possible positive correlation between measure-
ments over test time period. Under model (Equation 5.1), it can be seen that
the confidence interval given in Equation 5.3 with r; > 0 is wider than that
when vy = 0.

Note that, for the statistical validation of an instrument, at a fixed confi-
dence level, the width of the confidence interval in Equation 5.3 is inversely
proportional to the prevision of the estimator y and may be used as an
indicator of the validity of the instrument. For example, if the width of a con-
fidence interval is too wide, the instrument may not be sensitive due to low
power for detecting a positive difference or an equivalence. In what follows,
the precision and power indices of QOL instruments will be evaluated under
model (Equation 5.1).

5.4.2 Precision Index

Suppose that a homogeneous group is divided into two independent groups
A and B that are known to have the same QOL. A good QOL instrument
should have a small chance of wrongly detecting a difference. Let y; = (v;,
Yizr-r Yin--» Yi7)' De the average scores observed on the ith subject in group A
at different time points over a fixed time period. Similarly, denote the aver-
age scores for the jth subject in group B over time period by w; = (wj,, wj,,..

Wy, .., i) The objective is to compare mean average scores between groups
to see whether the instrument reflects the expected result statistically. On
the basis of y;, i = 1,..., N and wj, j = 1,..., M, the difference in mean average
scores between groups A and B can be assessed by testing the following
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hypotheses that H, : p, = u,, versus H, : p, # p,, where p, and p,, are the mean
average scores for groups A and B, respectively. Under the null hypothesis,
the following test statistic

—w,

= 52w )]

[s*(.
is approximately distributed as a standard normal distribution when N and
M are both large. Therefore, we would reject the null hypothesisif |Z| >z,_,,.

Note that the above test is a uniform most powerful test. The level of sig-
nificance of the test is a. The confidence interval for p, — p, and the rejection
region are given, respectively, by

LU=y -© +d,and|y - [>d,

where
dy =71 4p[s*(Y.) +5*(@.)]".
In general, an interval estimator of p, — p,, is given by

(y.—w)+d, (54)

which is used for detecting a difference in means. A difference is detected if
zero lies outside the interval, i.e,,

. -w|>d.

The precision index, denoted by P,, of an instrument is defined as the prob-
ability of the interval (Equation 5.4) not detecting a difference when there is
no difference between groups, i.e.,

P =Py -w|<dly, =p,}
o (5.5)
iz <d[or)+o2@)] ",

where

7 (? - ZT)) - (“’y - “‘w)
[6*(y.)+0%(w )"
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is the standardized random variable that is approximately distributed as a
standard normal when N and M are large. It can be seen that the precision
index of an instrument is 1 — « at d = d,,. Note that P, is the confidence level of
the interval estimator given in Equation 5.4, which increases as d increases.
When 4 is too big, although the interval has a very high probability to cap-
ture the true difference, it may not have sufficient power for detecting a posi-
tive difference.

5.4.3 Power Index

On the other hand, if the QOL instrument is administered to two groups of
subjects who are known to have different QOL, then the QOL instrument
should be able to correctly detect such a difference with a high probability.
The power index of an instrument for detecting a meaningful difference,
denoted by 5,(¢), is defined as the probability of detecting a meaningful dif-
ference e. That is,

-

=P{Z>(d-9olc*.)+c*@ )} (5.6)

8,(6)=P{ly.~@.[>d |, -1,

+P{Z <~(d+e)[c*@) + o> @ )2},

Ford =d,, 3,(e) is the power, which can be calculated as follows.

-

8,(8)=P{y. ~ @[> 2 ul5*(7.) + 2@ ) [, -,

=P{Z <2y ¢
) R CARE TR

+PIZ>z - €
T Iy )+ st )2 |

Note that for a fixed €, §,(e) decreases as d increases. We consider an instru-
ment to be responsive in detecting a difference if both P, and §,(¢) are above
some reasonable limits for a given e.

In practice, two groups are considered to have equivalent QOL if their mean
QOL measurements only differ by less than a meaningful difference n. In this
case, it is of interest to detect an equivalence rather than a difference. Denote the
acceptable limits for the difference between two group means by (-A, A). When
the confidence interval of p, — p,, given in Equation 5.4 is within the acceptable
limits, we conclude that the two groups have equivalent effect on QOL. We will
refer to the probability of detecting an equivalence as the power index of an
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instrument for detecting an equivalence when the true group means differ by
less than a meaningful difference n. The power index is then defined as

05 = Inf P{(L,U)c(=A,)[|w, —p <}
el G.7)

=P{(L,U)c (-A, D) |1, —p, =M},

where (L, U) is a confidence interval of p, — p,, as given in Equation 5.4. Note
that ¢,(n) can be obtained as follows:

0,(W = P{L,U) c (-A,) |1, — 1, =)
=P{(y.-w,—d,y. —w +d)c (-A,A)|p, —p, =n}
b @‘—m)—nm> —(A-d)-n _

[*)+0*@)] [c*@)+c*@)]
.-®)-n  _  (A-d)-n }
[o*@)+0r@)]” [o*w)+o*@)]’

=P{ -(b-d)-m  _,_ (A-d)-7 }

and

(.8)

[cm)+or@)]” [c@)+or@)]

which can be approximated by

oz A=A _q{ ~(A=d)-n ]
A 1/2 172 |r
[62(y.)+0*w,)] [62(y.)+c*w,)]

where @ is the cumulative distribution function of a standard normal
distribution.

5.4.4 Sample Size Determination

Because QOL response may vary widely from patient to patient, a large
sample size is usually required to attain reasonable precision and power.
Under model (Equation 5.1) and the setting as described above, some useful
formulae for determination of sample size can be derived based on normal
approximation. The formulae can also be applied to many clinical research
studies with time-correlated outcome measurements, e.g., 24-hour monitor-
ing of blood pressure, heart rates, hormone levels, and body temperature.
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For a fixed precision index (e.g., 1 — o), to ensure a reasonable high power
index & for detecting a meaningful difference ¢, the sample size per treat-
ment group should not be less than

2
_clzig +25]

82

Nj for 6 > 0.5, (59

where
I-1 T-1
Y, T—k .| v T-k
= 1e2) SRk [ e 12 SRk |
¢ T{ o 7 Yv\Tr o Y

For a fixed precision index (e.g., 1 — o), if the acceptable limit for detecting
an equivalence between two treatment means is (-A, A), to ensure a reason-
able high power ¢ for detecting an equivalence when the true difference
in treatment means is less than a small constant n, the sample size for each
treatment group should be at least

c
N, = W[Zuzﬂ/m + Z1-u/2]2- (5.10)

If both treatment groups are assumed to have some variability and auto-
correlation coefficient, the constant c in Equations 5.9 and 5.10 can be simpli-
fied as

T-1
2y T-k .
== 1+2§ Lyt
‘ T{ o T W]

When N = max(N,, Ny), it ensures that the QOL instrument will have preci-
sion index 1 — a and power of no less than 6 and ¢ in detecting a difference
and an equivalence, respectively. It should be noted that the required sample
size is proportional to the variability of the average scores considered. The
higher the variability, the larger the sample size that would be required.

As an example, suppose that there are two independent groups A and B.
A QOL index containing 11 questions is administered to subjects at weeks
4, 8, 12, and 16. The mean scores are analyzed to assess group difference.
Denote the mean of QOL score of the subjects in group A and B by Y, and
Wi, respectively, where i, j = 1,..., N, and t = 1, 2, 3, 4. We assume that Y}, and
W), have distributions that follow the time series model described in model
(Equation 5.1) with common variance y = 0.5 sq. unit and have moderate auto-
correlation between scores at consecutive time points, say y = 0.5. For a fixed
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95 percent precision index, by Equation 5.9, 87 subjects per group will pro-
vide a 90 percent power for detection of a difference of 0.25 unit in means. If
the chosen acceptable limits are (-0.35, 0.35), by Equation 5.10, 108 subjects
per group will have a power of 90 percent that the 95 percent confidence
interval of difference in group means will correctly detect an equivalence
with n = 0.1 unit. If the sample size is chosen to be 108 per group, it ensures
that the power indices for detecting a difference of 0.25 unit or an equiva-
lence are not less than 90 percent.

5.5 Utility Analysis and Calibration
5.5.1 Utility Analysis

Gains in quantity of life can be measured in terms of life years gained, while
gains in quality of life should be measured by an instrument that incorpo-
rates a broad spectrum of health status, including physical/mobility func-
tion, psychological function, cognitive function, social function, and so
forth. Feeny and Torrance (1989) proposed a utility approach to measure the
health-related QOL. Utility is a single summary score, which ranges from
zero (for dead) to one (for perfect health). Torrance and Feeny (1989) used
QOL utility as quantity-adjustment weights for quality adjusted life years,
which are highly used in cost-effectiveness analysis.

The utility of hypothetical or actual health states may be evaluated by an
individual. Utility is the preference of an individual for a health state. The
preference of health state can be measured by some standard technique, such
as rating scale, standard gamble, and time tradeoff. However, the utility mea-
surements are not very precise. The within-subject variability is around 0.13
and the intersubject variability is approximately 0.3 for the general public
and 0.2 for patients experiencing the health state (Feeny and Torrance 1989).
An individual either is experiencing the disease state or understands the
hypothetical description of the disease state. A rating scale consists of a line
with the least preferred state (e.g., death) on one end and the most preferred
state (perfect health) on the other end. An individual will rate the disease
state on the line between these two extreme states. Usually, the utility value
obtained by this technique has high variability. A utility value of a disease
state can be assigned by the standard gamble technique. An individual is
given the choice of remaining at the disease state for an additional ¢ years or
the alternative, which consists of perfect health for an additional ¢ years with
probability p and immediate death with probability (1 — p). The probability
p is varied until the individual is indifferent between the two alternatives.
Then the preference/utility of that disease state is p. The preference value of
a disease state can also be assigned by using a time tradeoff technique. An
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individual is offered two alternatives: (1) at the disease state with life expec-
tancy of t years or (2) in perfect health for x years. Then x is varied until the
individual is indifferent between the two alternatives. Then, the preference
value of the disease state is x/t. The time tradeoff technique is easier for an
individual to understand; however, the preference value is the true utility
provided that the individual’s utility function for additional healthy years is
linear in time. If the utility function for additional healthy years is concave,
the preference value by time tradeoff method will underestimate the true
utility value of the disease state. For more details regarding the performance
of the above utility measuring techniques, readers should refer to Torrance
(1987).

The utility values should be validated for test and retest reproducibility
before they are used to measure any change in health state. For interpreta-
tion of improvement in utility, Torrance and Feeny (1989) related the util-
ity values of some marker states. If there are utility values for some marker
states, A, B, and C at 0.8, 0.7, and 0.4, respectively, an average improvement of
0.1 in utility of outcome health state from a trial may be described as equiva-
lent to improving from outcome B to A average over all patients in the trial.

Although aggregation of utilities across individuals is commonly used in
analysis of data, it should be done with caution. The utility function may
not be the same across subjects. The anchor states, perfect health and death,
should be well defined for the same understanding across all subjects. To
evaluate the effect of a therapy, the life years gained should be adjusted by
the quality of life. The quality-adjusted life years is the area under the profile
of quality of life utility over time. The quality-adjusted life years gained is
usually used in evaluation of the effectiveness of therapy.

5.5.2 Calibration

Besides the validation of a QOL instrument, another issue of particular inter-
est is the interpretation of an identified significant change in QOL score. For
this purpose, Testa et al. (1993) considered the calibration of change in QOL
against change in life events. A linear calibration curve was used to predict the
relationship between the change in QOL index and change in life event index.
Only negative life events were considered. The study was not designed for
calibration purposes and the changes in life events were collected as auxiliary
information. The effect of change of life event was confounded with the effect
of medication. If we want to use calibration to interpret the impact of change
in QOL score, further research in the design and analysis method is neces-
sary. Because the impact of life events is subjective and varies from person
to person, it is difficult to assign numerical scores/indices to life events. The
relationship between QOL score and life event may not be linear. More com-
plicated calibration functions or transformations may be required. We expect
that the QOL score has a positive correlation with life event score; however,
the correlation may not be strong enough to give a precise calibration curve.
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Besides the calibration of the QOL score with the life event score, changes in
the QOL score may be related to changes in disease status.

5.6 QOL-Like Instrument for Evaluation of TCM

Kondoh et al. (2005) indicated that a QOL-like instrument is a useful instru-
ment for measurement of the efficacy of herbal medicine. As a first step of
the clinical study for the efficacy of herbal drugs, Kondoh et al. (2005) evalu-
ated the feasibility of modified dermatology life quality index (DLQI) based
questionnaires (QOL sheet). The QOL sheet consisted of 10 questions, each
referring to the DLQI (Finlay and Khan 1994). The DLQI designed for routine
clinical use has 10 questions concerning the QOL and provides a total score.
It is applicable to patients with any skin disease (Finlay and Khan 1994).
The original DLQI has check box answers only. Because the original DLQI
is in English, Kondoh et al. (2005) used its translated Japanese version with
Japanese patients. The reliability of the Japanese DLQI was subsequently
validated. However, Kondoh et al. (2005) made slightly modifications to the
original QOL-like instrument to evaluate the efficacy of the herbal medi-
cine (Table 5.1). In the modified QOL questionnaire, the patients were also
asked to assess the visual analog scale (VAS). Higher scores of DLQI reflect
greater impairment. In comparing VAS and DLQI, higher VAS scores indi-
cate greater impairment in the modified QOL questionnaire. The modified
QOL questionnaire was supplemented with three original questions that
concerned therapy using herbal medicines. The AQ were used for a com-
bined evaluation with other scores.

By using the modified QOL questionnaire, Kondoh et al. (2005) compared
the scores of before, 2 and/or 4 weeks after receiving herbal medication.
Kondoh et al. (2005) also evaluated the symptoms of patients clinically at 2
and/or 4 weeks after the herbal medication. The scores of the questions 1 to
10 that were made as DLQI in Japanese were graded according to the origi-
nal scoring rule as described by Finlay and Khan (1994). The VAS scores were
also assessed by patients.

As indicated by Kondoh et al. (2005), herbal medicines have been used
widely by physicians in Japan. In dermatology, some reports showed the
effectiveness of the herbal medicines for skin diseases (see, e.g., Ikawa and
Imayama 1983; Kimura et al. 1985; Yabe 1985; Satoh et al. 1995; Abeni et al.
2002; Inagi 2003; Suzugamo et al. 2004). Some dermatologists who are less
familiar with traditional Chinese herbal medicines, however, often hesitate
at their use because the herbal medicines can be somewhat ambiguous in a
comprehensive assessment of clinical efficacy. For this reason, Kondoh et al.
(2005) studied the applicability of the QOL-related scoring methods to assess-
ing the efficacy of the herbal medicines. In their study, Kondoh et al. (2005)
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TABLE 5.1

QOL-like Questionnaire for Assessment of Efficacy of Chinese Herbal Medicine

Patients

Age

Sex*1
Disease*2
Prescription*3
Period*4
DLQ1

VAS

Clinical
impression*5

0
16
53.1

1
73

M
2
6
2
5

7.9
1

4
5
10.3
0

0
5
14.2

Eam

1

o W a N o -

4
13
31.1
-1

0 2
9 10
247 264

0

-5 g

10
29.4

4
79

86

_= O O

49

=8 NN N T

—_ 5 N

45.6

N &= N DN

23
64.6

=8 NN

10 11
69 82
M M
3 1
86 6
0 2 0 2
6 5 1 0
153 87 5 0
1 1
(Continued)
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TABLE 5.1 (CONTINUED)

QOL-like Questionnaire for Assessment of Efficacy of Chinese Herbal Medicine

Patients 12 13 14
Age 69 70 45
Sex*1 M M M
Disease*2 2 1 1
Prescription*3 6 86 6
Period*4 0 2 4 0 2 4 0o 2
DLQ1 13 6 2 7 8 8 2 1
VAS 709 643 534 225 242 202 26 0.1
Clinical impression*5 1 0 0 1

_= O O

1
22

annpo =235

-1

4
2
4
-1

1
0.4

_= O O W

17 18 19
65 42 74
M F M
1 3 1
6 86 6
0 2 0 2 0 2 4

6 7 17 13 4 5 6
146 61 596 535 122 122 195
0 1 0 -1

Note: *1: M: male F: female; *2: 1: seborrheic dermatitis, 2: asteatotic eczema, 3: pruritus, 4: others; *3: 6: jumi-haidoku-tou, 86: touki-inshi; *4: 0: before,
2: 2 weeks after, 4: 4 weeks after; *5: 2: the effect was high, 1: improving, 0: same, —1: worsening; n: no data.
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proposed the use of QLQI for patients with any skin diseases. The results
indicate that herbal medicines are clinically effective for the chronic skin dis-
eases (Table 5.2). Statistically, the changes in the DLQI and VAS scores agreed
with the clinically proven effectiveness of the herbal medicines (P < 0.05). No
significant difference was found between the clinical impressions and the
DLQI with the AQ or the VAS with the AQ (P > 0.05). Thus, the results indi-
cate that the modified QOL questionnaire is found useful for evaluation of
the efficacy of the herbal medicine. The QOL sheet appears particularly use-
ful in evaluating the efficacy of the herbal medicines for some skin diseases
such as puritis without skin lesions and the patients with uncertain changes
of the clinical symptoms (e.g., patient No. 2, 3, 13, and 17).

Note that the number of cases determined “effective” by the changes in
the DLQI or VAS scores was 11 and 10, respectively. On the other hand, the
number of cases classified as effective by the score changes in the DLQI with
the AQ or the VAS with the AQ was 9 and 9, respectively. When evaluated by
the DLQI with the AQ or VAS with the AQ, the number of effective cases was
fewer than that obtained by the DLQI or VAS alone. Because these additional
questions were related to the negative elements of herbal medicines, the scor-
ing with the AQ can necessarily be higher, leading to poorer effectiveness
than that revealed by the clinical symptoms, DLQI or VAS. It may be neces-
sary to reconsider the contents of the additional questions. In conclusion,
we showed that the QOL sheet is useful to evaluate the efficacy of herbal
medicines. However, it may be necessary to reconsider the contents of our
original questions. Further studies with larger samples are required to fully
establish both the applicability and reliability of the QOL-based evaluation
of the herbal medications in patients with skin diseases.

5.6.1 Remarks

For development of an instrument for evaluation of herbal medicines,
one may consider developing questions for different purposes in order to
improve the accuracy and precision of the instrument for assessment of the
herbal medicines. For example, one may consider developing questionnaires
at the following different levels:

Level 1 questions — identifying the type of diseases;
Level 2 questions — determining the affected organ;

Level 3 questions — describing the signs and symptoms.

On the basis of the results of the above different levels of questions, indi-
vidualized treatment (dose) is possible. As a result, the treatment effect of the
herbal medicine can then be evaluated by comparing the data collected via
the instrument before and after the herbal medicine.
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TABLE 5.2

Assessment of QLQI, VAS, and AQ for Patients with Skin Diseases

Patients
Periods*4
AQ11
AQ12
AQ13

total
DLQ1+AQ
VAS+AQ

1 2 3 4 7 8 10 11

0 2 4 0 2 4 0 2 4 0 2 4 0 2 4 0 2 0 2 0 2 0 2
0 6.3 5.3 0.9 0 1.8 0 1 0 08 n 0 0 n 5 0 0o 37 7 0 0 0 68

0 0 0 1 2 1 0 1 0 0 n 0 0 n O 0 0 1 0 0 0 0 0

0 0 0 2.1 0.3 0 0 0 0 n 02 0 n O 0 0 0 02 O 1 0 0
0 6.3 53 1.9 41 3.1 0 2 0 08 n 02 0 n 5 0 0 47 72 0 1 0 6.8
16 1.3 103 6.9 10.1  16.1 9 12 9 108 n 02 2 n 7 11 2 277 92 6 6 1 68
531 142 156 161 172 342 247 284 n 302 n 02 69 n n 456 4 693 n 153 87 5 6.8
(Continued)
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TABLE 5.2 (CONTINUED)

Assessment of QLQI, VAS, and AQ for Patients with Skin Diseases

Patients 12 13 14 15 16 17 18 19

periods*4 0 2 4 0 2 4 0 2 4 0 2 4 0 2 4 0 2 0 2 0 2 4
AQI11 0 0.4 0.7 0 0 0 0 0 0 0 0 0 0 03 O 0 0.8 0 6 0 05 05
AQ12 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0
AQ13 0 0 0 0 0.1 0.1 0 01 02 0 0 0 0 02 02 0 0.1 0 0 0 0 0
total 0 0.4 0.7 0 0.1 0.1 1 1.1 02 0 0 0 0 05 02 0 0.9 0 7 0 05 05
DLQ1+AQ 13 6.4 27 7 8.1 8.1 3 21 02 1 2 2 1 05 02 6 79 17 20 4 55 65
VAS+AQ 709 647 541 225 243 203 36 02 02 22 5 4 04 05 02 146 7 596 605 122 127 20

Note: *4:0: before, 2:2 weeks after, 4:4 weeks after; n: no data.
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In practice, it is always a concern that the QOL-like instrument for eval-
uation of safety and efficacy of TCMs may exhibit large within-rater and
between-rater variabilities, which have a negative impact on the assessment
of TCMs. As a result, it is suggested that the within-rater and between-rate
variabilities should be avoided, eliminated, or controled whenever possible
for an accurate and reliable assessment of the TCMs under investigation.

5.7 Parallel Assessments

In practice, QOL-like instrument for evaluation of TCMs may be assessed
in parallel by a Chinese doctor and a Western clinician. The variability of
the rating is expected to vary between the Chinese doctor and the Western
clinician. Although the scores can be analyzed separately based on individ-
ual ratings, they may lead to different conclusions. In this case, determin-
ing which rating should be used to assess the treatment effect has become
a controversial issue. On one hand, it is suggested that the Chinese doctors’
ratings should be considered as the primary analysis because they are more
familiar with the TCM under investigation. On the other hand, it is sug-
gested that Western clinicians’ assessment should be considered because
their assessments are considered more objective and evidence-based.

In practice, a typical approach is to analyze each rating separately. This
approach, however, may cause the loss of some important information from
the responses provided by the different perspectives. Besides, the assess-
ment based on each rating alone may lead to a totally different conclusion. To
fully use the information contained in the two ratings, as an alternative, it is
suggested that a composite index that combines both parallel ratings be con-
sidered. In this case, “Should the individual ratings carry the same weights
as the parallel ratings?” has become an interesting question. If the Chinese
doctor’s rating is considered to be more reliable than others, it should carry
more weight in the assessment of TCM under investigation; otherwise, it
should carry less weight in the analysis. Along this line, Ki and Chow (1994)
considered the following weighted score function:

Z =aX + by,

where X and Y denote the ratings of a Chinese doctor and a Western clini-
cian, respectively, and a and b are the corresponding weights assigned to
X and Y. Note that if a = 1 and b = 0, then the score function reduces to the
Chinese doctor’s rating. On the other hand, when a = 0 and b = 1, the score
function represents the Western clinician’s rating. When a = b = 1/2, the score
function is the average of the two ratings; that is, the Chinese doctor’s rating
and the Western clinician’s rating are considered equally important.
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If one believes that one rating is more reliable than the other rating, then
the more reliable rating should carry more weight for the assessment of the
TCM under investigation. The choice of 2 and b in the above score function
determines the relative importance of the ratings in the evaluation of the
TCM under investigation. Ki and Chow (1994) proposed using the technique
of principal components to determine 2 and b based on the observed data.
The idea is to derive a one-dimensional function of both ratings, which can
retain as much information as possible as compared to the two-dimensional
vector W = (X, Y)". Assume that W follows a bivariate joint distribution with
mean p = (1y, |y) and covariance matrix

2
Z_ Ox pPOxOy
- 2 7

PO Oy Oy

where oy and oy are the standard deviation of X and Y, respectively, and p is
the linear correlation coefficient between X and Y. Then, the mean and cova-
riance matrix of W can be estimated based on observed ratings W; = (X;, Y)),
i=1,..., N, as follows:

where

and

S% S¢Sy
rSxSy Sy

N

A 1 _ _
$-5= W, - W)W, - WY =
N1 2 - =)

The above sample covariance matrix contains not only the information
about the variations of the Chinese doctor and the Western clinician ratings
but also the correlation between the two ratings. For the determination of
a and b, one approach is to employ the technique of principal components
based on both ratings. The first principal component of the observed data
{W, i=1,..., N} possesses the maximum sample variance, that is,

A’SA = a?S% + bS] +2abrS, S,

among all coefficient vectors satisfying
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AA=a>+b?=1

It can be shown that the numbers in the characteristic vector A associ-
ated with the largest characteristic root of S are the coefficients of the first
principal component. The characteristic roots of S can be obtained from the
characteristic equation

1S -] =0.

This leads to

Sx—A 1S5S, 0

S¢S,  SE-A|l
Therefore,

1 1
7\. = E(S)z( +S$)iEAxy,
where

2
Ay = \/(5§ +82) —4S2S2(1—72).
The largest root is then given by
1 1
A =§(5§ +s§)+EAxy.

The first principal component can be obtained by solving the following
equations:

(83 =&, )a+brsys, =0,

a>+b%=1.

This leads to

rsist

n-sif )
a=| 143007200
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and

B (A, —S%)a
oSS,
The sample covariance of the first principal component y = A’W is the larg-

est characteristic root A, = A’SA and the percentage of variation expressed by
this component is

M
tr(S)’

where t7(S) is the trace of S, which is given by
tr(S)=Sx +S;.

Note that if the sample covariance matrix S is singular, then there is only
one nonzero characteristic root. The first principal component explains all
the variation in the observations. The percentage of sample variation pre-
sented by the first principal component reflects how much information from
the observations is retained by the first principal component and the useful-
ness of the component in representing the observations in a one-dimensional
setting. If a large proportion of the variation of the observations can be
accounted for by a single principal component, then most of the variation
generated by the observations in a two-dimensional space can be expressed
along a one-dimensional vector. This appeals to dimensional reduction and
the coefficients (g, b) indicate the direction and relative importance of each
rating toward TCM assessment.

As an example, suppose that the sample covariance matrix of X and Y is

where r > 0. The largest characteristic root of S is 1 + r and its corresponding
characteristic vectoris A = (\/E /2,327 2) . The score function is then given by

N

Z= —X+—Y

which gives equal weight to both ratings. The percentage of variation retained
by Z is 100 x (1 + r)/2. The amount of variation expressed by Z for different
values of the linear correlation coefficient r is summarized in Table 5.3. When
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TABLE 5.3

Percentage of Variation Expressed by Z
for Various r

r Variation Expressed by Z
0.9 95%
0.7 85%
0.5 75%
0.0 50%

the two ratings X and Y are highly correlated, the score function retains a
very high percentage of variation. When the correlation is moderate, say 0.7,
the score function can still retain 85 percent of the variation of the data. As
can be seen from Table 5.3, the score function proposed in this section is
simple and easy to use. It reduces a two-dimensional problem to a univariate
problem. It uses the information from both ratings and gives a better power
for statistical tests.

Suppose the instrument is assessed before drug therapy (at baseline) and
at the end of the therapy (endpoint) by the Chinese doctor and the Western
clinician. The hypothesis of interest is one of no drug effect. Denote the end-
point change from baseline in the Chinese doctor’s rating by X and that of
the Western clinician’s rating by Y. When X and Y are analyzed separately,
the probabilities of all possible conclusions are summarized in Table 5.4. As
can be seen from Table 5.4, the probability of observing inconsistent conclu-
sion is given by P = P, + Py ,. For a particular case, when X and Y are bivari-
ate normal with linear correlation coefficient p, the probabilities of observing
inconsistent conclusions can be calculated and are presented in Table 5.5.
Analysis of treatment effect can be done on the score function Z to avoid the
potential problem of inconsistent results that may occur when the ratings are
analyzed separately.

TABLE 5.4

Probabilities of All Possible Conclusions
Accepted H, Reject H

X Pra Prr

Y PAA PAR
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TABLE 5.5

Probability of Inconsistent Conclusions
P P =P, + Py,
-0.9 0.0407
-0.8 0.0561
-0.7 0.0669
-0.6 0.0751
-0.5 0.0815
-0.4 0.0865
-0.3 0.0902
-0.2 0.0929
-0.1 0.0945
-0.0 0.0950
0.1 0.0945
0.2 0.0929
0.3 0.0902
0.4 0.0865
0.5 0.0815
0.6 0.0751
0.7 0.0669
0.8 0.0561
0.9 0.0407

Note: X and Y are bivariate normal with
correlation p.

5.8 Concluding Remarks

The modernization of TCMs is to convert the experience-based TCMs into
evidence-based TCMs by scientifically documenting the experience of
clinical practice of TCMs which include diagnosis of the disease under
study, individualized treatment of the diagnosed disease, and evaluation
of the prescribed TCM. In practice, it has been criticized that the diag-
nosis of a given disease using the four Chinese diagnostic techniques,
individualized treatment of the diagnosed disease, and the evaluation of
the prescribed TCMs are subjective rather than objective. Besides, large
within-rater (e.g., the Chinese doctor or Western clinician) and between-
rater (i.e., between Chinese doctors or between Western clinicians) vari-
abilities are expected. As a result, the collected data may be biased and not
reliable. Consequently, the treatment effect cannot be assessed accurately
and reliably.
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As discussed earlier, the QOL-like instrument is a useful tool for evalua-
tion of herbal medicines if one can identify, eliminate/avoid, or control the
within-rater and between-rater variabilities. For this purpose, a pilot study is
necessarily conducted to train the raters who participate in the study using
the developed instrument.

Kondoh et al. (2005) suggested the use of a modified dermatology life
quality index (DLQ)) for evaluation of herbal medicines. The resultant DLQI
instrument has been shown to be a useful tool for evaluating the efficacy
of herbal medicines in patients with skin diseases. However, it is suggested
that the contents of the original questions be reconsidered in order to reduce
within-rater and between-rater variabilities for improving accuracy and reli-
ability of the estimated treatment effect. Further studies with larger samples
are required to fully establish both the applicability and reliability of the
DLQI for evaluation of the herbal medications in patients with skin diseases.
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Factor Analysis and Principal
Component Analysis

6.1 Introduction

As indicated earlier, most Western medicines contain single active ingredi-
ents for treating patients with the specific disease (e.g., cancer) under study.
Statistical methods for clinical evaluation of the active ingredient in terms
of some well-defined study endpoints (e.g., response rate, time to disease
progression, and median survival time) are well established. Unlike Western
medicines, most traditional Chinese medicines (TCMs) often consist of mul-
tiple components (active and inactive). Thus, standard methods for clinical
evaluation of Western medicines cannot be applied directly to evaluate the
safety and efficacy of TCMs. In practice, TCMs can be viewed as combina-
tional drug products with known or unknown ratio of combination of the
multiple components. In practice, it is difficult to evaluate the safety and effi-
cacy of traditional Chinese medicine due the following reasons that (1) there
is a large number of components (e.g., say up to 12-15), (2) some individual
components cannot be characterized, (3) it is not clear which components
are active and which components are inactive, (4) the relationships among
these components are unknown, and (5) the ratio of the combination is often
unknown.

For drug products with multiple components, intuitively, under certain
assumptions, one may consider a multivariate analysis for evaluation of the
safety and efficacy of TCMs. However, the analysis results may be biased and
hence misleading due to the obstacles described above. In practice, because
the pharmacological activities of individual components are often unknown,
it is suggested dividing the components into two groups: one is the group of
primary active components and the other one is the group of secondary (or
less) active components. For this purpose, factor analysis and principal com-
ponent analysis for dividing all of the variables into two groups of variables
(primary and secondary) are helpful.

Factor analysis is a statistical approach that is often used to analyze large
number of interrelated variables and to categorize these variables using their
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common aspects. The approach involves finding a way of representing cor-
related variables together to form a new smaller set of derived variables with
minimum loss of information. In other words, factor analysis is a method
used to describe variability among observed, correlated variables in terms
of a potentially lower number of unobserved variables, which are referred
to as factors. In practice, if it is possible, factor analysis is to identify three or
four factors that can reflect the variations of the large number of interrelated
variables. Factor analysis is a correlational technique to determine mean-
ingful clusters of shared variance, which finds relationships or natural con-
nections where minimally correlated with other variables, and then groups
the variables accordingly. Thus, factor analysis is sometimes referred to as a
collection of statistical methods for reducing correlational data into a smaller
number of dimensions or factors.

There are two main types of factor analysis, namely, principal component
analysis and common factor analysis. Principal component analysis pro-
vides a unique solution so that the original data can be reconstructed from
the results. Thus, this method not only provides a solution but also works
the other way around, ie., provides data from the solution. The solution
generated includes as many factors as there are variables. Common factor
analysis—this technique uses an estimate of common difference or variance
among the original variables to generate the solution. Owing to this, the
number of factors will always be less than the number of original factors. So,
factor analysis actually refers to common factor analysis. Factor analysis is
related to principal component analysis (PCA), but the two are not identical.
Latent variable models, including factor analysis, use regression modeling
techniques to test hypotheses producing error terms, while PCA is a descrip-
tive statistical technique. There has been significant controversy in the field
over the equivalence or otherwise of the two techniques (see exploratory fac-
tor analysis versus principal components analysis).

In Section 6.2, factor analysis is briefly outlined, while principal compo-
nent analysis is introduced in Section 6.3. An example is given in Section 6.4
to illustrate the use of factor analysis and principal component analysis for
evaluation of drug products with multiple components. Section 6.5 provides
some concluding remarks.

6.2 Factor Analysis

Factor analysis is a commonly employed statistical method in multivariate
analysis. The goal of factor analysis is data reduction of multiple measure-
ments into a smaller number of factors that are not directly observable (latent
outcomes). In practice, the factors are derived by decomposing the covari-
ance or correlation matrix of the observed data. The development of factor
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analysis can be traced back to early 1900 when researchers sought to mea-
sure intelligence (Spearman 1904). Factor analysis has become very popular
especially in the social sciences and health research such as quality assess-
ment (see, e.g.,, Bartholomew 1981; Gould 1981; Everitt 1984; Sammel and
Ryan 1996, 2002; Laden et al. 2000; Henley et al. 2004).

There are two approaches to the implementation of factor analysis namely
exploratory and confirmatory. The goal of the exploratory approach is to
identify the latent structure that is data driven, while confirmatory factor
analysis begins with a proposed structure or model and then evaluates the
structure or model by performing goodness-of-fit to the observed data. For
introductory purposes, we will focus on the exploratory approach for factor
analysis.

6.2.1 Statistical Model

The purpose of factor analysis is to partition the covariance matrix of the data
into two components, one is common to all the variables and the other one
is to each variable. Let X = (x,,..., x,)’ be a p-variate random vector with mean
= (iy,--., i)’ and covariance matrix )’ = [5,],,,. The vector X is assumed to
be linearly dependent on a set of m random, unobserved common factors
f=(fu- f)- Also, let € = (gy,..., &,) be residual or specific factors. Assume
that E(f) =0, Cou(f) =1, E(e) = 0, Cov(e) =¥ = diag(‘¥s,..., ¥,), and Cov(f, €) = 0.
Thus, we have

X-p=Lf+eg

where L = [[;],.,, is a matrix of loadings or regression weights. Thus, the covari-

ance matrix is given by
> =LL+Y,

where
m
Ci= ) BAW =h+¥,
i=1

Note that /7 is known as the ith communality that explains the variance
associated with the ith variable, while ¥, is called the unique or specific vari-
ance. The above model can be generalized to the case where the common
factors are intercorrelated by assuming that Cov( f) = ® rather than Cov(f) =
I (in this case, the factors are orthogonal to one another).

6.2.2 Parameter Estimation

Let xy,..., x,, be a sample of size nn observations of random vector X. The factors
and loadings can be derived from the sample variance/covariance matrix S,
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which is an estimate of the true variance/covariance matrix ) . Because the
solution may not be unique, initial solutions are often obtained by impos-
ing further constraints. The most commonly used methods for obtaining the
initial solution are the methods of principal component, principal factor, and
maximum likelihood. The solution is usually rotated for an easy interpre-
tation of the data. The most commonly considered method for rotation is
probably the varimax rotation proposed by Kaiser (1958, 1959), which selects
the orthogonal matrix T that maximizes the sum of variances of the squared
loadings of each factor.

As indicated by Sammel et al. (2010), other useful orthogonal rotations
including the quarimax and equamax rotations can also be used. As indi-
cated earlier, in many cases, Cov(f) = ® # L. In other words, the factors are
not orthogonal to one another. In this case, we may consider rotating the
oblique factors again to achieve the orthogonality using the method of pro-
max rotation proposed by Hendrickson and White (1964) as follows. Let

QQ = [qij]pxnl

be structured such that

I

r-1
it

T = |5
where r > 1is the power of the rotation. In this case, oblique factors have been

demonstrated to replicate better than orthogonal solutions (see, e.g., Coste et
al. 1995).

6.2.3 Number of Factors

As indicated earlier, TCMs often consists of a large number of components
or variables. The goal of factor analysis is to reduce the number of variables.
Thus, one of the key questions is how many factors to include in the model,
as different m’s will lead to different solutions and interpretations. Parameter
estimation is conditional on a pre-specified number of factors. Statistically,
when the population is normally distributed, a likelihood ratio test can be
used to test the adequacy of the choice of the number of factors (Bartlett 1954).
However, this test may lead to selecting an m such that the final factor(s) is
significant with no additional value or insight into the data.

For selection of the number of factors, although several methods such as
using (1) factors with unrotated eigenvalues greater than one, (2) factors that
account for approximately 70 to 80 percent of the original variation in the
data, and (3) factors with large values on a scree plot of the sample eigenvalues
of S — ¥ are available, there is no one method giving the correct answer. Thus,
in practice, trying a few values of m is recommended, with the final choice
being driven by the subject matter and the interpretability of the solution.
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6.2.4 An Example

For illustration purposes, consider the example concerning data collected
from the Interstitial Cystitis Database (ICDB) study where the measured
variables are mixed types of normal, binary, and ordinal (Sammel et al.
2010). As indicated by Simon et al. (1997), interstitial cystitis (IC) is a chronic
syndrome characterized by urinary frequency, urgency, and/or pain in the
absence of any identifiable cause. The ICDB cohort study was to follow the
natural history of IC in treated patients. One of the goals of the study was
to investigate the association of IC symptoms with pathologic bladder fea-
tures. An instrument with 39 items was designed to capture a wide range
of potential processes affecting the development of IC-related symptoms
(Tomaszewski et al. 2001).

Sammel et al. (2010) selected a subset of 24 items that had a low percentage
of missing data and at least some variability among responses to analyze the
correlation among biopsy features for identifying some of the biologic pro-
cesses contributing to IC and the key features affected by these processes. The
data set contains one continuous variable, 16 binary variables, and 7 ordinal
variables constitute these items. Of the 211 subjects who underwent bladder
biopsy, 203 had complete data for the selected items and were included in
these analyses. Two factor analyses were performed. The first assumes that
all of the variables are normally distributed, while the second accounts for the
fact that the distributions are of different types. Estimation of model param-
eters was done using the method of ordinary unweighted least squares. The
method of scree plots was used to determine the number of factors. In both
analyses, a three-factor model was suggested because the slope of the plot
was steepest through the third factor (see Figures 6.1 and 6.2).

Factor loadings and groupings of the variables based on their factor load-
ings are given in Table 6.1 (under normality assumption) and Table 6.2
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FIGURE 6.1

Scree plot of eigenvalues (assuming all observed variables are normally distributed). (From
Sammel, M.D. et al.,, Factor analysis. In Encyclopedia of Biopharmaceutical Statistics, 3rd Edition,
Ed. Chow, S.C., Taylor & Francis, New York, 2010.)
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Eigenvalue
H O = N W s o N

— o —

Component number

FIGURE 6.2

Scree plot of eigenvalues (assuming mixed outcome types of continuous, binary, and ordered
categorical). (From Sammel, M.D. et al,, Factor analysis. In Encyclopedia of Biopharmaceutical
Statistics, 3rd Edition, Ed. Chow, S.C., Taylor & Francis, New York, 2010.)

(under distribution assumptions of different data types). The largest factor
loading in absolute value for each variable has been marked in boldface,
indicating the factor to which that variable is most strongly related. As can
be seen in Tables 6.1 and 6.2, factor 2 is clearly defined in both analyses
and is related to items 9a, 9b, 11, 22, and 25, which record the amount of
urothelium lost and the capacity for urothelial regeneration. The remaining
items are related most strongly to factors 1 and 3, although the grouping
of the variables differs somewhat between the two analyses. These factors
represent the role of mastocytosis and cellular inflammation in the devel-
opment of IC. Factor loadings obtained under normality assumption are
smaller than those obtained under distribution assumptions of different
data types, while the correlations among the factors are larger (see Table
6.3). This leads to less certainty about variable groupings and less clearly
defined factors.

Most standard statistical software packages such as SAS, S-PLUS, and SPSS
have functions or procedures for performing factor analysis. All packages
have the most popular methods for initial estimation and rotations. Each
package also has a variety of other techniques available. Estimation of the
unobservable factors is often a goal and can be produced by these software
packages (see, e.g., Johnson and Wichern 1992).

6.3 Principal Component Analysis

Principal component analysis is a multivariate technique that analyzes a
data table in which observations are described by several intercorrelated
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TABLE 6.1

Factor Loadings under the Assumption that All Observed Variables Are Normally
Distributed

Variable (Codes) Factor 1 Factor 2 Factor 3
5: Mast cell counts 0.15 -0.07 0.24
9a: Urothelium completely denuded 0.10 0.98 0.11
9b: Urothelial discontinuities -0.10 -0.93 -0.11
10: Granulation tissue lamina propria 0.76 0.07 -0.07
11: Percent of mucosa denuded of 0.22 0.68 -0.07
urothelium
12: Submucosal hemorrhage -0.09 0.16 0.92
13a: Submucosal hemorrhage aggregated -0.07 0.01 0.70
13d: Submucosal hemorrhage diffuse -0.09 0.07 0.60
14: Percentage of submucosa with 0.86 0.15 -0.01
granulation tissue
16b: Eosinophilia in lamina propria 0.15 0.06 0.14
17: Mononuclear endothelitis 0.55 0.07 -0.21
18: Transmural mononuclear vasculitis 0.47 -0.13 -0.21
20: Mucosal edema 0.12 -0.09 0.12
22: Reactive urothelial change 0.18 -0.35 -0.03
23: Urothelial hyperplasia -0.10 -0.08 0.04
25: Urothelial hematopoietic cells 0.10 -0.32 0.24
26: Lamina propria hematopoietic cells 0.56 -0.08 0.27
27a: Lamina propria infiltrate aggregated 0.64 0.08 -0.02
27d: Lamina propria infiltrate diffuse 0.23 -0.17 0.28
30: Lamina propria collage dense -0.06 0.03 0.11
32: Percentage of lamina propria with nerves 0.41 -0.02 0.15
34: Percentage of lamina propria with S100 0.12 -0.07 0.00
positive mononuclear cells
36: Percentage of lamina propria with 0.25 0.06 0.26
vessels
37: Vessels in lamina propria clustered 0.13 -0.06 0.26

Source: Sammel, M.D. et al., Factor analysis. In Encyclopedia of Biopharmaceutical Statistics, 3rd
Edition, Ed. Chow, S.C., Taylor & Francis, New York, 2010.

quantitative dependent variables. Principal component analysis is related
to factor analysis described in the previous section, but the two are not
identical. As indicated by Abdi and Williams (2010), the goals of principal
component analysis are multifold. First, it is to extract the most important
information from the data table. Second, it is to compress the size of the data
set by keeping only this important information. Third, it is to simplify the
description of the data set. Finally, it is to analyze the structure of the obser-
vations and the variables.
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TABLE 6.2

Factor Loadings under the Assumption of Mixed Outcome Types (Continuous,
Binary, and Ordered Categorical)

Variable Code Factor 1 Factor 2 Factor 3
5: Mast cell counts (continuous) 0.28 -0.16 -0.03
9a: Urothelium completely denuded (0,1) 0.33 1.04 -0.10
9b: Urothelial discontinuities (0,1) -0.30 -0.90 0.12
10: Granulation tissue lamina propria (0,1) 0.84 0.30 0.05
11: Percent of mucosa denuded of urothelium (0-4) 0.38 0.88 0.07
12: Submucosal hemorrhage (0-3) 0.47 -0.29 0.17
13a: Submucosal hemorrhage aggregated (0,1) 0.42 -0.34 0.26
13d: Submucosal hemorrhage diffuse (0,1) 0.38 -0.28 0.17
14: Percentage of submucosa with granulation 1.04 0.39 0.20
tissue (0-3)
16b: Eosinophilia in lamina propria (0,1) 0.55 -0.01 -0.41
17: Mononuclear endothelitis (0,1) 0.77 0.44 -0.58
18: Transmural mononuclear vasculitis (0,1) 0.62 0.11 -0.74
20: Mucosal edema (0,1) 0.48 -0.04 0.75
22: Reactive urothelial change (0,1) 0.14 -0.47 -0.08
23: Urothelial hyperplasia (0,1) -0.09 -0.18 -0.37
25: Urothelial hematopoietic cells (0-3) 0.13 -0.83 -0.12
26: Lamina propria hematopoietic cells (0-3) 0.76 -0.23 -0.32
27a: Lamina propria infiltrate aggregated (0,1) 0.77 0.20 -0.22
27d: Lamina propria infiltrate diffuse (0,1) 0.39 -0.44 0.01
30: Lamina propria collage dense (0,1) 0.04 0.03 0.43
32: Percentage of lamina propria with nerves (0-3) 0.57 -0.03 -0.09
34: Percentage of lamina propria with 5100 positive 0.27 -0.15 -0.65
mononuclear cells (0,1)
36: Percentage of lamina propria with vessels (0-2) 0.56 0.05 0.05
37: Vessels in lamina propria clustered (0,1) 0.33 -0.19 0.03

Source: Sammel, M.D. et al., Factor analysis. In Encyclopedia of Biopharmaceutical Statistics, 3rd
Edition, Ed. Chow, S.C., Taylor & Francis, New York, 2010.

TABLE 6.3
Correlations among the Factors for Analyses 1 and 2
Analysis 1 Analysis 2
Factor 1 Factor 2 Factor 1 Factor 2
Factor 2 0.021 -0.211
Factor 3 0.383 -0.331 -0.030 -0.142

Source: Sammel, M.D. et al., Factor analysis. In Encyclopedia of Biopharmaceutical
Statistics, 3rd Edition, Ed. Chow, S.C., Taylor & Francis, New York, 2010.
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6.3.1 Singular Value Decomposition

Let X = [x;],,; be the data table to be analyzed, where x;; is the ith observation
from the jth variable, where i =1,... I and j = 1,...,J. Also, let L be the rank of
the matrix X. Then, we have L < min ({, ]). In practice, the data table X is usu-
ally pre-processed such that the columns of X will be centered and the mean
of each column is equal to 0 (i.e, X'1 = 0, where 0 is a ] by 1 vector of zeros
and 1is an I by 1 vector of ones). Furthermore, if each element of X is divided

by \ﬁ (or VI—1), then X’X become the covariance matrix. In this case, the
analysis is usually referred to as a covariance principal component analysis.
If each variable is standardized, the analysis is called a correlation principal
component analysis because the matrix X'X has become a correlation matrix.

As indicated by Takane (2002) and Abdi (2007a,b), the matrix X has the
singular value decomposition (SVD), which is a generalization of the eigen-
decomposition. The SVD decomposes a rectangular matrix into three simple
matrices: two orthogonal matrices and one diagonal matrix. In other words,
if A is a rectangular matrix, its SVD gives

A =PAQ,

where P is the (normalized) eigenvectors of the matrix AA" (i.e, P'P =), Q
is the (normalized) eigenvectors of the matrix A'A (i.e, Q'Q =I), and A is the
diagonal matrix of the singular values, A = A2 with A being the diagonal
matrix of the eigenvalues of matrix AA’ and of the matrix A’A (as they are the
same). Note that the columns of P are called the left singular vectors of A,
while the columns of Q are called the right singular vectors of A. The SVD is
a straightforward consequence of the eigendecomposition of positive semi-
definite matrices (see also Abdi and Williams 2010). Thus, we have

X = PAQ),

where P is the I x L matrix of left singular vectors, Q is the | x L matrix
of right singular vectors, and A is the diagonal matrix of singular values.
Note that A? is equal to A which is the diagonal matrix of the (nonzero)
eigenvalues of X'X and XX".

6.3.2 Principal Components

In general, principal component analysis computes new variables called prin-
cipal components, which are obtained as linear combinations of the original
variables. The first principal component is required to have the largest pos-
sible variance (i.e., this component will explain the largest part of the inertia
of the data table). The second component is computed under the constraint
of being orthogonal to the first component and to have the largest possible
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inertia. The other components can be similarly computed. The values of
these new variables for the observations are called factor scores, and these
factor scores can be interpreted geometrically as the projections of the obser-
vations onto the principal components. In principal component analysis, the
components are obtained from the SVD of the data table X. Specifically, with
X = PAQ), the I x L matrix of factor scores, denoted by F, can be obtained as

F = PA.

The matrix Q gives the coefficients of the linear combinations used to com-
pute the factor scores. This matrix can also be interpreted as a projection
matrix because multiplying X by Q gives the values of the projections of the
observations on the principal components. This can be shown as

F=PA = PAQ'Q = XQ.

The above expression shows that matrix Q is a projection matrix that trans-
forms the original data matrix into factor scores. This matrix can be used to
compute factor scores for observations that were not included in the princi-
pal component analysis. Note that the matrix X can also be interpreted as the
product of the factor score matrix by the loading matrix as

X =FQ’

with FFF=A?and Q'Q=1

6.3.3 Interpretation of Principal Components

The importance of a component is reflected by its inertia or by the proportion
of the total inertia explained by this factor. In principal component analysis,
the eigenvalue associated with a component is equal to the sum of the squared
factor scores for this component. Therefore, the importance of an observation
for a component can be obtained by the ratio of the squared factor score of
this observation to the eigenvalue associated with that component. This ratio
is called the contribution of the observation to the component.

Denote the contribution of observation i to component [ by C;;, which can
be obtained as
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where 1, is the eigenvalue of the /th component. For a given component, the
value of a contribution is between 0 and 1 and the sum of the contributions
of all observations is equal to 1. The larger the value of the contribution, the
more the observation contributes to the component. In practice, it is help-
ful in interpreting the contribution of a given component by comparing its
contribution with the average contribution (i.e., 1/I). The observations with
high contributions and different signs can then be opposed to help interpret
the component because these observations represent the two endpoints of
this component. The factor scores of the supplementary observations are not
used to compute the eigenvalues, and therefore their contributions are gen-
erally not computed.

Note that the squared cosine shows the importance of a cosine indicates
the contribution of a component to the squared distance of the observation
to the origin. It corresponds to the square of the cosine of the angle from the
right triangle made with the origin, the observation, and its projection on the
component and is computed as (see, e.g., Abdi and Williams 2010):

i fa
- 7
£ dig

1

2 _
Cos;; =

where dig is the squared distance of a given observation to the origin. The
squared distance, d; . can be computed as the sum of the squared values of all
the factor scores of this observation. Components with a large value of Cos,
contribute a relatively large portion to the total distance, and therefore these
components are important for that observation. The value of Cos?, can help
find the components that are important to interpret both active and supple-
mentary observations.

In principal component analysis, the correlation (i.e., loading) between a
component and a variable estimates the information they share. The sum of
the squared coefficients of correlation between a variable and all the compo-
nents is equal to 1. Consequently, the squared loadings are easier to interpret
than the loadings (because the squared loadings give the proportion of the
variance of the variables explained by the components). Note that, in general,
different meanings of loadings lead to equivalent interpretations of the com-
ponents. This happens because the different types of loadings differ mostly
by their type of normalization. In practice, the variables are often plotted
as points in the component space using their loadings as coordinates. This
representation differs from the plot of the observations: The observations are
represented by their projections, but the variables are represented by their
correlations. Note that the sum of the squared loadings for a variable is equal
to 1. As aresult, when the data are perfectly represented by only two compo-
nents, the sum of the squared loadings is equal to 1.
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6.4 Application of QOL in Hypertensive Patients
6.4.1 Background

QOL is typically assessed by a QOL instrument, which consists of a number of
questions (or items). To collect information on various aspects of QOL, a QOL
instrument with a large number of questions is found necessary and help-
ful. For a simple analysis and easy interpretation, these questions or items are
often grouped to form subscales, composite scores, or overall QOL. The items
(or subscales) in each subscale (or composite score) are correlated. As a result,
the structure of responses to a QOL instrument is multidimensional, complex
and correlated. In addition, the following questions are of particular concern
when subscales and /or composite scores are to be analyzed for the assessment
of QOL. First, how many subscales or composite scores should be formed?
Second, which items (subscales) should be grouped in each subscale (composite
score)? Third, what are the appropriate weights for obtaining subscales (com-
posite scores)? These questions are important because the components and/or
domains of QOL may vary from drug therapy to drug therapy. For example,
for the assessment of the effect of antihypertensive treatment on QOL, it may
be of interest to quantify the patient’s QOL in terms of the following QOL com-
ponents: physical state, emotional state, performance of social roles, intellectual
function, and life satisfaction (Testa 1987; Hollenberg et al. 1991). For treatment
of breast cancer, four aspects of QOL, namely, mobility, side effects, pain, and
psychological stress are usually considered (Zwinderman 1990). Olschewski
and Schumacher (1990) proposed to use the standardized scoring coefficients
from factor analysis as a criterion for selecting subscales for grouping of com-
posite scores. The idea is to drop those subscales with small coefficients. This
method of grouping is attractive because it is a selection procedure based on
data-oriented weights. However, this methods suffers the drawbacks that
(1) the factorization of the correlation matrix is not unique, (2) the standard-
ization scoring coefficients used in combining subscales vary across different
rotations of the factor system, (3) each composite score is a linear combination
of all the subscales (unless some subscales with small coefficients are dropped),
and (4) the resulting composite score does not have optimal properties. To over-
come these drawbacks, Ki and Chow (1995) proposed an objective method for
grouping subscales. The idea is to apply principal component analysis and fac-
tor analysis to determine (1) an appropriate number of composite scores, (2) the
subscales to be grouped in each composite score, and (3) optimal weights for
forming a composite score with each group.

6.4.2 Development of QOL Instrument

To illustrate the method of grouping described above, consider the study
published by Testa et al. (1993). A QOL instrument was administered to
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TABLE 6.4
QOL Subscales
Subscale QOL Component No. of Items
1 GHS: General health status 3
2 VIT: Vitality 4
3 SLP: Sleep 4
4 EMO: Emotional ties 2
5 GPA: General positive affect 12
6 LIF: Life satisfaction 1
7 ANX: Anxiety 11
8 BEC: Behavioral /emotional control 3
9 DEP: Depression 10
10 SEX: Sexual functioning 5
11 WRX: Work well-being 11
TABLE 6.5
QOL Composite Scores
Composite Score QOL Dimension Subscales
1(PSD) Psychological distress 7,8,9
1I (GPH) General perceived health 1,2,3
1T (PWB) Psychological well-being 4,5,6

341 hypertensive patients before drug therapy. The instrument consists of
11 subscales as given in Table 6.4. Table 6.5 lists the three composite scores,
which are established by psychologists and health experts, used by Testa et
al. (1993). The sample covariance matrix and the correlation matrix of these
11 subscales are given in Tables 6.6 and 6.7, respectively. It is desirable to com-
bine some subscales for simple analysis and easy interpretation. An overall
QOL score combining the information of all subscales may be used to give a
general summary of the results.

6.4.2.1 Principal Component Analysis

A principal component analysis was performed on the data. The coefficient
of the principal components and the percentage of variation explained by
each principal component are given in Table 6.8. It can be seen from Table
6.8 that three components could retain 80 percent of the total variation of the
data. Most variation of the data could be captured by a three-dimensional
space without much loss of information. If a one-dimensional summary
score were used, the first principal component would give optimal weights
for combining the subscales. The weights were close to the usual uniform
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TABLE 6.6

Covariance Matrix of the 11 QOL Subscales

Subscale GHS VIT SLP EMO GPA LIF ANX BEC DEP SEX WRX
GHS 7133

VIT 3790 6272

SLP 3338 5205 8667

EMO 2744 3736 3503 13,333

GPA 2801 4299 4169 6340 6566

LIF 2201 2843 2415 3976 3672 5025

ANX 2865 3615 3972 3828 4360 2418 5698

BEC 1877 2397 2544 3334 3140 1931 3032 2608

DEP 2767 3558 3551 4512 4370 2755 4198 2931 5031

SEX 1364 2063 1231 1208 1148 1046 675 664 1190 23,379

WRX 2727 3777 3469 2949 3530 2592 2751 2006 2949 966 3875

474"
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TABLE 6.7

Correlation Matrix of the 11 QOL Subscales

Subscale GHS VIT SLP EMO GPA LIF ANX BEC DEP SEX WRX
GHS 1.00*

VIT 0.57* 1.00*

SLP 0.42 0.71* 1.00*

EMO 0.28 0.41 0.33 1.00*

GPA 0.41 0.67* 0.55* 0.68* 1.00*

LIF 0.37 0.51* 0.37 0.49 0.64* 1.00*

ANX 0.45 0.60* 0.57* 0.44 0.71* 0.45 1.00*

BEC 0.44 0.59* 0.54* 0.57* 0.76* 0.53* 0.79* 1.00*

DEP 0.46 0.63* 0.54* 0.55* 0.76* 0.55* 0.78* 0.81* 1.00*

SEX 0.11 0.17 0.09 0.07 0.09 0.10 0.06 0.09 0.11 1.00*

WRX 0.52* 0.77* 0.60* 0.41 0.70* 0.59* 0.59* 0.63* 0.67* 0.10 1.00*

* Significance at 5% level.
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TABLE 6.8
Principal Component Analysis on the Covariance Matrix of 11
Subscales
Total Variance = 87,587

Principal Characteristic Proportion of Cumulative
Component Root Variance Explained Proportion
1st 38558.2 0.440227 0.44023
2nd 22565.1 0.257630 0.69786
3rd 9064.0 0.103486 0.80134
4th 3954.2 0.052414 0.85376
11th 573.1 0.006544 1.00000

st 2nd 3rd
GHS 0.259955 -0.036307 0.312788
VIT 0.329832 -0.034736 0.277338
SLP 0.337983 -0.078279 0.416114
EMO 0.420902 -0.132316 -0.770326
GPA 0.361128 -0.100137 -0.109206
LIF 0.243912 -0.053006 -0.073678
ANX 0.298467 —-0.094213 0.119421
BEC 0.211205 -0.058717 -0.006907
DEP 0.302104 -0.071833 0.016791
SEX 0.235259 0.969770 -0.043750
WRX 0.249063 -0.055368 0.157592

weights. Thus, for simplicity, a simple average of the subscales might be used
to summarize the information.

6.4.2.2 Factor Analysis

Because principal component analysis suggested that the variation of the
data could be appropriately explained by a three-dimensional space, a fac-
tor analysis model with three common factors is an appropriate statistical
model for explaining the correlation matrix given in Table 6.7. All subscales
are highly correlated with one another except for sexual functioning. The
initial factor pattern and the partial correlation matrix controlling for the
three common factors are summarized in Tables 6.9 and 6.10, respectively.
The partial correlations between the subscales controlling for the factors
were very small, which indicated that three common factors could reason-
ably explain the correlations among the subscales. The initial factor loading
patterns given in Table 6.9, however, were hard to interpret. All subscales
except Sexual functioning (SEX) had heavy positive loadings on factor 1, and
a mix of positive and negative loading for factors 2 and 3. The loadings of all
three common factors for SEX were very small. This is because the correlation

© 2016 by Taylor & Francis Group, LLC



Factor Analysis and Principal Component Analysis 147

TABLE 6.9

Initial Factor Pattern

Factor Pattern Loading

Factor 1 Factor 2 Factor 3
GPA 0.88* -0.20 0.14
DEP 0.86* -0.15 -0.14
BEC 0.85* -0.21 -0.17
VIT 0.81* 0.36 0.06
WRK 0.81* 0.22 0.12
ANX 0.81* -0.09 -0.31
SLP 0.68* 0.28 -0.09
LIF 0.65* -0.09 0.26
EMO 0.62* -0.32 0.21
GHS 0.57* 0.24 0.00
SEX 0.13 0.09 0.07

* Significance at 5%.

between SEX and other subscales was low. Therefore, a rotation was neces-
sary to produce a more easily understood factor pattern. The resulting factor
pattern of a varimax rotation is given in Table 6.11. Note that varimax rota-
tion is an orthogonal rotation of the factor axes to maximize the variance
of the squared loadings of a factor (column) on all the variables (rows) in a
factor matrix, which has the effect of differentiating the original variables by
extracted factor. Each factor will tend to have either large or small loadings
of any particular variable. The rotated factor patterns given in Table 6.11 sug-
gested that subscales Anxiety (ANX), Behavior/emotional control (BEC), and
Depression (DEP) could be grouped together as a composite score, which
is referred to as Psychological Distress (PSD); the subscales Vitality (VIT),
Work well-being (WRK), Sleep (SLP), and General health status (GHS) are
grouped to form the composite of General Perceived Health (GPH), and the
subscales Emotional ties (EMO), General positive affect (GPA), and Life satis-
faction (LIF) could be grouped together as a composite score as Psychological
Well-Being (PWB). Each subscale is grouped under the factor with which it
has highest correlation. The subscale SEX, however, could be left as a single
scale because it was not highly related to any factor.

6.4.3 Analysis Results

Principal component analysis was then performed on each group of sub-
scales to determine the optimal weights for forming a composite score which
can retain as much information as possible. The results of principal com-
ponent analyses are summarized in Table 6.11. The weights for combining
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TABLE 6.10

Partial Correlations between Subscales Controlling for the Three Factors

Subscale GHS VIT SLP EMO GPA LIF ANX BEC DEP SEX WRX
GHS 1.00*

VIT 0.06 1.00%

SLP -0.05 0.18 1.00*

EMO 0.02 0.03 0.03 1.00*

GPA -0.13 0.08 0.07 0.15 1.00*

LIF 0.03 -0.04 -0.07 0.00 0.04 1.00*

ANX 0.03 -0.01 0.03 -0.07 0.11 -0.02 1.00*

BEC 0.01 -0.07 0.00 0.04 -0.04 0.01 0.11 1.00*

DEP 0.03 -0.03 -0.07 0.00 -0.06 0.02 0.10 0.09 1.00*

SEX 0.02 0.07 -0.03 0.00 -0.03 0.00 -0.03 0.02 0.05 1.00*

WRX 0.01 0.07 -0.03 -0.12 0.06 0.12 -0.06 0.03 0.07 -0.06 1.00*

* Significance at 5% level.
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TABLE 6.11

Results of Varimax Rotation on the Factor Loadings

Orthogonal Transformation Matrix R

1 2 3
0.61335 0.56975 0.54697
-0.16670 0.77032 -0.61548
3 -0.77202 0.28632 0.56746
Rotated Factor Pattern Loadings
Factor 1 Factor 2 Factor 3
ANX 0.76 A 0.30 0.32
BEC 0.69 A 0.28 0.50
DEP 0.67 A 0.33 0.48
VIT 0.39 0.76 B 0.26
WRX 0.37 0.67B 0.38
SLP 0.44 0.58 B 0.16
GHS 0.31 0.50B 0.17
SEX 0.01 0.16 0.06
GPA 0.47 0.39 0.68 C
EMO 0.27 0.16 0.66 C
LIF 0.22 0.38 0.56 C

Note: A = psychological distress (PSD); B = general perceived health (GPH);
C = psychological well-being (PWB).

subscales in the first principal component were standardized such that the
sum of weights equals unity, and the composite scores were

PSD = 0.39 (ANX) + 0.25 (BEC) + 0.36 (DEP)
GPH = 0.27 (VIT) + 0.19 (WRK) + 0.30 (SLP) + 0.23 (GHS)
PWB = 0.48 (EMO) + 0.31 (GPA) + 0.21 (LIF).

These three composite scores explained about 76 percent of the total varia-
tion of the 10 subscales (excluding SEX). The results based on the analysis of
these composite scores provide an easy interpretation compared to that from
the analysis of the original subscales. These composite scores are similar to
those used by Testa et al. (1993). The above analysis provided an objective
justification of the use of composite scores, which were developed by psy-
chologists, in the study population.

6.5 Concluding Remarks

Common factor analysis and principal component analysis have a common
goal of reducing a set of p observed variables to a set of m new variables
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(m < p). The reduction of observed variables has two purposes. First, the
pattern matrix can be interpreted to describe the relationship between the
original variables and the new variables. Second, scores for the m new vari-
ables can be used to replace the original observed scores and these scores are
intended for subsequent analysis. Because common factor analysis and prin-
cipal component analysis are two broad classes of procedures that share a
common goal and many important mathematical characteristics, it is obvious
which analysis should be used in practice. Velicer and Jackson (1990) studied
some algebraic similarities and differences at the sample level between the
two methods. Specifically, the issue regarding the number of components
(factors) should be retained is discussed. As indicated by Velicer and Jackson
(1990), if factor analysis is the procedure of choice, at least one of the follow-
ing situations is assumed to exist: (1) the number of factors is known a priori,
(2) the asymptotic chi-square statistic will accurately determine how many
factors to retain, or (3) the problem is trivial and of no interest. For determi-
nation of the number of factors, the most widely employed criterion is the
so-called Kaiser’s criterion, i.e., eigenvalue greater than unity rule (Kaiser
1960), which has been criticized for retaining too many factors. Typically, the
number of factors retained equals one third of the number of original vari-
ables as determined by the Kaiser rule. Dziuban and Harris (1973) indicated
that the number of factors may be related to the conflict over the similarity-
dissimilarity of common factor analysis and principal component analysis
solutions.

Common factor analysis and/or principal component analysis are useful
methods for multivariate analysis such as quality of life assessment in cancer
trials and/or the evaluation of safety and efficacy of drug products with mul-
tiple components. Although factor analysis and principal component analy-
sis may be useful in assessment of safety and efficacy of TCMs, there are still
concerns that may limit the application of the factor analysis and principal
component analysis. For example, the pharmacological activities of some of
the components are unknown and cannot be characterized or fully under-
stood. The relationships (or possible component-to-component or drug-to-
drug interaction) among the components are also not known. If we consider
TCMs as combinational drug products, the relative ratios among the com-
ponents are often unknown. In many cases, a small change or variation of a
specific component could lead to a drastic change in clinical outcomes.
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7

Statistical Validation of Chinese
Diagnostic Procedures

7.1 Introduction

In recent years, the search for new medicines for treating life-threatening
diseases such as cancer has become the center of attention in pharmaceu-
tical research and development. As a result, many pharmaceutical com-
panies have begun to focus on the modernization of traditional Chinese
medicines (TCM). Modernization of a TCM is based on scientific evalua-
tions of the efficacy and safety of the TCM in terms of well-established clin-
ical endpoints for a Western indication through clinical trials on humans.
However, it should be recognized that there are fundamental differences in
the scientific evaluation of the efficacy and safety of a TCM as compared to
a typical Western medicine (WM) even though they are for the same indi-
cation (Chow et al. 2006; Tse et al. 2006). For example, most WMs contain a
single active ingredient, while most TCMs consist of a mixture of compo-
nents or constituents, which may or may not be active pharmacologically.
In addition, the traditional Chinese diagnostic procedure (CDP) for a TCM
is quite different from that of a WM. Typically, the CDP consists of four
major categories, namely, inspection, auscultation and olfaction, interroga-
tion, and pulse taking and palpation. Basically, each category can, in fact,
be thought of as an instrument (or questionnaire), consisting of a number of
questions to collect different information regarding the patient’s activity/
function, disease status, and/or disease severity. For instance, the Chinese
diagnosis for stroke is called Tsu Chung. The CDP for stroke consists of
wind syndrome (six categories), fire-heat syndrome (nine categories), spu-
tum syndrome (seven categories), stasis syndrome (five categories), defi-
ciency syndrome (eight categories), and overabundant syndrome (nine
categories). On the other hand, WM uses the NIH Stroke Scale (NIHSS)
developed by the US National Institute of Neurologic Disorder and Stroke
(NINDS) from the original scale devised at the University of Cincinnati to
measure the neurological impact of stroke (Lyden et al. 1999).

151
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An experienced Chinese doctor usually prescribes a TCM for the patient
based on the combined information obtained from the four major categories
and his/her best judgment. As a result, the relative proportions of the com-
ponents could vary even within an individual patient. In practice, the use
of a CDP has raised the following questions. First, it is of interest to deter-
mine how accurate and reliable this subjective diagnostic procedure is for
the evaluation of patients with certain diseases. Second, it is also of interest
to determine how a change of an observed unit in the CDP can be translated
to a change in a well-established clinical endpoint for Western indication.

In this chapter, we will examine these two questions by studying the cali-
bration and validation of the CDP for evaluation of a TCM with respect to
a well-established clinical endpoint for evaluation of a Western medicine.
In Section 7.2, the CDP will be briefly introduced. A proposed study design
for the clinical trial is described in Section 7.3. Under the study design, the
calibration of the CDP with respect to a well-established clinical endpoint is
examined in Section 74. In Section 7.5, the CDP is then validated against the
well-established clinical endpoint under the established calibration model. A
numerical example is given in Section 7.6 to illustrate the proposed methods.
Some concluding remarks are given in Section 7.7.

7.2 Chinese Diagnostic Procedure

TCM is an over a few thousand years old holistic medical system encircling
the entire scope of human experience. It combines the use of Chinese herbal
medicines, acupuncture, massage, and therapeutic exercise, e.g., Qi Gong (the
practice of internal air) and Tai Chi for both treatment and prevention of dis-
ease. With its unique theories of etiology, diagnostic systems, and abundant
historical literature, TCM itself consists of Chinese culture and philosophy,
clinical practice experiences, and materials including usage experiences of
many medical herbs.

TCM drug treatment typically comprises complicated prescriptions of a
combination of a few components. And the combination is derived based
on the CDP. The diagnostic procedure for TCM consists of four major tech-
niques, namely, inspection, auscultation and olfaction, interrogation, and
pulse taking and palpation. All these diagnostic techniques aim mainly at
providing an objective basis for differentiation of syndromes by collecting
symptoms and signs from the patient. Inspection involves observing the
patient’s general appearance (strong or week, fat or thin), mind, complex-
ion (skin color), five sense organs (eye, ear, nose, lip, and tongue), secretions,
and excretions. Auscultation involves listening to the voice, expression, res-
piration, vomit, and cough. Olfaction involves smelling the breath and body
odor. Interrogation involves asking questions about specific symptoms and
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the general condition including history of the present disease, past history,
personal life history, and family history. Pulse taking and palpation can help
to judge the location and nature of a disease according to the changes of the
pulse. The smallest detail can have a strong impact on the treatment scheme
as well as on the prognosis. While the pulse diagnosis and examination of
the tongue receive much attention due to their frequent mention, the other
aspects of diagnosis cannot be ignored.

After these four diagnostic techniques have been performed, the TCM
doctor has to configure a syndrome diagnosis, describing the fundamen-
tal substances of the body and how they function in the body based on the
eight principles, five element theory, five Zang and six Fu, and information
regarding channels and collaterals. Eight principles consist of Yin and Yang
(i.e, negative and positive), cold and hot, external and internal, and Shi and
Xu (i.e., weak and strong). Eight principles can help the TCM doctors to dif-
ferentiate syndrome patterns. For instance, Yin people will develop disease
in a negative, passive, and cool way (e.g., diarrhea and back pain), while Yang
people will develop disease in an aggressive, active, progressive, and warm
way (e.g., dry eyes, tinnitus, and night sweats). The five elements (earth,
metal, water, wood, and fire) correspond to particular organs in the human
body. Each element operates in harmony with the others.

Five Zang (or Yin organs) include heart (including the pericardium), lung,
spleen, liver, and kidney, while six Fu (or Yang organs) include gall bladder,
stomach, large intestine, small intestine, urinary bladder, and three cavities
(i.e., chest, epiastrium, and hypogastrium). Zang organs can manufacture
and store fundamental substances. These substances are then transformed
and transported by Fu organs. TCM treatments involve a thorough under-
standing of the clinical manifestations of Zang Fu organ imbalance and
knowledge of appropriate acupuncture points and herbal therapy to rebal-
ance the organs. The channels and collaterals are the representation of the
organs of the body. They are responsible for conducting the flow of energy
and blood through the entire body.

In addition to providing diagnostic information, these elements of TCM
can also help to describe the etiology of disease including six exogenous
factors (i.e., wind, cold, summer, dampness, dryness, and fire), seven emo-
tional factors (i.e., anger, joy, worry, grief, anxiety, fear, and fright), and other
pathogenic factors. Once all this information is collected and processed into
a logical and workable diagnosis, the traditional Chinese medical doctor can
determine the treatment approach.

For example, wind, fire, phlegm, and stasis are four main pathological fac-
tors of stroke recognized by the TCM theory. These factors can weaken the
internal organs including the kidney and the spleen and thus cause defi-
ciencies of chi, blood, and yin. Deficiencies of chi, blood, or yin will result
in stroke-related symptoms such as liver yang rising, stasis of chi or blood,
phlegm combining with fire, liver wind, or wind in the energy pathways. In
practice, Chinese medicine can identify two general types of stroke: the most
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severe type attacks the internal organs as well as the energy pathways; the
milder type only attacks the energy pathways. For patients with the severe
type, acupuncture and Chinese herbal formulas are used to loosen spasm,
suppress wind, open the orifices, resolve phlegm, and lower blood pressure.
In treating the milder type of stroke, acupuncture is primarily used to open
the energy pathways and promote chi and blood flow (Liu and Gong 2015).

7.3 Proposed Study Design

When planning a clinical trial, it is suggested that the study objectives
should be clearly stated in the study protocol. Once the study objectives are
confirmed, a valid study design can be chosen and the primary clinical end-
points can be determined accordingly. On the basis of the primary clinical
endpoint, sample size required for achieving a desired power can then be
calculated. For evaluation of treatment effect of a TCM, however, the com-
monly used clinical endpoint is usually not applicable owing to the nature
of the CDP as described in Section 7.2. The CDP is, in fact, an instrument (or
questionnaire), consisting of a number of questions to capture the informa-
tion regarding patient’s activity, function, disease status, and disease sever-
ity. As required by most regulatory agencies, such a subjective instrument
must be validated before it can be used for assessment of treatment effect in
clinical trials. However, without a reference marker, not only can the CDP
not be validated, but we also do not know whether the TCM has achieved
any clinically significant effect at the end of the clinical trial. Therefore,
before the CDP for evaluation of a TCM can be validated with respect to
a well-established clinical endpoint for evaluation of a WM, a calibration
between the scale obtained from the CDP and the well-established clinical
endpoint is necessary. Similar to the calibration of an analytical method, we
may consider the calibration models as suggested by the US FDA (see, e.g,
Chow and Liu 1995; Tse and Chow 1995). On the basis of the calibration
model, a difference detected by the CDP can be translated to the well-estab-
lished clinical endpoint. In addition, the CDP can also be validated against
the well-established clinical endpoint.

In practice, the diagnostic procedure of a TCM could vary from one
Chinese doctor to another. Although it may reduce within-patient variabil-
ity, it could increase the between-rater variability, which could significantly
bias the evaluation of the efficacy and safety of the TCM under study. To
address this issue, a standardized diagnostic procedure is usually developed
prior to conducting a clinical trial. The standardized diagnostic procedure
usually contains the four categories, which, in turn, consist of a number of
questions agreed by the community of the Chinese doctors. These questions
are designed to quantitatively capture the information regarding patient
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activity/function, disease status, and disease severity. For validation of such
an instrument, similar to the validation of a typical quality of life instru-
ment, we will consider the following validation performance characteristics:
validity (or accuracy), reliability (or precision), and ruggedness (or rater-to-
rater’s variability) (see, e.g.,, Chow and Ki 1994, 1996).

To address these issues described above, Hsiao et al. (2009) proposed a
study design, which allows calibration and validation of a CDP with respect
to a well-established clinical endpoint for WM (as a reference marker).
Subjects will be screened based on criteria for Western indication. Qualified
subjects will be diagnosed by the Chinese diagnostic procedure to estab-
lish baseline. Qualified subjects will then be randomized to receive either
the test TCM or an active control (a well-established Western medicine).
Participating physicians including Chinese doctors and Western clinicians
will also be randomly assigned to either the TCM arm or the arm of WM. As
a result, this study design will result in three groups:

Group 1: Subjects who receive WM but are evaluated by both a Chinese
doctor and a Western clinician.

Group 2: Subjects who receive TCM and are evaluated by Chinese doc-
tor A.

Group 3: Subjects who receive TCM and are evaluated by Chinese doc-
tor B.

The schema of our proposed study design is shown in Figure 71. Group 1
can be used to calibrate the Chinese diagnostic procedure against the well-
established clinical endpoint, while groups 2 and 3 can be used to validate
the Chinese diagnostic procedure based on the established standard curve
for calibration.

| Eligible patients |

| Randomization |
| |
Group 1 Group 2 Group 3
Subjects receive Subjects receive Subjects receive

WM but are TCM and are TCM and are
evaluated by both a evaluated by evaluated by
Chinese doctor and Chinese doctor A Chinese doctor B
a western clinician

FIGURE 7.1
Schema of the proposed study design.
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7.4 Calibration of Chinese Diagnostic Procedure

Let N be the number of patients collected in group 1. For the data in group 1,
let x; be the measurement of the well-established clinical endpoint of the jth
patient for WM. For simplicity, we assume that the measurement of well-
established clinical endpoint for WM is continuous. Suppose that the TCM
diagnostic procedure consists of K items. Let z; denote the TCM diagnostic
score of jth patient from the ithitem,i=1,..,K,j=1, ..., N. Let y; represent
the score of the jth patient summarized from the K TCM diagnostic items.
For simplicity, we assume that
K
Y = Z Zij'
i=1

1

Here we use the baseline measurements for calibration because the rela-
tionship between y and x might be confounded with the effect of medication.
On the basis of these measurements of WM clinical endpoint (standards)
and their corresponding TCM scores, an estimated calibration curve can
be obtained by fitting an appropriate statistical model between these stan-
dards and their corresponding TCM scores. The estimated calibration curve
is also known as the standard curve. Similar to calibration of an analytical
method (cf. Chow and Liu 1995), we will consider the following four candi-
date models:

Model 1: yi=a+px+e,
Model 2: y; = fx; + ¢,
Model 3: y; = ocx?e i

Model 4: y; = e’ e,
where o, , B;, and B, are unknown parameters and e’s are independent ran-
dom errors with E(e) = 0 and finite Var(e) in models 1, and 2, and E(log(e)) = 0
and finite Var(log(e;)) in models 3 and 4.

Model 1 is a simple linear regression model, which is probably the most
commonly used statistical model for establishment of standard curves for
calibration. When the standard curve passes through the origin, model 1
reduces to model 2. When there is a nonlinear relationship between y and
x, models 3 and 4 are useful. Note that both models 3 and 4 are equiva-
lent to simple linear regression model after logarithm transformation. The
standard curve under each model can be obtained by estimating the corre-
sponding parameters through the least squares method for a given data set
observed from group 1. Then, the selected standard curve is used to evalu-
ate the unknown WM clinical endpoint x, for a given TCM score y,. The
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unknown WM clinical endpoint is determined by solving x based on the
standard curve, which assumes the parameter estimates are the true values
of the parameters. This, however, would introduce bias and variability to
the WM result due to the backward transformation. We can thus develop a
procedure to identify the best model for the estimation of x,. The details are
outlined below:

Step 1: The adequacy of the model can be assessed by the lack-of-fit test
and the significance of the parameters (Draper and Smith 1980).
Eliminate those models that fail the lack-of-fit test or the significance
test.

Step 2: For each remaining model, calculate the corresponding R?
value. Denote RZ_, to be the maximum of the R? values among the
remaining models. For each model, define r=R?/R? . Eliminate
those models with r value less than r,, where r, is a predetermined

critical value. In general, we recommend r, to be 0.8.

Step 3: For the remaining models, identify the best model by comparing
the mean squared error (MSE) of the estimate of x,. The one with the
smallest MSE is considered to be the best model. A more detailed
discussion is given by Tse and Chow (1995).

7.5 Validation of Chinese Diagnostic Procedure

As indicated earlier, the standardized TCM diagnostic instrument usually
contains the four categories or domains, which, in turn, consist of a number
of questions agreed by the community of the Chinese doctors. For valida-
tion of such an instrument, we will consider the following validation per-
formance characteristics (parameters): validity (or accuracy), reliability (or
precision), and ruggedness (rater-to-rater variability). In several respects our
development parallels that of Chow and Ki (1994, 1996), and thus we omit
some of the details.

7.5.1 Validity

The validity of a TCM instrument is referred to as the extent to which the
TCM instrument measures what it is designed to measure. That is, it is a
measure of bias of the TCM instrument. The bias can reflect the accuracy
of the TCM instrument. As mentioned earlier, a TCM instrument usually
consists of a number of questions agreed by the community of Chinese doc-
tors. It is a great concern that the questions may not be the right questions to
capture the information regarding patient activity/function, disease status,
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and disease severity. We will use group 2 to validate the CDP based on the
previously established standard curve for calibration. Let X be the unob-
servable measurement of the well-established clinical endpoint for WM that
can be quantified by the TCM items, Z, i = 1, ..., K, based on the estimated
standard curve in Section 7.4. Because both models 3 and 4 in Section 7.4 can
be transformed into a linear model using a log transformation, for conven-
tion, we simply choose a linear model to illustrate the proposed methods for
validation of the CDP. That is, we assume that

X=(-o/p,

K
where Y = 24_1 Z,. That is, model 1 in Section 7.4 was used for calibration.

Suppose that X is distributed as a normal distribution with mean 6 and vari-
ance 2. Let Z = (Z,, ..., Zy)". Again, suppose Z follows a distribution with

mean p = (Y, ..., Hg)’ and variance X. To assess the validity, it is desired to see
K

whether the mean of Z, i =1, ..., K is close to (x + p6)/K. Let :% W;.

i=1
Then 6 = (u— 0)/B. Consequently, we can claim that the instrument is vali-
dated in terms of its validity if

lu,—g|<8,Vi=1,... K, (71)

for some small pre-specified 8. In fact, we can write

w—n=ajy,i=1,..,K,

where
1 1 1
a=| 1-— |, ;= ,and 1, =
K 1 1
1 . (i-1)x1 (K—i)x1
K K—i

Assume that the TCM instrument is administered to N patients from
N —
group 2. Let{i = % 2 Z; = Z. To verify Equation 7., it is desired to test the

1!

null hypothesis

H,:|u; —u |28 for at least one i. (7.2)
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In this case, we can apply the approach of two one-sided tests. For each
fixed i, a size « test based on the two one-sided tests approach rejects the
hypothesis that |aju | > 8 if and only if (n,_, n;,) is within (-5, 8), where

e 1 ’
Mie =ail N-14 ﬁaisair

where t,_,.y_; is the (1 — ®)th quantile of the ¢-distribution with N — 1 degrees
of freedom. Then, using the approach of intersection union, a size o test
rejects the null hypothesis (Equation 7.2) and concludes that the TCM instru-
ments is validated if and only if (n;_, n;,) is within (-5, ) for all i.

7.5.2 Reliability

The calibrated, well-established clinical endpoints derived from the esti-
mated standard curve are considered reliable if the variance of X is small. In
this regard, we can test the hypothesis

Hy: w2 > Aversus H: t2 < A, (7.3)

for some fixed A to verify the reliability of estimating 0 by X. We will use
group 2 to verify the reliability based on the previously established standard
curve for calibration. On the basis of the estimated standard curve, we can

derive that
1 K
1’ = Var Z,
AP

= ;21’21.

It should be noted that the sample distribution of

N

Z(x =X/

j=1

has a chi-square distribution with N — 1 degrees of freedom. According to
Lehmann (1986), we may reject the null hypothesis of Equation 7.3 at the «
level of significance if

EN:(Xj - X)
= 7jzl

Q= <x*(1-o,N-1),

A
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where %1 — o, N — 1) is the (1 — a)th upper quantiles of a central chi-square
distribution with N - 1 degrees of freedom.

7.5.3 Ruggedness

In addition to validity and reliability, an acceptable TCM diagnostic instru-
ment should produce similar results on different raters. In other words, it is
desirable to quantify the variation owing to rater and the proportion of rater-
to-rater variation to the total variation. We will use the one-way random
model to evaluate instrument ruggedness (Chow and Liu 1995). A model
describing a one-way random model is
x;=v+A;+e;i=1(group 2),2(group3);j=1,..., N,

where x;; is the calibrated well-established clinical endpoint of the jth patient
obtained from the ith rater derived from the estimated standard curve, v is
the overall mean, A; denotes the effect of the ith rater and is assumed to be dis-
tributed i.i.d. N (0, ca ), and ¢; denotes the random error of jth patient’s scale
derived from the ith rater, which is assumed to be distributed i.i.d. N(0, ¢2).
It is also assumed that A; and e; are independent variables (Searle et al. 1992).
Two sums of squares are the sum of squares within, SSE, and the sums of
squares between, SSA. That is,

and

2
SSA=NY (¥, -x.),
i=1

_ 1IN _ 1 2 N 12
where x; = ﬁzjﬂ x; and X..= ﬁziﬂz]ﬂ X = szﬂ X;. Let MSA and

MSE denote mean squares for factor A and mean square error. Then

MSA = SSA
and

MSE = SSE/[2(N - 1)].
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Asaresult, the analysis of variance estimators of 62and 63 canbe obtained
as follows:

62 =MSE
and

~» _ MSA -MSE
Op=—"""""
N
To show that the rater-to-rater variability is within an acceptable limit w,
we can test the hypothesis

H,: 6% >0 versus H,: 63 <o. (74)

Because there exists no exact (1 — a) x 100% confidence interval for 63, we
can then derive the Williams-Tukey interval (Williams 1962), (L,, U,), with
a confidence level between (1 — 2a) x 100% and (1 — ) x 100% for 3. Here

_ SSA(1-Fy/F,)

Ly
N X%JA

7

_SSA(L-F,/F,)

Uy
N X%A

7

where F; = F[1 - 0.50,1,2(N — 1)] and Fy = F[0.50,1,2(N — 1)] represent the
(1 - 0.5m)th and (0.50)th upper quantiles of a central F distribution with 1 and
2(N - 1) degrees of freedom, %}, = x*(1-0.5c, 1) and 7, = x*(0.50,1) are the
(1 - 0.50)th and (0.5x)th upper quantiles of a central chi-square distribu-
tion with 1 degree of freedom, and F, = MSA/MSE. The null hypothesis
(Equation 74) is rejected at the a level of significance if U, < o.

7.6 A Numerical Example

We use a modified data set taken from Chang Gung Memorial Hospital in
Taiwan to illustrate the methods discussed in this section. The example is
a randomized trial to study the effect of acupuncture for treating stroke
patients. Patients with an acute ischemic stroke between 4 and 10 days were
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allocated into three groups. The diagnostic criteria of acute ischemic
stroke were based on the typical presentations of acute onset of focal neu-
rological deficits, and excluded other possible organic brain lesions by
brain computed tomography (CT) and/or magnetic resonance imaging
(MRI). In this study, 30 stroke patients received aspirin 100 mg per day
and were evaluated by a Chinese doctor and a Western clinician (group
1), 30 stroke patients received acupuncture and were evaluated by Chinese
doctor A (group 2), and 30 stroke patients received acupuncture and were
evaluated by Chinese doctor B (group 3). The combination of scalp and
body acupoints that fit the Chinese traditional theory was applied in
patients from groups 2 and 3. The 12 acupoints include: (1) Qianding-GV21,
(2) Baihui-GV20 (scalp acupuncture line, Dingzhongxian-MS5), (3) upper
1/5 of the Dingnie, Qianxiexian-MS6, (4) middle 2/5 of the Dingnie,
Qianxiexian-MS6 (scalp acupuncture line), (5) Jianyu-LI15, (6) Quchi-LI11,
(7) Waiguan-TES5, (8) Hegu-LI4 (upper limb), (9) Xuehui-SP10, (10) Zusanli-536,
(11) Sanyinjiao-SP6, and (12) Taichong-LR3 (lower limb). The TOKKI-III type
stimulator (NihonRiko Medical Corporation, Nagasaki, Japan) was used
on the scalp needles. On the paretic side, eight body needles were inserted.
The special needle sensation called obtaining-qi was evoked at all body acu-
points for patients and stimulated by the manual means of moving gi in the
real acupuncture group. Then, the needles would be kept in situ for 30 min.
The measurement that the Western clinician used was the NIHSS, whereas
the TCM diagnostic instruments considered in this study were wind and
fire-heat syndromes. That is, patients in group 2 have both NIHSS and
TCM scores, while patients in group 2 and group 3 have only TCM scores.
Outcome assessments were recorded at randomization, 14 days, one month,
3 months, and 6 months after treatment.

Table 7.1 summarizes the rating scales of the wind and fire-heat syndromes.
The wind syndrome is a rating scale in six categories: onset conditions (0-8),
limbs conditions (0-7), tongue body (0-7), eyeballs conditions (0-3), string-
like pulse (0-3), and head conditions (0-2). Patients with a total score of over
7 were considered having wind syndrome. On the other hand, the fire-heat
syndrome consists of nine categories: tongue conditions (0-6), tongue fur
(0-5), stool (0—4), spirit (0—4), facial and breath conditions (0-3), fever (0-3),
pulse (0-2), mouth (0-2), and urine (0-1). Again, patients with a total score of
>7 forecasts fire-heat syndrome. In both syndromes, the larger the scale is,
the more severe the syndrome is.

In this example, we summarize the TCM instruments based on the wind and
fire-heat syndromes. That is, K = 2. Let yy represent the sum of the scores of wind
and fire-heat syndromes and x represent the NIH stroke score. Note that we use
the baseline measurements for calibration because the relationship between y
and x might be confounded with the effect of medication. From group 1, we
fit the four models discussed in Section 74. We also calculate the R? value and
conduct a test on the lack of fit of each of four proposed model. Table 7.2 sum-
marizes the results. The summary statistics in Table 7.2 show that the R? values
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TABLE 7.1
Wind and Fire-Heat Syndromes
Wind Syndrome Fire-Heat Syndrome
Category Syndrome Score Category Syndrome Score
Onset Peaking in 2 Tongue Red tongue 5
conditions 48 hours conditions
Peaking in 4 Crimson tongue 6
24 hours
Changeable 6 Tongue Yellow thin 2
condition fur tongue fur
Peaking at onset 8 Yellow thick 3
tongue fur
Limbs Clenched hands 3 Dry tongue fur 4
conditions
Clenched jaw 3 Gray-black and 5
dry tongue fur
Jerking of limbs 5 Stool Dry stool and 2
difficult
evacuation
Hypertonia of 7 Dry stool and 3
the limbs absence of
evacuation for
three days
Rigid and neck 7 Dry stool and 4
absence of
evacuation for 5
days or more
Tongue body Tremulous 5 Spirit Heart vexation 2
tongue body and irascibility
Deviated and 7 Agitation 3
tremulous
tongue body
Eyeballs Moving eyeballs 3 Clouded spirit 4
conditions and delirious
speech
Eyeballs fixed in 3 Facial and Loud voice 2
one position and breath
not moving conditions
String-like String-like pulse 3 Rough breathing 2
pulse
Head Dizzy head 1 Hasty breathing 3
conditions
Headache with 1 Bad breath 3
pulling sensation
Dizzy head and 2 Dry red lips 2
vision
(Continued)
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TABLE 7.1 (CONTINUED)
Wind and Fire-Heat Syndromes

Wind Syndrome Fire-Heat Syndrome
Category Syndrome Score Category Syndrome Score
Red facial 3
completion
Red eyes 3
Fever Fever 3
Pulse Rapid, large, and 2
forceful pulse
String-like and 2
rapid
Slippery and 2
rapid
Mouth Bitter taste in the 1
mouth
Dry pharynx
Thirst with 2
desire for cold
drinks
Urine Reddish 1
(tea-colored)
urine
TABLE 7.2

Fitted Results and Lack-of-Fit Tests Based on Models 1, 2, 3,
and 4 for Data in Group 1

Model
1 2 3 4

Estimates o: 7.3578 p:2.7097 o: 7.5814 o: 9.7172

(<0.001) (<0.001) (<0.001) (<0.001)

p: 1.8608 f: 0.5251 f: 0.0961

(<0.001) (<0.001) (<0.001)
R? 0.9862 0.7082 0.9466 0.9567
Lack-of-fit test
F ratio 0.9461 43.3773 1.6450 2.1959
p value 0.5297 <0.0001 0.1743 0.0714
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TABLE 7.3

Bias and MSE of the Estimate of the WM Clinical Endpoint x, That Gives TCM Score
Y, Based on Models 1, 2, 3, and 4

Model
Yo 1 2 3 4
10 X 1.4 3.7 1.7 0.3
Bias -0.0050 0.0093 0.1248 -0.0197
MSE 0.0171 0.0218 1.1260 0.0738
12 X, 25 44 24 2.2
Bias -0.0039 0.0111 0.2494 -0.0136
MSE 0.0129 0.0302 3.6173 0.0453
16 X 46 5.9 4.1 5.2
Bias -0.0017 0.0149 0.7211 -0.0039
MSE 0.0079 0.0513 21.9758 0.0239
21 X, 7.3 7.7 7.0 8.0
Bias 0.0009 0.0195 1.9058 0.0052
MSE 0.0081 0.0853 117.0957 0.0303
27 X 10.6 10.0 11.2 10.6
Bias 0.0041 0.0251 4.5740 0.0137
MSE 0.0179 0.1375 538.2488 0.0593
34 X 143 12,5 174 13.0
Bias 0.0079 0.0316 10.0503 0.0214
MSE 0.0424 0.2139 2151.7481 0.1053

of the four models are around 95 percent or higher except for model 2. The
parameter estimates are also statistically significant. However, model 2 fails the
lack-offit test and would be eliminated for further consideration. In Table 7.3,
we present the bias and MSE of the estimate of the WM clinical endpoint x, that
gives TCM score y, based on models 1, 2, 3, and 4. Although model 2 should be
eliminated as stated previously, we also list the corresponding results for com-
parison purposes. Several values of y are considered. On the basis of the MSEs
of the estimates of x,, Model 1 gives overall good estimate of x,.
The estimated standard curve based on the model 1 is given as

y =7.358 + 1.861x.

To provide a better understanding, the estimated regression line as well
as the original data is presented in Figure 72. As shown in Figure 7.2, the
correlation between the NIH stroke score and the TCM is very strong so
that a precise calibration curve can be derived. However, the relationship
between the TCM score and the well-established WM clinical endpoint
may vary from disease to disease. In some cases, the correlation may not be
strong enough to establish the standard curve. On the other hand, if larger
variability occurs, the ordinary least squares estimators may not be efficient.
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TCM =7.36 + 1.86 * NIH
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FIGURE 7.2

Scatterplot of sum of Wind syndrome score and Fire-Heat syndrome score versus NIH stroke
score for the data in group 1 and the estimated standard curve.

Alternatively, a weighted least squares method can be considered to incorpo-
rate the heterogeneity of the variability.

We use group 2 to validate the CDP based on the previously established
standard curve. In other words, we will claim that the instruments of wind
and fire-heat syndromes are validated if

|uw,—pn|<d,Vvi=1,2,
for some small pre-specified 6. It can be seen from group 2 that
[, = 8.633 and [1, = 4.300.

From Section 7.5, (n,_, n;,) and (n,_, n,,) are respectively given by (1.507, 2.826)
and (-2.826, —1.507). In this case, we can reject the null hypothesis (Equation
72)if 8 = 3.

Group 2 is also used to evaluate the reliability of the items for the TCM
instrument. That is, the wind and fire-heat syndromes for the TCM instru-
ment are considered reliable if the variance of X derived from the previously
established standard curve is small. Assume that A = 15. From group 2,

i(xj - X)?

>/
Q A

=27.13/15=1.81,
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TABLE 7.4

Analysis of Variance Table for Data in Groups 2 and 3

Source of Sum of Mean

Variation DF Squares Square F Value p Value
Rater 1 10.111 10.111 120.02 <0.0001
Error 58 4.886 0.084

Total 59 14.997

which is less than x2(0.95, 29) = 17.71, thus we can reject the null hypothesis
(Equation 7.3) at the 5 percent level of significance and conclude that the TCM
instrument is validated in terms of its precision. Selection of A should reflect
the considerable information existed in previous studies. It also varies from
disease and disease.

Groups 2 and 3 are used to quantify the variation due to raters. The
response variable was logarithmically transformed to normalize their dis-
tributions. The ANOVA table is given in Table 7.4. From Table 7.4, SSA = 10.11
and SSE = 4.886. Hence, estimates for 63 and o2 are given by 63 = 0.334 and
6° = 0.084, respectively. Because F = 120.02 with a p value less than 0.0001, we
can reject the null hypothesis H: 63 = 0 at the 5 percent level of significance.
The Williams-Tukey interval with a confidence level between (1 — 2a) x
100% and (1 — &) x 100% for 67 is given by (0.064, 343.184). This suggests that
there is larger rater-to-rater variation. Larger variation due to raters implies
either the CDP instrument is defective or the TCM doctors might have dif-
ferent TCM practices or experience. For the former case, the CDP instrument
needs to be refined. For the latter case, the rater should revisit the established
Chinese diagnostic criteria in order to ensure that consistency is maintained.

7.7 Concluding Remarks

The validation of a standard quantitative instrument in a TCM clinical trial
is critical to provide an accurate and reliable assessment of the safety and
effectiveness of the TCM under investigation. The calibration of the quantita-
tive instrument with respect to a well-established clinical endpoint provides
the clinicians a better understanding whether the observed significant dif-
ference from the quantitative instrument is clinically meaningful. On the
basis of a well-calibrated and validated quantitative instrument, the sample
size required for achieving a desired power for detecting a clinically mean-
ingful difference can then be accurately estimated.

In clinical development of some TCMs, validated quantitative instruments
for the diseases under study may not be available. In this case, it is suggested
a small-scale validation pilot study be conducted to validate the quantitative
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instrument to be used in the intended clinical trials for a valid assessment
of the safety and efficacy of the TCM under investigation. If such a small-
scale pilot study is not feasible, a concurrent validation using a similar study
design as described previously may be useful. In many case, a retrospective
validation may also be considered.

There are several points we wish to make. In this study, the four com-
monly used statistical models for the calibration of the CDP with respect to a
well-established clinical endpoint are introduced. The relationship between
the CDP (y) and the well-established WM clinical endpoint (x) may vary
from disease to disease. For some diseases, the relationship between y and
x can be described by a linear regression model. In some cases, a nonlinear
model may be more appropriate for describing the relationship between y
and x. Therefore, to use calibration to interpret the relationship between
the CDP and WM, intensive research in the design and analysis method
might be necessary. The relationship between the TCM score and the WM
endpoint may not be one of the four candidate models. In this case, more
complicated calibration functions or transformations may be required. We
may expect that the TCM score has positive correlation with the WM end-
point. However, the correlation may not be strong enough to give a precise
calibration curve.

In this study, we assume that the scores of the TCM items are distrib-
uted as a multivariate normal distribution. Provided there are enough data,
the central limit theorem states that the data are roughly normally distrib-
uted regardless of the original distributions of the TCM items. Severe non-
normality might encourage the use of transformations or other complicated
methods. Note that the design of this study may have limitations in assess-
ing the inter-rater reliability. For the assessment of inter-rater reliability,
the technique of test-retest can be employed. The same patient is evaluated
by two different TCM doctors. The Pearson’s product moment correlation
coefficient of the two repeated results is then studied. In practice, a test-
retest correlation of 80 percent or higher is considered acceptable. At the
design stage, we can also involve TCM doctor B from group 3 to evaluate
the patients in group 2. Then group 2 can be used to assess the inter-rater
reliability.

In practice, both NIHSS and CDP are rating scales based on the subjective
judgment of qualified neurologists and TCM doctors respectively. That is,
both Western clinical endpoints and CDP are subject to measurement errors.
Although measurement error may probably be the most important varia-
tion that is difficult to detect and/or control, it can be reduced by specify-
ing standard procedures for measuring NIHSS and CDP in the protocol. In
this case, standardization of the procedure for rating NIHSS and CDP in
the protocol by the clinicians and TCM doctors within the same center as
well as by investigators at different centers is considered crucial in order to
reduce measurement error and produce reliable, consistent, and reproduc-
ible results. Another issue we wish to address is the systemic error at the
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medical decision points for CDP. For example, a patient with ischemic stroke
is defined to have improvement if his/her NIH Stroke Score reduces greater
than 4 points from the baseline. It would be of interest to know the corre-
sponding decision points for CDP and their associate systemic errors. This
may require further research on statistical approaches for systemic error
models.
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Statistical Test for Consistency

8.1 Introduction

Unlike most Western medicines (WM), which typically contain a single
active ingredient, TCM usually contain a number of components. However,
the pharmacological activities, interactions, and relative proportions of these
components are usually unknown. In practice, TCM is usually prescribed
subjectively by an experienced Chinese doctor. As a result, the actual dose
received by each individual varies depending on the signs and symptoms
as perceived by the Chinese doctor. Although the purpose of this medical
practice is to reduce the within-subject (or intrasubject) variability, it could
also introduce non-negligible variability such as variations from component
to component and from one Chinese doctor to another. Consequently, the
reproducibility or consistency of clinical results is questionable. Thus, how
to ensure the reproducibility or consistency of the observed clinical results
has become a concern to regulatory agencies in the review and approval pro-
cess (e.g.,, DOH 2004a,b; FDA 2004). In addition, it is also a great concern to
the sponsor in the post-approval manufacturing process for assuring consis-
tency of raw materials, in-process materials, and final products.

To address the question of reproducibility or consistency, it is suggested
to implement a valid statistical quality control process on the raw materi-
als, in-process materials, and final product (Chow and Liu 1995). In practice,
raw materials are often from different resources and the final product may
be manufactured by different sites. As a result, variabilities from different
resources such as site to site, within site component-to-component are inevi-
table. Thus, testing for consistency in raw materials, in-process materials,
and/or final product has become an important step in the quality control
process in TCM research and development.

Tse et al. (2006) proposed a statistical quality control (QC) method for
assessing consistency of raw materials and/or final product. The idea is to
construct a 95 percent confidence interval for a proposed consistency index
under a sampling plan. If the constructed 95 percent confidence lower limit
is greater than a pre-specified QC lower limit, we then claim that the raw
materials or final product has passed the QC and hence can be released for

171
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further processing or use. Otherwise, the raw materials and/or final prod-
uct should be rejected. For a given component (the most active component
if possible), a sampling plan is developed to ensure that there is a desired
probability for establishing consistency between sites when truly there is no
difference in raw materials or final products between sites.

In Section 8.2, the concept of consistency between raw materials or final
products between sites or laboratories is introduced. Statistical methods
for estimating the proposed consistency index are also studied in this sec-
tion. In Section 8.3, sampling plans for statistical QC of raw materials and/
or final products are developed under various specifications and/or user
parameters. Hypotheses testing results are also developed for the consis-
tency index. An example concerning statistical QC of raw materials from
two sites is given in Section 8.4. A brief discussion regarding a possible
extension of the results to multiple active components is discussed in the
last section.

8.2 Consistency Index

Let U and W be the characteristics of the most active component among the
multiple components of a TCM from two different sites, where X = log U and
Y =log W follows normal distributions with means py, p, and variances Vy,
Vy, respectively. Similar to the idea of using P(X < Y) to assess reliability in
statistical quality control (Enis and Geisser 1971; Church and Harris 1970),
we propose the following probability as an index to assess the consistency of
raw materials and/or final product from two different sites

pzp(1—5<%<1j, @®.1)

where 0 < 8 < 1 and is defined as a limit that allows for consistency. We will
refer p as the consistency index. Thus p tends to 1 as & tends to 1. For a given
8, if p is close to 1, materials U and W are considered to be identical. It should
be noted that a small § implies the requirement of high degree of consistency
between material U and material W. In practice, it may be difficult to meet
this narrow specification for consistency. Under the normality assumption of
X =log U and Y =log W, Equation 8.1 can be rewritten as

p = Pllog(1-9) <logU —log W < —log(1-9)]
:q,[—log(l—&—(ux—uy>J_q,(log<1—6>—<ux—m]_

JVx +V, YV +Vy
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where ®(z)) = P(Z < z,) with Z being a standard normal random variable.
Therefore, the consistency index p is a function of the parameters 6 = (py, py,
Vx Vy), ie, p=h(®). Suppose that observations X;=log U, i=1, ..., nyand Y; =
log W, i=1, ..., ny are collected in an assay study. Then, using the invariance
principle, the maximum likelihood estimator (MLE) of p can be obtained as

. [(~log1-8)—-(X-1))__ (log(1-8)—(X-Y
p:q{ 0g(1-8)~( >j_¢[og(1 )~ )}, .

N v,

where X = iznx X, Y= izny Y, Vy= iznx (X;-X)%, and V, =
1 (Y Y)%. In other words, p = h(®) = h(X,Y, VX, VY) Furthermore, it
ny

can be easﬂy verified that the following asymptotic result holds.

Theorem 8.1

p as given in Equation 8.2 is asymptotically normal with mean E(p) and vari-
ance var(p). In other words,

M — N (0,1)
Jvar(p) (8.3)
where E(p) = p+B(p)+o(711) and Var(ﬁ)=C(p)+o[TlJ, u

Proof

On the basis of the definitions of X and VX, it is easy to show that E(X) =y,

N -1 _ N
E(Vy)= & Vi, var(X) = Vix, and var(Vy) = 20nx =1) V2 Similarly, E(Y) = Wy,
X ny YlX
E(VY) L v = &, and Var(YA/Y) = 2(7/11/72_1)\@2
n n
Applyingy expansion of p at p, we have Y
. 8 p ap
= X —py)+ (Y - V -V + Vy =V,
Pt (Kot (=4 g (= Vi S =)

’p ’p *p ’p
+7 a 2( _HX)Z-"—a 2 (Y MY) +a z(V V) a 2(VY ) +..
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The other second-order partial derivatives are not considered because they
will lead to expected values of order O(1~?) or higher. Taking expectation,

2 2~ 2 2 2. 2
E(fo):p+l J f Vi J f W, J z (ZVXJ+ J FZ [ZVYJ +0(n™?)
2 oux nx  ouy my  dVx ( nmy ) oVy ( ny
and
2 2 2 2
Y Ve (BY vy (9 V(2vE) (95 ) (2v2 S
ARSI ARG 0
var(p) [&tx] 1y +(auy ”Y+ oVy) \ nx ’ aVy) \ ny +o0r)

Therefore,

24 24 24 2 24 2
B(p):l 8;29VX+815VY+8;1(2VX}_8€(2VYJ 84)
2| duy nx  duy ny Vi \ ny aVy \ ny

and

a2 A \2 A 2 2 A \2 2
duy ) ny \ouy ) ny 9V 1y aVy 1y

For the sake of simplicity, denote

;. 108(1-8)— (y —1ty)

! Vs +V,

L = log(1-8)— (e —uy)

’ SV +V,

and

0= e -2 |
V2m 2/
Then, after some algebra, the partial derivatives are given as

p __op [ )
duy Ol [ Vet Vs }[q)(zz) o(z1)],
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op ap -1
= = [2,0(z,) — z,0(z)],
s ( N J 0(z2)- 2,0
7p p [ -1
aui = aué = VetV [2:0(z5) — z:0(2)],
and
’p 9P 1
BVZ = aV;:Z = AV, +Vy)3/2 [(222 —z§)¢(z2)—(2z1 _Zf)21¢(zl)J-
This completes the proof. [ |

On the basis of the result of Theorem 8.1, an approximate (1 — &) x 100%
confidence interval for p, i.e., [LL(p), UL(p)], can be obtained. As follows,

LL(p) = p - B(p) - Zasay C(p), and UL(p)=p-B(p)+ Zo /24 C(p). (8.6)

where z, is the upper a-percentile of a standard normal distribution.

8.3 Statistical Quality Control for Consistency

For a valid statistical quality control process, a testing procedure is nec-
essarily performed according to some pre-specified acceptance criteria
under a sampling plan. In this section, we propose a statistical quality con-
trol (QC) method for assessing consistency of raw materials and/or final
product of TCM. The idea is to construct a 95 percent confidence interval
for a proposed consistency index described above under a sampling plan.
If the constructed 95 percent confidence lower limit is greater than a pre-
specified QC lower limit, then we claim that the raw material or final prod-
uct has passed the QC and hence can be released for further processing or
use. Otherwise, the raw materials and/or final product should be rejected.
For a given component (the most active component if possible), a sampling
plan is derived to ensure that there is a desired probability for establishing
consistency between sites when truly there is no difference in raw materi-
als or final products between sites. In what follows, details regarding the
choice of acceptance criteria, sampling plan and the corresponding testing
procedure are briefly outlined.
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8.3.1 Acceptance Criteria

In terms of consistency, we propose the following QC criterion. If the prob-
ability that the lower limit LL(p) of the constructed (1 — «) x 100% confi-
dence interval of p is greater than or equal to a pre-specified quality control
lower limit, say, QC,;, exceeds a pre-specified number § (say p = 80%), then
we claim that U and W are consistent or similar. In other words, U and
W are consistent or similar if P(QC, < LL(p)) =B, where p is a pre-specified
constant.

8.3.2 Sampling Plan

In practice, it is necessary to select a sample size to ensure that there is a high
probability, say p, of consistency between U and W when, in fact, U and W
are consistent. It is suggested that the sample size is chosen such that there
is more than 80 percent chance that the lower confidence limit of p is greater
than or equal to the QC lower limit, i.e,, p = 0.8. In other words, the sample
size is determined such that

P{QC, <LL(p)} 2 B. 8.7)
Using Equation 8.7, this leads to
PIQC, < = B() = 2o2yvar(p)) 2p.
Thus,
P{QC, +za/2m—p <p-p-B(p)}=B.

This gives

ﬁ—p—B@»}Zﬁ

POy, , <P PZED)
Jvar(p) Jvar(p)

Therefore, the sample size required for achieving a probability higher than
p can be obtained by solving the following equation:

QC -p

Jvar(p)

Assuming that ny = n, = 1, then the common sample size is given by

+ 2y =21 g (8.8)
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(Z1_B+Z(x/2)2 8;3 2 8713 2 af, 2 ) Lﬁ 2 ,
g oo o

The above result suggests that the required sample size will depend on
the choices of o, B, Vy, Vy, px — By, and p — QC,. It is clear from the expression
in Equation 8.9 that larger sample size is required for smaller a« and larger
B, i.e., the interval is expected to have high confidence level (1 — o) and high
chance that the lower confidence limit is larger than QC;. Furthermore, if we
require the QC; to be close to p, i.e.,, p — QC; is small, a relatively large sample
size is required. The dependence of the sample size 1 on the other parameters
Vx Vyand px — py is relatively unclear because these parameters are linked
to the corresponding partial derivatives. A numerical study is conducted
to explore the pattern. Given the large number of parameters involved in
Equation 8.9, it is impractical to list the value of  for all the parameter combi-
nations. However, for illustrative purpose, we only consider a certain combi-
nation of parameter values in an attempt to explore the pattern of dependence
of n on the parameters. For the sake of simplicity, define

S Y (B o (B e B (o
T -eay {(aux] V“(auy] V”(avxj (ZVX)+(BVYJ (ZV’“)}'

Then, for given choices of a and B, the required sample size n is equal to
(z1-p + Zoo)* S. In particular, in our study, § = 0.10, 0.15, and 0.20; px — py = 0.5,
1.0, and 1.5; p — QC; = 0.02, 0.05, and 0.08. V is chosen to be 1, and V, =0.2,
0.5,1.0,2.0, and 5.0. For each combination of these parameters values, the cor-
responding value of S is listed in Table 8.1. Given the number of parameters
involved and the complexity of the mathematical expression of S, it is not
easy to detect a general pattern. However, in general, the results suggest that
S increases as Jix — jiy decreases; and as the variances V, and V, differ more
from each other. In other words, smaller sample size is required if the differ-
ence between the population means is large or the variability of the two sites
is of similar magnitude.

As an illustration, if for a study with =02, Vy =1, V, =05, py — py = 1.0,
and an experiment expect p — QC; to be not larger than 0.05, then results in
Table 8.1 suggests that S = 3.024. Suppose a probability higher than p = 0.8
at the o = 0.05 level of significance is required, the corresponding required
sample size is given by

1> (2105 + Zogs) S = (0.842 + 1.96) (3.024) = 23.74,

i.e, a sample of size at least 24 is required.

© 2016 by Taylor & Francis Group, LLC



0711 ‘dnouo siouel 7 JojAel Aq 9T0Z ©

TABLE 8.1
Values of 1/(z,_ + z,,)?
5=0.10 6=0.15 6=0.20

Vy A=0.5 A=1.0 A=1.5 A=0.5 A=1.0 A=1.5 A=0.5 A=1.0 A=1.5

D =0.02 0.2 5.693 5.376 4.955 13.403 12.681 11.702 24.861 23.594 21.810
0.5 4.518 4.289 4.196 10.655 10.134 9.921 19.820 18.901 18.520
1.0 3.939 3.336 3.237 9.310 7.894 7.662 17.370 14.761 14.333
2.0 4.231 2.962 2.226 10.020 7.021 5.280 18.756 13.163 9.906
5.0 5.728 4.159 2.469 13.595 9.876 5.866 25.534 18.558 11.032

D =0.05 0.2 0.911 0.860 0.793 2.144 2.029 1.872 3.978 3.775 3.490
0.5 0.723 0.686 0.671 1.705 1.622 1.587 3.171 3.024 2.963
1.0 0.630 0.534 0.518 1.490 1.263 1.226 2.779 2.362 2.293
2.0 0.677 0.474 0.356 1.603 1.123 0.845 3.001 2.106 1.585
5.0 0.916 0.666 0.395 2.175 1.580 0.939 4.085 2.969 1.765

D =0.08 0.2 0.356 0.336 0.310 0.838 0.793 0.731 1.554 1.475 1.363
0.5 0.282 0.268 0.262 0.666 0.633 0.620 1.239 1.181 1.158
1.0 0.246 0.208 0.202 0.582 0.493 0.479 1.086 0.923 0.896
2.0 0.264 0.185 0.139 0.626 0.439 0.330 1.172 0.823 0.619
5.0 0.358 0.260 0.154 0.850 0.617 0.367 1.596 1.160 0.690

Note: The value 7 is the required sample size. Notation: A = py — py, D=p - QC;.

8/1
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8.3.3 Testing Procedure

Hypotheses testing of the consistency index p can also be conducted based
on the asymptotic normality of p. Consider the following hypotheses:

Hy: p < p,versus Hy: p > p,.

We would reject the null hypothesis in favor of the alternative hypothesis
of consistency. Under H,, we have

P=P=B®) N1 (8.10)

Jvar(p)

Thus, we reject the null hypothesis H; at the o level of significance if

P=p-Bp)_

Jvar(p) *

This is equivalent to rejecting the null hypothesis H, when

P> po + B(p)+ Zy\/var(p).

Again, for illustrative purposes, Table 8.2 provides critical values of the
proposed test for consistency index for various combinations of the param-
eters. In particular, a = 0.1; p, = 0.75, 0.85, and 0.9; & = 0.10 and 0.20; px — py =
0.5,1.0,and 1.5. Vi is chosen tobe 1 and V, =0.2,0.5, 1.0, 2.0 and 5.0. Note that
the critical value is closer to the corresponding p, either for larger sample
size n, smaller § or smaller py — p,.

8.3.4 Strategy for Statistical Quality Control

In practice, raw materials, in-process materials, and/or final products at dif-
ferent sites are manufactured sequentially in batches or lots. As a result,
it is important to perform statistical quality control on batches. A typical
approach is to randomly select samples from several (consecutive) batches for
testing. In this case, observations from the study would be subject to batch-
to-batch variability. For the sake of administrative convenience, it is common
to have an equal number of observations from the batches. Consider the fol-
lowing model:

X

X .
Xy=Ux+A +g;,i=1...,my;j=1,..,ny
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TABLE 8.2

Critical Values of the Proposed Test for Consistency Index p,

A=0.5 A=1.0 A=15

Po o Vy n=15 n=30 n=50 n=15 n=30 n=50 n=15 n=30 n=50
075 0.10 0.2 0.7695 0.7640 0.7609 0.7683 0.7632 0.7604 0.7680 0.7629 0.7601
0.5 0.7673 0.7624 0.7597 0.7665 0.7619 0.7593 0.7665 0.7619 0.7593

1.0 0.7662 0.7616 0.7590 0.7646 0.7605 0.7582 0.7645 0.7604 0.7581

2.0 0.7668 0.7620 0.7594 0.7639 0.7600 0.7578 0.7620 0.7586 0.7567

50 0.7697 0.7640 0.7609 0.7667 0.7619 0.7593 0.7628 0.7592 0.7572

020 0.2 0.7907 0.7791 0.7727 0.7884 0.7777 0.7717 0.7878 0.7771 0.7712

0.5 0.7863 0.7760 0.7703 0.7846 0.7749 0.7695 0.7847 0.7749 0.7695

1.0 0.7839 0.7743 0.7689 0.7807 0.7721 0.7673 0.7805 0.7719 0.7671

2.0 0.7853 0.7753 0.7697 0.7793 0.7710 0.7664 0.7754 0.7682 0.7642

50 07915 0.7797 0.7731 0.7853 0.7752 0.7697 0.7771 0.7694 0.7651

085 0.10 0.2 0.8695 0.8640 0.8609 0.8683 0.8632 0.8604 0.8680 0.8629 0.8601
0.5 0.8673 0.8624 0.8597 0.8665 0.8619 0.8593 0.8665 0.8619 0.8593

1.0 0.8662 0.8616 0.8590 0.8646 0.8605 0.8582 0.8645 0.8604 0.8581

2.0 0.8668 0.8620 0.8594 0.8639 0.8600 0.8578 0.8620 0.8586 0.8567

50 0.8697 0.8640 0.8609 0.8667 0.8619 0.8593 0.8628 0.8592 0.8572

020 02 0.8907 0.8791 0.8727 0.8884 0.8777 0.8717 0.8878 0.8771 0.8712

0.5 0.8863 0.8760 0.8703 0.8846 0.8749 0.8695 0.8847 0.8749 0.8695

1.0 0.8839 0.8743 0.8689 0.8807 0.8721 0.8673 0.8805 0.8719 0.8671

2.0 0.8853 0.8753 0.8697 0.8793 0.8710 0.8664 0.8754 0.8682 0.8642

50 0.8915 0.8797 0.8731 0.8853 0.8752 0.8697 0.8771 0.8694 0.8651

090 0.10 0.2 09195 09140 0.9109 0.9183 0.9132 0.9104 0.9180 0.9129 0.9101
0.5 09173 09124 0.9097 09165 09119 0.9093 0.9165 0.9119 0.9093

1.0 09162 09116 0.9090 09146 0.9105 0.9082 0.9145 0.9104 0.9081

2.0 09168 09120 0.9094 0.9139 0.9100 0.9078 0.9120 0.9086 0.9067

50 09197 09140 0.9109 09167 09119 0.9093 0.9128 0.9092 0.9072

020 0.2 0.9407 0.9291 09227 0.9384 0.9277 0.9217 0.9378 0.9271 0.9212

0.5 09363 0.9260 0.9203 0.9346 0.9249 0.9195 0.9347 0.9249 0.9195

1.0 09339 0.9243 09189 0.9307 0.9221 09173 0.9305 0.9219 0.9171

2.0 09353 0.9253 0.9197 0.9293 0.9210 09164 09254 0.9182 0.9142

50 09415 0.9297 0.9231 0.9353 0.9252 0.9197 0.9271 09194 09151

Note: Notation: A = py — py.

where A accounts for the batch-to-batch variability for the observations col-
lected in site 1 and is normally distributed with mean 0 and variance o;,; iy

is the number of batches collected in the study at site 1 and 8,?]-{ are normal
random variables with mean 0 and variance ¢2 Similarly,

Y Y - A
Y=y + A +egi=1,.,my =1, 0y,

it =
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where A} accounts for the batch-to-batch variability for the observations col-
lected in site 2 and is normally distributed with mean 0 and variance 6;,;
is the number of batches collected in the study at site 2 and 8}; are normal ran-
dom variables with mean 0 and variance 63. Therefore, the total variability of
the most active component at the two sites is given by var X = Vy = 6}, + 07
and varY =V, = o}, + 0, respectively.
1 nX X;and X = 1 me X;. Then, the observed
ny j=1 My i=1

my _ my ny —
sums of squares are SSA, = nxzi:1 (X; = X)? SSE, = 21’:1 2,~=1(X’7 -X,)
and SST; = SSA; + SSE,. Following the results of Chow and Tse (1991), the
MLE of 67, and o7 are

Furthermore, let X; =

1(1SSA1 —1SSE1J BV — )
Ny \Mx my (ny —1) mx my (nx —1)
Gy = if
0 Lgoa, <« 1 g,
Ty my (ny —1)
(8.11)
and
1 1 1
——SSE —SSA, >—SSE
my (ny —1) ' My ' my (ny —1) '
&2 = f (8.12)
! SST, LSSAl < ¥SSE1.
UL Ty my (nx —1)
Furthermore, the MLE of the total variability Vy is given by Vy = LSSTT
UL

The MLE of 62,, 62, and V,, denoted by 62,, 62, and V, respectively, can be
obtained in a similar way using observations Y;. Comparison of the esti-
mates G;, and 6;, would give an idea of the magnitude of the batch-to-batch

variability at the two sites.

8.3.5 An Example

To illustrate the proposed statistical quality control process for testing con-
sistency, consider test for raw materials of a traditional Chinese medicine
(TCM) that is intended for treating patients with rheumatoid arthritis. The
TCM contains three active components, namely, Herba Epimedii (HE) extract
(the most active component) and the other two components B extract and
C extract. HE is the dried aerial parts of herbaceous perennial plants of
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berberidaceae family. The botanical for medical use is harvested in sum-
mer or autumn when foliage branch growing luxuriantly. The TCM contains
multiherb substance that is prepared by combining individually processed
botanical substances. That is, HE, B, and C contain 0.6 kg of HE solid extract,
0.25 kg of B solid extract, and 0.25 kg of C solid extract, respectively, while
the HE extract is standardized and quality controlled to contain at least 2
percent of icariin, the B extract is standardized and controlled to contain
at least 20 percent of naringin, and the C is standardized to contain 0.06
to 0.08% of triptolide, respectively. The component of HE is mainly distrib-
uted in Shianxi, Sichuan, Hubei, Shanxi, and Guangxi provinces of China.
Each of these three components has been used as herbal remedies since
ancient China. These components are well documented in the recent edition
of Chinese Pharmacopoeia. The formulation of the TCM is summarized in
Table 8.3.

Suppose the sponsor of the TCM is interested in testing the consistency
of the raw materials, based mainly on the most active component of HE,
from Shianxi, Sichuan, and Hubei. Suppose that three batches from each site
will be tested and eight samples from each batch will be randomly selected.
Therefore, in each site, there are a total of 24 samples are selected for testing.
Also suppose that § is equal to 0.2. Furthermore, the acceptance criterion
for testing consistency is chosen such that the probability of the lower limit
LL(p) of the 95 percent confidence interval of p is greater than the quality
control lower limit QC, has to be at least 0.8.

To assess the consistency of the active component from the three sites, test
results (in percent of label claim) of the test samples selected from the three
provinces are log-transformed. The corresponding summary statistics are

TABLE 8.3
Formulation of a Given TCM
Component TCM Formulation Standardized for QC
HE 60 mg 1.2 mg of icarium
B 25 mg 5 mg of naringin
C 25mg 1.5-2.0 mg of triptolide
Excipient 90 mg Not applicable
Total 200 mg
TABLE 8.4
Summary Statistics
Site Sample Mean Sample Standard Deviation
Shianxi 4.537 0.032
Sichuan 4.445 0.045
Hubei 4.258 0.061
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TABLE 8.5

Pairwise Comparisons among the Three Provinces

Estimated
C, —
o Consistency P{Q L Ap +2y, < Z}
Sites X-Y var(p) Index yvar(p)
Shianxi vs. Sichuan 0.092  0.00455 0.99 P{-20.01 < Z} =1.00
Shianxi vs. Hubei 0.279 0.05728 0.21 P{0.214 < Z} =0.417
Sichuan vs. Hubei 0.187  0.07116 0.68 P{0.555 < Z} = 0.288

given in Table 8.4. For illustrative purposes, QC, is selected in such a way
that p — QC; < 0.1. The results for the comparison among the three provinces
are: given in Table 8.5. As can be seen from Table 8.5, we claim that raw mate-
rials of HE component obtained from the Shianxi and Sichuan are consis-

QC -p

(i

than the required value f (= 0.8); whilst those from Hubei is not consistent
with Shianxi and Sichuan because the corresponding probabilities are less
than 0.8.

tent because the corresponding probability P +2z,, <Z} is larger

8.4 Tolerance Region Approach

Instead of assessing the consistency of the materials from two sites as
described in the previous section, Lai and Hsiao (2013) proposed a toler-
ance region approach to manage the quality of the materials from different
locations simultaneously. If the materials do not pass the tolerance region
(derived from a random effects model) for the purpose of quality control,
Lai and Hsiao suggested that pairwise comparisons be performed in order
to extract the failed one in order to reduce the cost of materials. In what fol-
lows, Lai and Hsiao’s tolerance region approach under a multivariate ran-
dom effects model is briefly introduced.

8.4.1 A Multivariate Random Effects Model

The concept of tolerance region for a multivariate normal population has
been well studied in the literature. For example, Wald (1942) proposed a gen-
eral parametric method, applicable to any given density function, to con-
struct tolerance limits for large samples. However, it is not clear whether
Wald’s approach for small samples is adequate. Alternatively, John (1963)
provided theoretical formulation for the problem of constructing tolerance
region for multivariate normal distributions. Many approximate methods
for construction of tolerance regions for multivariate normal distributions
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have been proposed in the literature since then. See, for example, Siotani
(1964), Chew (1966), Guttman (1970), Fuchs and Kenett (1987), Hall and
Sheldon (1979), Krishnamoorthy and Mathew (1999), and Krishnamoorthy
and Mondal (2006).

Because TCMs often contain multiple components, we will first introduce
the multivariate random effects model. Following the approach given by
John (1963), a tolerance region of the multivariate random effects model can
be derived. Denote by p vector y;, the measurement of the p active compo-
nents from the kth sample of the jth batch from the ith region. The random
p vectors A; and B;; stand for the random effects of the ith region and the jth
batch nested in the ith region, respectively. Now, consider the following mul-
tivariate random effects model:

V=R +A+Bitegi=1.,Li=1 . k=1..K (8.13)

where the constant vector p is the true mean of y;; and the random vectors
A, B, and g are independent and multivariate normally distributed with
mean zero and covariance matrices )4, Y5 and Y, respectively. That is,

A~ Np(O/ 2 Bij ~ Np(ol 25 Eijk ~ Np(O/ )

According to model (Equation 8.13), it can be verified that y,; follows N,,(0,
Y4+ X2+ ) distribution. Under model (Equation 8.13), John (1963) derived
tolerance region based on a general multivariate normal distribution as fol-
lows. Let y be a N,(y, Zy) distributed random vector with unknown mean
vector p and covariance matrix Y . On the basis of a random sample y;, ...,
yy from N,(n, 3), a f-content, y-confidence tolerance region T(, y) of y is
defined to be a subset of R? such that

P}/l/}/Z/---/]/N {Py(y € T(BIY)lyllyzr' -'Iyl\l) 2 B} = ,Y (814)

Denote the sample mean and the sample covariance matrix as ¥ and X,
respectively. Moreover, the sample covariance matrix follows a Wishart dis-
tribution with certain scale matrix A and degree of freedom v. On the basis
of a random sample y;, ..., yy from N, (i, 3,). John (1963) showed that the tol-
erance ellipsoid, with 100y% confidence level, includes at least 100p% of the
population, which satisfies the following inequality:

’2
7,’\ o Xﬁ,,
(y-9) 2, (y )< /e

v/

7

where denotes the upper (1 — p) x 100% point of the noncentral chi-square
distribution with p degree of freedom p and noncentrality parameter p/(2N),
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and Xy, denotes the upper 100y% point of chi-squared distribution with vp
degree of freedom. The tolerance region T(p, y) is then given by

7”2
T®,v)= {y -y S,y -y < e } (8.15)

vap/

The upper bound in Equation 8.15 is usually referred to as the tolerance
factor of the tolerance region T(B, y). Under model Equation 8.13, to obtain
the tolerance region T(f, y) as given in Equation 8.15, we need to calculate the
degree of freedom of X,. Thus, on the basis of the random samples, y;, i =
1,..,Lj=1,..,L k=1, .. K, the following averages and sum of squares can
be obtained:

K

_ Vi . .

V= E Iék,forz:l,...,Iand]:L...,],
k=1

(8.16)
SSA = JK Y (7 = ).~ 9,
SSB=K Y D (7 ~ 4. )Wy .Y

SSE:Z

I
i=1 j

J K
Z(yijk = Y)W — Vi)

=1 k=1

The mean squares and expected mean squares are then given by

SSA SSB SSE

1172 -1 g1y
Ay=ES)=JKI,+K3,+3,,
Ap=E(Sy)=K3Zz+3,,

A, =ES)=3,.

SA:
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TABLE 8.6

Multivariate Analysis of Variance Table of Model (Equation 8.13)
Degree of Sum of Mean Expected

Source Freedom Squares Squares Mean Squares

Region I-1 SSA Sa Ay

Batch IJ-1) SSB Sg Ag

Error IJ(K-1) SSE S, A,

The above results are summarized in Table 8.6. By Equation 8.16, it can be
verified that S,, Sy, and S, follow Wishart distributions W,(A,, I - 1), W,(A,
I(J - 1)), and W,(A,, [J(K - 1)), respectively, where W,A, k denotes the Wishart
distribution with the scale matrix A and degrees of freedom k.

Under the normality assumption of model (Equation 8.13), the random vec-
torsyand ¥ follow N,(», 2,) and N (1, X;) distributions, respectively, where

Zy=2A+EB+Ze,andZy:&+§+ >,

can be expressed as follows: L IK

. Thus, the covariance matrix ),

1 J-1 K-1 K-1
X, =— Ayt B+TAE :cAAA+cBAB+TA

er

where

cAsANW,,(CIAAf,I—l)

cgAg _
CBSBNWp(I(]_l)/I(] 1)]/

A
cesefva[ Celle ,1}(1<—1)].

IJ(K-1)

Applying the modified multivariate Satterthwaite approximation for the
distribution of a linear combination of independent Wishart matrices by
Nel and van der Merwe (1986), the sample covariance matrix X, follows
W,(X,/v, v) distribution with the degree of freedom:

(X, 1+ [tr(Z,)F

I 7

D Lttt 1+ A P)
m.

i=1 !

(8.17)
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where m, =1 -1, my = I(J - 1), m, = I[J(K — 1). Note that when Y ,, 35, and
Y. are unknown, the unknown degree of freedom v can be estimated sim-
ply by replacing A; with S;. However, such an estimated degree of free-
dom is not invariant under nonsingular transformation. As an alternative,
Krishnamoorthy and Yu (2004) suggested considering the Wishart approx-

imation to the distribution of 2;1/ 2y, 2;1/ %, That is, replacing Y, with

2;1/ 2 > Z;U %, As a result, the resulting degree of freedom becomes

(8.18)

8.4.2 An Example

To illustrate the tolerance region approach proposed by Lai and Hsiao (2013),
consider the synthetic data from Lu et al. (2007). The TCM intended for treat-
ing patients with rheumatoid arthritis contains two active components,
namely, extract A and B. Each of these two active components has been used
as a herbal remedy since ancient China. We are interested in testing the
consistency of the raw materials, based on the two active components, from

TABLE 8.7

Tolerance Factor Defined in Equation 8.15 with o = 2.970581
and v = 3.127606 Corresponding to Specific Content
Proportion p and Confidence Level y

y=0.8 y =0.85 y=0.9 y=0.95
0 =2.970581 (Krishnamoorthy and Yu 2004)
p=0.8 2.123451 2.451901 2.964166 4.003442
p=0.85 2.497194 2.883454 3.485881 4.708076
p=0.9 3.026625 3.494776 4.224924 5.706237
p=0.95 3.941354 4.550993 5.501812 7.460819

0=23.127606 (Nel and van der Merwe 1986)

p=0.8 1.971383 2.265580 2721244 3.635920
f=0.85 2.318361 2.664338 3.200203 4.285868
p=0.9 2.809877 3.229206 3.878679 5.182396
f=0.95 3.659099 4.205161 5.050992 6.748659

Source: Lai, YH. and Hsiao, C.F,, Using a tolerance region approach as
a statistical quality control process for traditional Chinese
medicine. The 3rd International Conference on Applied
Mathematics and Pharmaceutical Sciences, April 29-30,
2013, Singapore, pp. 346-349, 2013.
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TCM component B

T T T T T
4.3 4.4 4.5 4.6 4.7

TCM component A

FIGURE 8.1
Tolerance region of TCM data with content proportion p = 0.8, confidence level y = 0.9, and the
degree of freedom v = 2.970581.

three different sites. Suppose that four batches from each site will be tested
and nine samples from each batch will be randomly selected. Multivariate
analysis of variance (MANOVA) table is given in Table 8.6. By Equation 8.18,
the degree of freedom of 2, is given by & = 2.970581.

Thus, based on the values of U estimated by the approaches described by
Krishnamoorthy and Yu (2004) and Nel and van der Merwe (1986), the tol-
erance factors given in Equation 8.15 can be obtained. The results are sum-
marized in Table 8.7 for various content proportion and confidence level.
The ellipsoid of the tolerance region (Figure 8.1) indicates that the tolerance
region of data with content proportion f = 0.8, confidence level y = 0.9 and the
degree of freedom v = 2.970581.

8.5 Concluding Remarks

In this chapter, statistical quality control for raw material inspection of a
TCM with multiple components is discussed. Tse et al. (2006) proposed the
idea is to construct a 95 percent confidence interval for a proposed consis-
tency index under a sampling plan. If the constructed 95 percent confidence
lower limit is greater than a pre-specified QC lower limit, then we claim
that the raw materials has passed the QC and hence can be released for

© 2016 by Taylor & Francis Group, LLC



Statistical Test for Consistency 189

further processing. Otherwise, the raw materials should be rejected. For a
given component (the most active component if possible), a sampling plan
is derived to ensure that there is a desired probability for establishment of
consistency between sites when truly there is no difference in raw materials
between sites. The results can be similarly extended to in-process materials
and final products. In practice, if other individual components can be identi-
fied, the procedure discussed in the above can be applied in a similar fashion
to establish limits for these individual components.

When there is more than one active ingredient in a particular TCM, under
certain assumptions, the above proposed method can be modified and
extended to test the following consistency index:

u 1
=P|1-§, <+ <—k=1,2,...,K|,
P ( “Sw, S1-s, J

where 0 < §; <1 and is the limit that allows for consistency for the kth com-
ponents of U, and W, from the two sites. Suppose that the components are
acting independently, then

u
=P|1-§, <~ ;k=1,2,...,K
p [ k Wk<1_8k J
K
=HP(1—8k<LI"< L ]
L | W, 1-§,
K
-11»
k=1

where p; can be estimated using Equation 8.2 based on the observations
obtained from the kth component. In particular,

p= ﬁq) ~log(1-8,) - (X, - Yi) —® log(1-8,)— (X, - Y)
k=1 \/ Vix+Viy \/Vk,X +Viy

where X,,Y,, Vk,X, kay are the sample means and sample variances based on
the kth component of the TCM from the two sites respectively.
Alternatively, Lai and Hsiao (2013) proposed a flexible approach for assess-
ing the consistency of raw materials and/or final products of TCM. They
considered the use of the tolerance region of the multivariate random effects
model to assess the quality of TCM. If the tolerance region is within the
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permitted range, then the product is considered passing the QC; otherwise, it
should be rejected and further comparisons should be carried out. It should
be noted, however that TCMs generally contain more than two active com-
ponents. Lai and Hsiao’s approach provides a quality control assessment to
make sure that all the materials meet the requirement of quality simulta-
neously. This property provides the flexibility for assessing the consistency
over high-dimensional data corresponding to multiple components from
different locations.
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Statistical Process for Quality
Control/Assurance

9.1 Introduction

As indicated in Chapter 1, as more and more innovator drug products are
going off patent protection, the search for new medicines for treating criti-
cal and/or life-threatening diseases has become the center of attention of
many investigators from either research organizations or pharmaceutical
companies. As a result, the Westernization of TCM has attracted much atten-
tion in pharmaceutical/clinical research and development. A TCM typically
consists of multiple components or active ingredients (e.g., extracts from
herbs). In practice, the pharmacological activities of these components are
usually unknown. However, it is believed that each component is targeted
for a specific organ. Chinese doctors believe that all organs within a healthy
subject should reach global dynamic balance or harmony among organs
(see, also Chow et al. 2006). Thus, a flexible dose consisting of several com-
ponents with different relative proportions of these components is usually
prescribed. On the basis of the fact that each component may come from dif-
ferent locations and/or be manufactured (or processed) at different sites, the
consistency such as content uniformity and weight variation from location to
location (or from site to site) is a concern for quality control and assurance of
the resultant TCM especially when the TCM is used in humans.

For a given component such as the most active component among these
components, Tse et al. (2006) proposed the concept of consistency to test for
content uniformity across different study sites. The idea is to construct a
95 percent confidence interval for a proposed consistency index under a sam-
pling plan. If the constructed 95 percent confidence lower limit is greater than
a pre-specified quality control (QC) lower limit, then we claim that the TCM
has passed the QC and hence can be released for human use. Otherwise, the
TCM should be rejected. Tse et al. (2006) focused on the construction of a con-
sistency index for TCM based on a single component, assuming that it is the
most active component of the TCM. Following a similar idea, Lu et al. (2007)
extended Tse et als (2006) results to the case of two correlative components.

191
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In Section 9.2, the consistency index for two correlative components of a
TCM proposed by Lu et al. (2007) is described. Acceptance criteria and the
corresponding testing procedure for the hypotheses on consistency index are
discussed in Section 9.3. Also included in this section is the issue of sample
size calculation. Results are developed for the determination of sample size
required to ensure that there is a high probability of consistency between
formulations from different places. In Section 9.4, an example concerning a
TCM for treating patients with rheumatoid arthritis is presented to illustrate
the proposed method. Some concluding remarks are given in Section 9.5.

9.2 Statistical Model

Let (U, U,) and (W,, W,) be the characteristics of the two most active ingre-
dients among the multiple components of a TCM from two different places,
respectively. Suppose that (X;, X,) = (log U, log U,) follows a bivariate normal
distribution with mean vector (Mx, ,lx, ) and covariance matrix X;; similarly,
(Y1, Yy) = (log Wy, log W,) follows a bivariate normal distribution with mean
vector (My,,Hy, ] and covariance matrix X,. In particular, denote

1

2 _ Vy, Px (Vx1 Vx, )E
1

and

Py (Vyl Vi, )E Vi,

Suppose that two random samples of observations (Xy;, X,) = (log Uy, log
U,),i=1,...,ngyand (Y3, Y5) = (log Wy, log W,),i=1, ..., nyare collected in an
assay study. For the sake of simplicity, we assume ny = n, = n. Following the
idea of using P(X < Y) to assess reliability in a strength-stress relationship
(Enis and Geisser 1971), Tse et al. (2006) proposed an index to assess the con-
sistency of raw materials and/or final products from two different sites when
there is only one active component. Let p; and p, denote the consistency indi-
ces, as defined in Tse et al. (2006), of the two most active components of a
TCM from two different sites. We propose to define the consistency index
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of a TCM with two correlative components by min(p,, p,) and denote it by p,
where

1-3,

i

pi:P[ -9, % < 1 j, 0<9,<1,i=1,2
and §; is a limit that allows for consistency. Therefore, the consistency index
p is a function of the parameters
0= (Hx1 My, My By, Vi Vi Vi Wy, ),

i.e, p = h(0). By invariance principle, the maximum likelihood estimators
(MLE) of p; and p, are given by

b, = —IOg(liSf)—in—lﬁ) _® log(l—éi)—(?(f—lﬂ) ) ©1)
Ve + 7, Vs, +

where (D(zo) PZ < ZO) with Z being a standard normal random variable,

—=1\2 ~ 1% —\2
ZXU Y, = ZYU,VX Z(xi].—xi) and V, =EZ(Y17—YZ-) :
=1 =t
i=1, 2. Thus, the maximum likelihood estimator (MLE) of the proposed
consistency index p is given by p = min(p,, p,). Furthermore, it can be easily
verified that the following asymptotic result holds.

Lemma 9.1

The (log p1,log Pz) is asymptotically distributed as N [E (log p1,log pz), 2152 AJ

51 2,

where A = (@,),,,- The detailed expressions of 4, s;, s, are given in expressions

7]’

A1l through Al.5 in the Appendix. |
Proof

Details of the arguments can be found in Section 9.6.1. [ |
Lemma 9.2

E(log p,)+o(n™) " P1> P2

(A) E(logp)= R
E(log py)+o(n™) P <ps;

9.2)

© 2016 by Taylor & Francis Group, LLC



194 Quantitative Methods for Traditional Chinese Medicine Development

and
. Var(log p,)+o(n™") . >
(B) Var(log )= (log sz) ( 71) £ PP 09)
Var(log p,)+o(n™) P1< Pa- n
Proof
Details of the arguments can be found in Section 9.6.2. u
Theorem 9.1

The logp as given in Equation 9.1 is with mean E(logp) and variance
Var(log p), where E(log p)=logp+ B(p)+o(n™") and Var(logp)=C(p)+o(n™).
The detailed expressions of B(p) and C(p) are given in the Appendix.
Furthermore,

logp=logp=B() _, o, 1) 94)
Je@) ’

where B(p) and C(p) are estimates of B(p) and C(p) with the unknown popu-
lation parameters 6= (qu My, My, My, Vi Vi, Wy, VYz) estimated by their

corresponding MLEs = ()?1, X,,Y,,Y,, ‘A/xl , ‘A/Xz , VYI , ‘A/Yz ) |

Proof

The details of the derivation of B(p) and C(p) are given in the Appendix. In
particular,

B(p)=— P (y2 y2) j Ve +V
) npy ank( X Y") 2np,f auxk ( Xk Y")

a,\ 2
+2(a£’; ) (v2 +v2 )}

2 2
1 aﬁk ai/)k 2 2
d Clp)=— Vi +V, 2 Vi, + Vi | |; where th b-
and C(p) i’le I:(auXkJ ( x, T y”)+ (aVXk (Xk+ Yk) where the su

script k is defined by k= j if p=p;,j=1o0r 2.
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Note that B(p) converges to 0 as n tend to infinity. Thus, p is asymptotically
unbiased. Since 6 = (XI,XZ,YUYZ,VX] Vi, Vy, 'VYz) is asymptotically multi-

variate normally distributed and p is a function of 6, it follows from Serfling
(1980) that

Jvar(log p)

Using Slutsky’s theorem, it can be shown that

log p —log p — B(p)

N @)

is asymptotically normal since B(p) and C(p) are consistent estimates of B(p)
and C(p), respectively.

On the basis of the results given in Theorem 9.1, for a given level 0 < < 1,
an approximate (1 — @) x 100% confidence interval for log p, denoted by
(LL(log p), UL(log p)), can be obtained based on Equation 94. In particular,

LL(IOg ﬁ) = logﬁ - B(ﬁ) ~Zgy2 v C(f})/ (95)
and
UL(log p) =log p — B(P) + 24,/ C(P), 9.6)

where z,,, is the upper a/2-percentile of the standard normal distribution.
Consequently, an approximate (1 — a) x 100% confidence interval for p,
denoted by (LL(p), UL(p)), is given as

(Ltos) | plLtogi)) 9.7)

9.3 Assessing Consistency for QC/QA
9.3.1 Sample Size Determination

The following criterion is proposed to assess the consistency of two formu-
lations with two correlative active components manufactured from two dif-
ferent sites. If the probability that the lower limit LL(p) of the constructed
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(1 — o) x 100% confidence interval of p is greater than or equal to a pre-specified
quality control lower limit, say, QC; exceeds a pre-specified number f (say f =
80%), then U = (U, U,) and W = (W,, W,) are claimed to be consistent or similar.
In other words, U and W are consistent or similar if P(QC; < LL(p)) =B, where
B is a pre-specified constant. Thus, for a given value of f, a practical question
is to determine the required sample size n to ensure that there is at least with
probability p that the lower confidence limit of p is greater than or equal to the
QC lower limit. In other words, the sample size can be determined such that

P{QC, <LL(p)} 2. ©.8)

Using the results from Equations 9.4 and 9.5, Equation 9.8 becomes

P(logQC, < log i~ B(p) - z,/:/C() ) 2 B. 99)
Therefore,
p log QC; . logp vz, < logp— B(p? —logp > B, ©10)
VE@) VEP)
. . : logp—B(p)-logp . .
Since, on the basis of Equation 9.1, = is asymptotically
VEP)

distributed as a standard normal random variable, the required sample size
can be obtained by solving the following inequality:

! C, —1
08 A TN Zasa S ~Z1p, (9.11)
VE(P)

In particular, the required sample size n is given by

(Zas2 +214) Py ? Py 2 , .
2 Vi, +Vy )+2 Vi, +V, )
n p*(logQC, —logp)* | | duyx, ( X Yk) Vg, ( X yk) , 912

where the subscript k is defined by k =jif p=p;, j=1,2.

The above inequality (Equation 9.8) suggests that the required sample size
n depends on the parameters @, B, Vy, Vi, Uy —ly. and logQC, —logp,.
From Equation 9.8, it can be seen that a larger sample size is required for
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larger p and smaller a. Equivalently, in order to assure that the lower limit
of a confidence interval is greater than QC; with a higher confidence level,
a larger sample size is required. Similarly, a relatively large sample size is
required when log QC; — log p; is small, i.e., when the consistency index is
close to the quality control limit QC;. However, the pattern of the required
sample size on the other parameters such as Vx ,Vy. and Uy, —Hy, is not easy
to track as these parameters are involved in the partial derivatives and con-
sistency indices.

Thus, a numerical study is conducted in order to gain more insight about
the pattern of the required sample size for different combinations of param-
eters. For the sake of simplicity, define

_ L[ 2(v v, 2| 2(V2+V2) 9.13)
P? oy, R aVx, SR ©

Then, for given values of o, p, and log p — log QC;, the required sample size
n is equal to [(z, + z,.p*S/(log p — log QC,)*], where [x] denotes the smallest
integer greater than or equal to x. In our study, 8, = 0.15 and 0.20; §, = 0.10,
0.15 and 0.20; My, — My, =0.03 and 0.05; Ly, —Hy, =0.00, 0.05, and 0.10; V, is
chosen to be 0.02, V3, =0.01, 0.03, and 0.05; Vx, = 0.01 and 0.03; Vi, =0.02,
0.04, and 0.06. For each combination of the above parameter values, the corre-
sponding value of S is listed in Table 9.1. The results suggest that S increases
as Mx, =Wy, Hx, —Uy, increases or §,, 5, decreases.

On the basis of the results given in Table 9.1, the required sample size
can be determined for a given combination of parameters. However, these
results are based on asymptotic approximation. To assess the accuracy of
these results, a simulation study is conducted to check whether the corre-
sponding power based on simulated data is close to the nominal power level
for the combinations considered. For each of the parameter combinations
considered in Table 9.1, 5000 samples were simulated and the correspond-
ing powers based on the simulated data are listed in Table 9.2. In particular,
the simulated power is the proportion of the number of simulated samples
with LL (log p) >log QC,. It can be noted that most of the cases listed in Table
9.2 are in general with simulated power close to the nominal power value
0.8. Further investigation reveals that for those cases with simulated power
much smaller than 0.8 are those with p; being very close to p,. In summary,
the finite sample performance of the sample size determination is satisfac-
tory in term of achieved the desired power level.

9.3.2 Hypotheses Testing

The idea of the consistency index can be further extended for the control
of quality of TCM manufactured at different sites. In practice, to assess the
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TABLE 9.1
Table of S Values
Vy, =0.01 Vy, =0.03
Vy, =0.01 Vy, =0.03 Vy, =0.05 Vy, =001 Vy, =0.03 Vy, =0.05
Vy, 002 004 006 002 004 006 002 004 006 002 004 006 002 004 006 002 004 0.06
5, = §,= A= A= 02164 02929 03395 02164 0.2929 0.3395 0.2164 0.2929 0.3395 0.2240 0.2294 0.2558 0.2240 0.2294 0.2558 0.2240 0.2294 0.2558
015 010 003 0.0
0.05 02510 0.3095 0.3490 0.2510 0.3095 0.3490 0.2510 0.3095 0.3490 0.2468 0.2462 0.2679 0.2468 0.2462 0.2679 0.2468 0.2462 0.2679
0.10 03687 0.3669 0.3823 0.3687 0.3669 0.3823 0.3687 0.3669 0.3823 0.3211 0.3000 0.3065 0.3211 0.3000 0.3065 0.3211 0.3000 0.3065
A= Ay= 02164 02929 03395 02164 0.2929 0.3395 0.2430 0.2929 0.3395 0.2240 0.2294 0.2558 0.2240 0.2294 0.2558 0.2240 0.2294 0.2558
0.05  0.00
0.05 0.2510 0.3095 0.3490 0.2510 0.3095 0.3490 0.2510 0.3095 0.3490 0.2468 0.2462 0.2679 0.2468 0.2462 0.2679 0.2468 0.2462 0.2679
0.10 0.3687 0.3669 0.3823 0.3687 0.3669 0.3823 0.3687 0.3669 0.3823 0.3211 0.3000 0.3065 0.3211 0.3000 0.3065 0.3211 0.3000 0.3065
§,= A= A,= 01621 02376 0.2927 0.1890 0.1890 0.2927 0.2342 0.2342 0.2342 0.1817 0.1977 0.2280 0.1890 0.1977 0.2280 0.2342 0.2342 0.2280
015 0.03 0.0
0.05 0.1806 0.2535 0.3024 0.1890 0.2535 0.3024 0.2342 0.2342 0.3024 0.2021 0.2133 0.2395 0.2021 0.2133 0.2395 0.2342 0.2133 0.2395
0.10 02735 0.3062 0.3351 0.1890 0.3062 0.3351 0.2342 0.2342 0.3351 0.2671 0.2624 0.2759 0.2671 0.2624 0.2759 0.2342 0.2624 0.2759
A= Ay= 01806 02376 02927 0.2021 0.2021 0.2927 0.2430 0.2430 0.2430 0.1817 0.1977 0.2280 0.2021 0.1977 0.2280 0.2430 0.2430 0.2280
0.05 0.00
0.05 0.1806 0.2535 0.3024 0.2021 0.2535 0.3024 0.2430 0.2430 0.3024 0.2021 0.2133 0.2395 0.2021 0.2133 0.2395 0.2430 0.2133 0.2395
0.10 02735 03062 0.3351 0.2021 0.3062 0.3351 0.2430 0.2430 0.3351 0.2671 0.2624 0.2759 0.2671 0.2624 0.2759 0.2430 0.2624 0.2759

(Continued)

861

Juawdojana(q sauIPITN aSaUIYD) [PUOIPVAL, 40§ SPOYIIN daLDIIUBNT)



0711 ‘dnouo siouel 7 JojAel Aq 9T0Z ©

TABLE 9.1 (CONTINUED)

Table of S Values
Vy, =0.01 Vy, =0.03
Vy, =0.01 Vy, =0.03 Vy, =0.05 Vy, =0.01 Vy, =0.03 Vy, =0.05
Vy, 002 004 006 002 004 006 002 004 006 0.02 004 0.06 002 004 006 002 004 006
8,= A= A,= 01621 0.1621 02324 0.1890 0.1890 0.1890 0.2342 0.2342 0.2342 0.1621 0.1570 0.1908 0.1890 0.1890 0.1890 0.2342 0.2342 0.2342
020 0.03 0.0
0.05 0.1621 0.1621 0.2421 0.1890 0.1890 0.1890 0.2342 0.2342 0.2342 0.1621 0.1707 0.2014 0.1890 0.1890 0.1890 0.2342 0.2342 0.2342
0.10 0.1621 0.2311 0.2732 0.1890 0.1890 0.1890 0.2342 0.2342 0.2342 0.2006 0.2132 0.2344 0.1890 0.1890 0.2344 0.2342 0.2342 0.2342
A= A= 01806 01806 0.2324 02021 0.2021 0.2021 0.2430 0.2430 0.2430 0.1806 0.1570 0.1908 0.2021 0.2021 0.2021 0.2430 0.2430 0.2430
0.05 0.0
0.05 0.1806 0.1806 0.2421 0.2021 0.2021 0.2021 0.2430 0.2430 0.2430 0.1806 0.1707 0.2014 0.2021 0.2021 0.2021 0.2430 0.2430 0.2430
0.10 0.1806 0.1806 0.2732 0.2021 0.2021 0.2021 0.2430 0.2430 0.2430 0.1806 0.2132 0.2344 0.2021 0.2021 0.2344 0.2430 0.2430 0.2430
5, = §,= A=  Ay= 02164 02929 0.3395 02164 0.2929 0.3395 0.2164 0.2929 0.3395 0.2240 0.2294 0.2558 0.2240 0.2294 0.2558 0.2240 0.2294 0.2558
020 010 0.03 0.0
0.05 02510 0.3095 0.3490 0.2510 0.3095 0.3490 0.2510 0.3095 0.3490 0.2468 0.2462 0.2679 0.2468 0.2462 0.2679 0.2468 0.2462 0.2679
0.10 0.3687 0.3669 0.3823 0.3687 0.3669 0.3823 0.3687 0.3669 0.3823 0.3211 0.3000 0.3065 0.3211 0.3000 0.3065 0.3211 0.3000 0.3065
A= A,= 02164 02929 0.3395 0.2164 0.2929 0.3395 0.2164 0.2929 0.3395 0.2240 0.2294 0.2558 0.2240 0.2294 0.2558 0.2240 0.2294 0.2558
0.05  0.00
0.05 02510 0.3095 0.3490 0.2510 0.3095 0.3490 0.2510 0.3095 0.3490 0.2468 0.2462 0.2679 0.2468 0.2462 0.2679 0.2468 0.2462 0.2679
0.10 03687 0.3669 0.3823 0.3687 0.3669 0.3823 0.3687 0.3669 0.3823 0.3211 0.3000 0.3065 0.3211 0.3000 0.3065 0.3211 0.3000 0.3065
§,= A= A,= 01519 02376 0.2927 0.1519 0.2376 0.2927 0.1866 0.2376 0.2927 0.1817 0.1977 0.2280 0.1817 0.1977 0.2280 0.1817 0.1977 0.2280
015 0.03 0.0
0.05 0.1806 0.2535 0.3024 0.1806 0.2535 0.3024 0.1866 0.2535 0.3024 0.2021 0.2133 0.2395 0.2021 0.2133 0.2395 0.2021 0.2133 0.2395
0.10 02735 0.3062 0.3351 0.2735 0.3062 0.3351 0.2735 0.3062 0.3351 0.2671 0.2624 0.2759 0.2671 0.2624 0.2759 0.2671 0.2624 0.2759

(Continued)
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TABLE 9.1 (CONTINUED)

Table of S Values
Vy, =0.01 Vy, =0.03
Vy, =0.01 Vy, =0.03 Vy, =0.05 Vy, =0.01 Vy, =0.03 Vy, =0.05
Vy, 002 004 006 002 004 006 002 0.04 006 0.02 004 0.06 002 004 006 002 004 006
A= A,= 01519 02376 0.2927 0.1519 02376 0.2927 0.1945 0.2376 0.2927 0.1817 0.1977 0.2280 0.1817 0.1977 0.2280 0.1817 0.1977 0.2280
0.05  0.00
0.05 0.1806 0.2535 0.3024 0.1806 0.2535 0.3024 0.1945 0.2535 0.3024 0.2021 0.2133 0.2395 0.2021 0.2133 0.2395 0.2021 0.2133 0.2395
0.10 02735 0.3062 0.3351 0.2735 0.3062 0.3351 0.2735 0.3062 0.3351 0.2671 0.2624 0.2759 0.2671 0.2624 0.2759 0.2671 0.2624 0.2759
8,= A= A,= 00941 0.1714 02324 0.1371 0.1371 0.2324 0.1866 0.1866 0.1866 0.1310 0.1570 0.1908 0.1371 0.1570 0.1908 0.1866 0.1866 0.1908
020 0.03 0.0
0.05 0.1073 0.1857 0.2421 0.1371 0.1857 0.2421 0.1866 0.1866 0.2421 0.1479 0.1707 0.2014 0.1479 0.1707 0.2014 0.1866 0.1707 0.2014
0.10 0.1719 0.2311 02732 0.1371 0.2311 0.2732 0.1866 0.1866 0.2732 0.2006 0.2132 0.2344 0.2006 0.2132 0.2344 0.1866 0.2132 0.2344
A= A,= 01073 01714 0.2324 0.1479 0.1479 02324 0.1945 0.1945 0.1945 0.1310 0.1570 0.1908 0.1479 0.1570 0.1908 0.1945 0.1945 0.1908
0.05  0.00
0.05 0.1073 0.1857 0.2421 0.1479 0.1857 0.2421 0.1945 0.1945 0.2421 0.1479 0.1707 0.2014 0.1479 0.1707 0.2014 0.1945 0.1707 0.2014
0.10 0.1719 02311 0.2732 0.1479 0.2311 0.2732 0.1945 0.1945 0.2732 0.2006 0.2132 0.2344 0.2006 0.2132 0.2344 0.1945 0.2132 0.2344

Note:  Vx, =0.02; Ay =px, —Hy,, A =Uyx, —Uy,.

00¢C

Juawdojana(q sauIPITN aSaUIYD) [PUOIPVAL, 40§ SPOYIIN daLDIIUBNT)



0711 ‘dnouo siouel 7 JojAel Aq 9T0Z ©

TABLE 9.2

Simulated Power Based on 5000 Samples

5 A

W,

2

Vy, =0.01

Vy, =0.03

vy, =0.01

vy, =0.03

vy, =0.05

Vy, =0.01

vy, =0.03

V,, =0.05

0.02

0.04

0.06

0.02

0.04

0.06

0.02

0.04

0.06

0.02

0.04

0.06

0.02

0.04

0.06

0.02

0.04 0.06

5,=0.15
0.10 0.03

0.05

0.15 0.03

0.05

A=
0.00
0.05
0.10
A=
0.00
0.05
0.10
A=
0.00
0.05
0.10
A=
0.00
0.05
0.10

0.7912

0.7790
0.7836
0.7872

0.7888
0.7926
0.6914

0.7398
0.7738
0.7570

0.6216
0.7854

0.7922

0.7832
0.7900
0.7886

0.7776
0.7870
0.7860

0.7838
0.7856
0.7910

0.7944
0.7820

0.7980

0.7916
0.7922
0.7866

0.7930
0.7872
0.7886

0.7896
0.7934
0.7918

0.7958
0.7782

0.7862

0.7900
0.7890
0.7846

0.7868
0.7748
0.7932

0.7874
0.7796
0.7860

0.7836
0.7840

0.7902

0.7984
0.7998
0.7862

0.7980
0.7934
0.6218

0.7560
0.7846
0.7014

0.7162
0.7882

0.8014

0.7882
0.7906
0.7988

0.8030
0.7828
0.7982

0.7994
0.7910
0.7916

0.7934
0.7926

0.6472

0.7890
0.7820
0.7060

0.7494
0.7894
0.7748

0.7874
0.7990
0.7982

0.7918
0.7832

0.7862

0.7936
0.8014
0.7902

0.7874
0.7918
0.7884

0.7942
0.7778
0.7880

0.7798
0.7874

0.7976

0.7850
0.7916
0.7926

0.7844
0.7874
0.6134

0.7534
0.7922
0.6542

0.6970
0.7920

0.7860

0.7896
0.7788
0.8008

0.7984
0.7924
0.7912

0.7924
0.7746
0.7878

0.7774
0.7884

0.7844

0.7952
0.7880
0.7830

0.7936
0.7934
0.7988

0.7904
0.7888
0.7930

0.7882
0.7836

0.7932

0.7920
0.8020
0.7966

0.7806
0.7912
0.7906

0.7876
0.7776
0.7890

0.7884
0.7942

0.7996

0.7896
0.7826
0.7958

0.7888
0.7868
0.6952

0.7042
0.7826
0.7468

0.6438
0.7918

0.7940

0.7858
0.7830
0.7912

0.7882
0.7946
0.7870

0.7768
0.7950
0.7862

0.7814
0.7866

0.7882

0.7890
0.7954
0.7802

0.7932
0.7840
0.7930

0.7802
0.7790
0.7902

0.7780
0.7874

0.7988

0.7768
0.7902
0.7868

0.8038
0.7936
0.7956

0.7858
0.7698
0.7854

0.7802
0.7912

0.7962 0.7900

0.7886 0.7998
0.7850 0.7886
0.8068 0.7922

0.7922 0.7800
0.7906 0.7836
0.7112 0.7848

0.6734 0.7856
0.7866 0.7858
0.7416 0.7936

0.6128 0.7832
0.7896 0.7890

(Continued)
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TABLE 9.2 (CONTINUED)
Simulated Power Based on 5000 Samples

3, A

v,

Vy, =0.01

Vy, =0.03

vy, =0.01

V,, =0.03

V,, =0.05

vy, =0.01

vy, =0.03

V,, =0.05

0.02

0.04

0.06

0.02

0.04

0.06

0.02

0.04

0.06

0.02

0.04

0.06

0.02

0.04

0.06

0.02

0.04 0.06

0.20 0.03

0.05

8,=0.20
0.10 0.03

0.05

A, =
0.00
0.05
0.10
A, =
0.00
0.05
0.10

A=
0.00
0.05
0.10
A, =
0.00
0.05
0.10

0.7780

0.7750
0.7850
0.7844

0.7780
0.7746

0.7860

0.7892
0.7830
0.7904

0.7942
0.7876

0.7664

0.7358
0.7568
0.7718

0.7658
0.5896

0.7868

0.7878
0.7826
0.7972

0.7908
0.7808

0.7856

0.7878
0.7906
0.7750

0.7802
0.7952

0.7942

0.7940
0.7954
0.8018

0.7920
0.7912

0.7852

0.7858
0.7810
0.7952

0.7766
0.7896

0.7774

0.7854
0.7880
0.7708

0.7774
0.7788

0.7926

0.7888
0.7912
0.7854

0.7804
0.7830

0.7924

0.7872
0.7916
0.7930

0.7886
0.7820

0.7942

0.7814
0.7670
0.7840

0.7792
0.7852

0.7924

0.8086
0.7870
0.8006

0.7946
0.7910

0.7874

0.7844
0.7920
0.7976

0.7858
0.7868

0.7896

0.7814
0.7822
0.7816

0.7914
0.7840

0.7898

0.7894
0.7844
0.7804

0.7836
0.7836

0.7882

0.7798
0.7848
0.7866

0.7932
0.7890

0.7942

0.7860
0.7878
0.7804

0.7858
0.7776

0.7884

0.7830
0.7930
0.7960

0.7956
0.7994

0.7732

0.7638
0.7484
0.7722

0.7804
0.6298

0.7848

0.7906
0.7854
0.7886

0.7846
0.7788

0.7840

0.7876
0.7786
0.7596

0.7772
0.7754

0.7896

0.7962
0.7908
0.7862

0.7920
0.7836

0.7854

0.7850
0.7888
0.7836

0.7862
0.7860

0.8024

0.7824
0.7874
0.7978

0.7974
0.7932

0.7940

0.7792
0.7878
0.7894

0.7804
0.7788

0.7908

0.7882
0.7910
0.7984

0.7894
0.7850

0.7896

0.7948
0.7818
0.7930

0.7934
0.7878

0.7924

0.7834
0.7758
0.7944

0.7892
0.7848

0.7468

0.6968
0.7598
0.7708

0.7526
0.7048

0.7886

0.7880
0.7846
0.7938

0.7946
0.7834

0.7836

0.7816
0.7840
0.7846

0.7754
0.7824

0.7896

0.7870
0.7828
0.7978

0.7948
0.7870

0.7860 0.7854

0.7834 0.7942
0.7840 0.7878
0.7864 0.7878

0.7810 0.7942
0.7826 0.7946

0.7978 0.7898

0.7928 0.7942
0.7830 0.7974
0.7842 0.7976

0.7884 0.8002
0.7874 0.7806

(Continued)
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TABLE 9.2 (CONTINUED)
Simulated Power Based on 5000 Samples

5,

A

V,

Vy, =0.01

Vy, =0.03

vy, =0.01

vy, =0.03

V,, =0.05

vy, =0.01

vy, =0.03

V,, =0.05

0.02

0.04

0.06

0.02

0.04

0.06

0.02

0.04

0.06

0.02

0.04

0.06

0.02

0.04

0.06

0.02

0.04

0.06

0.15

0.20

0.03

0.05

0.03

0.05

A, =
0.00
0.0
0.10
A=
0.00
0.05
0.10
A=
0.00
0.05
0.10
A=
0.00
0.05
0.10

0.7822

0.7808
0.7918
0.7822

0.7692
0.7816
0.6590

0.7020
0.7704
0.7364

0.6216
0.7626

0.7846

0.7856
0.7940
0.7856

0.7882
0.7826
0.7824

0.7846
0.7802
0.7730

0.7838
0.7806

0.8008

0.7852
0.7790
0.7812

0.8002
0.7946
0.7826

0.7758
0.7920
0.7896

0.7886
0.7858

0.7698

0.7852
0.7906
0.7408

0.7826
0.7762
0.7812

0.7778
0.7700
0.7762

0.7794
0.7760

0.7858

0.7946
0.7916
0.7818

0.7780
0.7906
0.6106

0.7442
0.7878
0.6740

0.6814
0.7860

0.7970

0.7952
0.7928
0.7976

0.7858
0.7912
0.7768

0.7952
0.7892
0.7870

0.7786
0.7844

0.7880

0.7874
0.7806
0.7778

0.7738
0.7658
0.7758

0.7832
0.7826
0.7762

0.7728
0.7800

0.7864

0.7832
0.7850
0.7934

0.7882
0.7772
0.7970

0.7782
0.7692
0.7842

0.7896
0.7770

0.7794

0.7840
0.7930
0.8028

0.7968
0.7944
0.6080

0.7514
0.7850
0.6530

0.7102
0.7874

0.7858

0.7868
0.7752
0.7936

0.7844
0.7812
0.7714

0.7700
0.7718
0.7696

0.7710
0.7726

0.7812

0.7844
0.7804
0.7862

0.7942
0.7854
0.7884

0.7778
0.7742
0.7796

0.7776
0.7808

0.7902

0.7880
0.7866
0.7874

0.7992
0.7828
0.7836

0.7922
0.7828
0.7894

0.7834
0.7824

0.7872

0.7866
0.7772
0.7846

0.7784
0.7844
0.6676

0.6966
0.7720
0.7412

0.6320
0.7790

0.7816

0.7916
0.7836
0.7962

0.7978
0.7914
0.7842

0.7734
0.7706
0.7932

0.7838
0.7734

0.7862

0.7796
0.7870
0.7898

0.7950
0.7984
0.7708

0.7888
0.7806
0.7828

0.7820
0.7834

0.7780

0.7848
0.7980
0.7870

0.7852
0.7922
0.7838

0.7922
0.7712
0.7846

0.7772
0.7680

0.7848

0.7916
0.7846
0.7810

0.7744
0.7818
0.7062

0.6668
0.7814
0.7378

0.6154
0.7748

0.7822

0.7868
0.7834
0.7836

0.7880
0.7890
0.7774

0.7860
0.7832
0.7922

0.7896
0.7876
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uniformity of a TCM manufactured at different sites, a minimum baseline
value for the consistency index, say p,, can be set up to monitor the consis-
tency of the products from different sites. Thus, in order to test whether the
performance of a TCM manufactured at two different sites is consistent, it
can be done by considering the following hypotheses

Hy: p <p,versus Hy:p > p,,
where p, is a limit of consistency, 0 < p, < 1. If the null hypothesis H, is

rejected, then the TCM is considered to be consistent.
From Theorem 9.1, if p = p,, we have

logp—logpy —Blpo) _, N(0,1). (9.14)

VC(po)

where B(p,) and C(p,) are the values of B(p) and C(p) evaluated at p = p,.
Therefore, the hypothesis H,, is rejected at a level of significance o if

log p —log p, — B(p,)
JC(py)

>z, 9.15)

In other_words, the null hypothesis H, is rejected if logp>logp, +
B(py) + z,+/C(p,) - For illustration purpose, a numerical study is conducted to
find critical values of the above test for various combinations of the param-
eters. In our study, a = 0.1, p, = 0.50, 0.65, and 0.80; 5, = 0.20; 8, = 0.15 and 0.20;
Ux, — My, is chosen to be 0.05; ny, — Wy, = 0.00, 0.05, and 0.10, Vy, is chosen to
be 0.02, V), = 0.01 and 0.03; Vi, = 0.01; V, = 0.02, 0.04, and 0.06. For each com-
bination of those parameters values, the critical value of the test is listed in
Table 9.3. The results suggest that the difference between the critical value
and p, is smaller for smaller V). and V, , larger §,, larger 1 or smaller Hy, — Wy,

9.4 An Example

To illustrate the proposed ideas for testing consistency, consider a test for
raw materials of a traditional Chinese medicine (TCM), which is intended
for treating patients with rheumatoid arthritis. The TCM contains two active
components, namely, A extract and B extract. The botanical substance for
medical use is harvested in summer or autumn when foliage is growing
luxuriantly. The TCM contains a multiherb substance, which is prepared by
combining individually processed botanical substances. Each of these two

© 2016 by Taylor & Francis Group, LLC
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TABLE 9.3
Critical Values of the Proposed Test for Consistency Index p,
A =0.00 A =0.05 A =0.10
Po 5, Vy, Vi, n=15 n =230 n=>50 n=15 n =230 n=>50 n=15 n =230 n=>50
050 015 0.01 0.02 0.5742 0.5503 0.5381 0.5795 0.5542 0.5412 0.5940 0.5649 0.5496
0.04 0.5967 0.5648 0.5487 0.5984 0.5662 0.5499 0.6040 0.5708  0.5537
0.06 0.6097 0.5730 0.5547 0.6102 0.5736 0.5553 0.6122 0.5756  0.5571
0.03 0.02 0.5742 0.5503 0.5381 0.5795 0.5542 0.5412 0.5940 0.5649  0.5496
0.04 0.5967 0.5648 0.5487 0.5984 0.5662 0.5499 0.6040 0.5708  0.5537
0.06 0.6097 0.5730 0.5547 0.6102 0.5736 0.5553 0.6122 0.5756 0.5571
0.20 0.01 0.02 0.5591 0.5407 0.5311 0.5591 0.5407 0.5311 0.5738 0.5511 0.5391
0.04 0.5794 0.5537 0.5406 0.5818 0.5555 0.5421 0.5890 0.5608  0.5463
0.06 0.5952 0.5639 0.5481 0.5963 0.5648 0.5488 0.5997 0.5676  0.5511
0.03 0.02 0.5717 0.5489 0.5372 0.5717 0.5489 0.5372 0.5717 0.5489  0.5372
0.04 0.5717 0.5489 0.5372 0.5818 0.5555 0.5421 0.5890 0.5608 0.5463
0.06 0.5952 0.5639 0.5481 0.5963 0.5648 0.5488 0.5997 0.5676  0.5511
0.65 0.15 0.01
0.02 0.7465 0.7154 0.6996 0.7534 0.7204 0.7035 0.7722 0.7343  0.7145
0.04 0.7757 0.7342 0.7133 0.7780 0.7361 0.7149 0.7852 0.7420  0.7198
0.06 0.7926 0.7449 0.7211 0.7932 0.7456 0.7218 0.7958 0.7483 0.7243
0.03 0.02 0.7465 0.7154 0.6996 0.7534 0.7204 0.7035 0.7722 0.7343 0.7145
0.04 0.7757 0.7342 0.7133 0.7780 0.7361 0.7149 0.7852 0.7420 0.7198
0.06 0.7926 0.7449 0.7211 0.7932 0.7456 0.7218 0.7958 0.7483  0.7243
0.20 0.01 0.02 0.7268 0.7029 0.6904 0.7268 0.7029 0.6904 0.7459 0.7164  0.7008
0.04 0.7532 0.7198 0.7028 0.7564 0.7222 0.7047 0.7656 0.7291 0.7102
0.06 0.7738 0.7330 0.7125 0.7752 0.7342 0.7135 0.7796 0.7378 0.7165
(Continued)
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TABLE 9.3 (CONTINUED)

Critical Values of the Proposed Test for Consistency Index p,

A =0.00 A =0.05 A=0.10
Po o, Vy, V, n=15 n=30 n=>50 n=15 n=30 n=>50 n=15 n =230 n=>50
0.03 0.02 0.7432 0.7136 0.6983 0.7432 0.7136 0.6983 0.7432 0.7136  0.6983
0.04 0.7432 0.7136 0.6983 0.7564 0.7222 0.7047 0.7656 0.7291  0.7102
0.06 0.7738 0.7330 0.7125 0.7752 0.7342 0.7135 0.7796 0.7378  0.7165
0.80 015 0.01 0.02 0.9188 0.8805 0.8610 0.9272 0.8867 0.8658 0.9505 0.9038  0.8793
0.04 0.9547  0.9036 0.8780 0.9575 0.9059 0.8799 0.9664 09133  0.8859
0.06 0.9755 0.9168 0.8875 0.9763 0.9177 0.8884 0.9795 0.9210  0.8914
0.03 0.02 0.9188 0.8805 0.8610 0.9272 0.8867 0.8658 0.9505 0.9038  0.8793
0.04 0.9547  0.9036 0.8780 0.9575 0.9059 0.8799 0.9664 09133  0.8859
0.06 0.9755 0.9168 0.8875 0.9763 0.9177 0.8884 0.9795 0.9210  0.8914
0.20 0.01 0.02 0.8945 0.8651 0.8498 0.8945 0.8651 0.8498 0.9181 0.8817  0.8626
0.04 0.9270 0.8860 0.8650 0.9309 0.8889 0.8673 0.9423 0.8973  0.8740
0.06 0.9524 0.9022 0.8769 0.9541 0.9036 0.8781 0.9595 0.9081  0.8818
0.03 0.02 0.9147  0.8783 0.8595 0.9147  0.8783 0.8595 09147  0.8783  0.8595
0.04 0.9147  0.8783 0.8595 0.9309 0.8889 0.8673 0.9423 0.8973  0.8740
0.06 0.9524 0.9022 0.8769 0.9541 0.9036 0.8781 0.9595 0.9081  0.8818
Note:  Vy, =0.02, Vy, =0.01, py, —py, =0.05, 8; =0.20; A=y, —Uy,.
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active components A and B has been used as a herbal remedy since ancient
China.

Suppose the sponsor of the TCM is interested in testing the consistency
of the raw materials, based on the two active components, from three dif-
ferent sites. Suppose that four batches from each site will be tested and nine
samples from each batch will be randomly selected. Therefore, in each site,
there are a total of 36 samples selected for testing. Suppose that §, and §, are
equal to 0.2. Furthermore, the acceptance criterion for testing consistency
is chosen such that the probability of the lower limit LL(p) of the 95 percent
confidence interval of p is greater than the quality control lower limit QC;
has to be at least 0.8; i.e., f = 0.8.

To assess the consistency of the active component from the three sites,
test results (in percent of label claim) of the selected samples are log trans-
formed. The corresponding summary statistics are listed in Table 94. The
results of the comparison among the three sites are given in Table 9.5. Thus,
in this example, it is very likely that the components from sites 1 and 3 are
inconsistent because the consistency index is only 0.464. For illustrative pur-
poses, suppose QC; = 0.65. In order to ensure that there is a 0.80 probability
of claiming consistency between raw materials from sites 1 and 2, the sample
size is determined as

(Zoao *+ Zosrs) nC(P) _ 2.80167x0.1129 _

= 2 . 15.
(logQC, —logp) 0.2493
TABLE 9.4
Summary Statistics of Three Sites
Sample Mean Sample Standard Deviation
Site A B A B
1 4.6002 4.5001 0.0365 0.0367
2 4.4408 4.6103 0.0546 0.0423
3 4.3703 4.4408 0.0671 0.0542

TABLE 9.5

Results of Pairwise Comparisons among the Three Sites

Sites X1 —171 Xz —172 P Pe fJ=min(f71,f12) ”C(IA’)
lvs2 0.1594 -0.1102 0.834 0.978 0.834 0.1129
1vs3 0.2299 0.0593 0.464 0.993 0.464 0.7330
2vs3 0.0705 0.1695 0.961 0.782 0.782 0.1643
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Similarly, in order to ensure that there is a 0.80 probability of claiming con-
sistency between raw materials from sites 2 and 3, the sample size is deter-
mined as

- (o +20975)'nC(p) _ 2.80167 x0.1643 _

~ 38.
(logQC, —logp)® 0.1849°

9.5 Discussion

In this study, we investigated the problem of controlling the quality of raw
materials and/or final products of traditional Chinese medicine. We proposed
an index to assess the consistency of raw materials and/or final products
processed or manufactured from different locations or sites. In particular,
if the TCM considered has two active components, the consistency index of
this TCM is defined as the minimum of the consistency indices of the cor-
responding two active components. Though the discussion in this paper is
focused on only two active components, the idea can easily be extended to
more than two active components. In general, if a TCM contains more than
two active components, say k, a natural extension is to use the minimum of
the k consistency indices p; corresponding to the k active components to be
the consistency index p of the TCM, i.e., p = min(py, ps, ..., P

Note that the corresponding MLE of p is given by p= min(f)l,ﬁz,...,f?k ),
where p; is the MLE of p;, i =1, 2, ..., k. Define j to be the index such that p; =
min (py, p,, ..., py)- It can be shown by following the similar arguments used
in Equations 9.2 through 9.4 that

E(logp)=E(log p;), Var(log p) = Var(log ;)
and

logp— E(logf?)

1[Var(fj)

Thus, the construction of an acceptance criterion can be done in a simi-
lar way. However, a question of interest is the performance of this measure
when the number of active components k is relatively large, which may lead
to a rather conservative measure. One may explore alternative approaches
to assess the consistency of TCM when the number of active components is

— N(, 1).
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relatively large. More research efforts are certainly needed in this issue in
order to provide useful insights for practical applications.

In connection to applications of this proposed procedure in practice, the
characteristics of the components are usually measured as the percentage
of the labeled claim for each component. In other words, if a TCM contains
quantities ¢, ..., g, for components 1, ..., k and ¢, ¢, ..., ¢ are the theoreti-
cal values of the active components in the TCM under consideration, the
characteristics U; are usually given in terms of the percentages % . Thus,
as suggested in this study, it is reasonable to assume the correspond{ng loga-
rithmic transformation of U, to be normally distributed. In fact, it should be

noted that the use of percentages 9 conforms to the suggestion by FDA.
c

i

9.6 Appendix: Proof of Theorem
9.6.1 Appendix I. Proof of Lemma 9.1

Note that the parameters 0= (uxl, Ky, My, My, , Vi, VXz VY] VYz) are esti-

mated by their corresponding MLEs 6—( X5, Y., 2,VX ,VX ,VY ’VYPJ
It is easy to verify that 6 is asymptotically multlvarlate normal distrib-
uted with mean E(G) and covariance matrix Cov(e) It follows easily that

E(e):(uxl,uxﬂuyl,un,” Ly, oty noly = 1v )Notethatonly
n n n

terms of order up to o(n™) are derived for the Various entries of the covari-

ance matrix Cov(é). In particular, terms of only up to order o(n™) of the first
moments and the second order central moments of the components of the
MLE 6 are given as follows:

a. Cov(X, Y)) = Cov(X,, ?Yj) = Cov(\>X],Yj) = Cov(Vy, V) =0,i=1,2;j=1,2.

b. Vear()7§f1)=11/X1 +o(n™), Var()i(z)leX2 +o(n™), Var(Y,)=— VY +o(n™),
n n

Var(Y,) = 1 Vy, +o(n™).
n

C. Var(VX )——VX +o(n™), Var(VX )= 2VX +o(n™),

Var(\},ﬁ) = gVYZ1 +o(n™), Var(?yz) = gVYZ2 +o(n™).
n n
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d. Cov(X,, XA/Xl) = %uxlvxl +o(n™"), Cov(X,, ‘}Xz) = %uszXZ +o(n™),

Cov(Y, V)= 2, Vi, +on™), CovlVs, Uy = 2, i, + 007
n n

o 1 1 B | 1 ~
e. Cov(Xy,X,)= ;px(vxlvxz)2 +o(n™), Cov(Y,, Yy) = ng(VYIVYZ)Z +o(n™).

1

A 2 1 = _
f. Cov(Vy, ,Vy,)= n[Pivxlvxz + gpxuxluxz (Vy,Vx,)? }"‘ o(n™),

1

S 2 1 1 )
Cov(Vy,Vy,) = n{PuzrVylvyz + 3 Pyity, Wy, (Vy, V)2 }"‘ o(n™).
_ oA 1 1
g Cov(X,,Vy,)= ;PXHXZ (Vx,Vx,)* + o(n™),
_ A 1 1
Cov(X,,Vy,)= pruxl (Vy,Vx,)* + o(n™),

_ A 1 1 ~
Cov(Y;, Vy,) = ZPYHYZ Wy, Vy,)? +o(n Y,

1

RS 1 > _
Cov(Y,, Vy,) = ;Pyuyl(vylvvz)z + 0(” 1)-

For the sake of simplicity, denote

_ log(1-8,)— (ky, —Hy)
! Vi + Vi,

7

. = —log(1-8,)—(1x, —My,)
2 Vi + W,

7

_ log(1-8,)—(ix, —Hy,)

Z3 ’
\ /VX2 +Vy,

_ —log(1-8,)—(ux, —My,)
! Vi, + Vs,

7

ty = $z) — Blzy), ty = D(zs) — (z3),
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tn = 2,0(zy) — z10(z)),
tar = 2,0(zy) — z3P(23);

where ¢ and @ are the probability density function and cumulative distribu-
tion function of a standard normal distribution, respectively. In particular,
denote

s1=D(zy) — D(zy), (©.16)
s, = D(z,) — D(z,). (917)
Denote p, = gl(é), Pa =g2(é) and g(é)= (gl(é), gz(é))=(f71,f?2). The first-

order partial derivatives with respect to the parameters 6 = (Mxl sMx, My, s Ry, ,
‘/X1 ’ ‘/X2 ’ VYl ’ VYZ ) are glVen by

agl(é) __ 981 (é) _ .ty
Ok, My [V +Vy,

4

98, (é) __ 08, (é) _ —hy ,
diy, oy, [Vx, +Vy,
agl(é) _ agl(é) _ —ty

7

Wy, Vg, 2(Vy +Vy)

98> (é) _ g, (é) _ —ty
WV, Wy, 2(Vx, +Vy)

7

and the other first-order derivatives are equal to 0.
By delta’s method, the covariance matrix of g(6) can be approximated by
A =(a;),,, where a; are the terms of order o(n™) and, in particular,

o = ltlzl N 4ty (Hxlvxl -y, Vy, ) N £ (V)%l + Vé) ©18)
3 27 :
" n(Vy, +Vy, )2 2n(Vy, +Vy;)
oy, = 1 2, 4t;pty (llezvx2 -y, Wy, ) N t (V)%z + V}é) ©19)
3 27 :
" n(Vy, +Vy, )2 2n(Vi, +Vy,)
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N |~

1
Fut [px (Vi Vi, )2+ (Vi W, )2}

n(vXz +V, )% (VXI +Vy, )%

App =0y =

1 1
N t1at [pxuxl (Vxlvx2 )2 —Pyly, (Vylvyz )2 }

(Vxl +Vy, )

N | =

2n(vXz + VYZ)

N | =

1
futy |:PXHX2 (VX1 Vy, ) —PyMy, (Vyl Wy, )2 }
+

1
2n(Vy, + Vi, )(Vi, + V4, )2
1 2 1 2
bty lpiv)q Vy, + guxluxz (Vx,Vx,)* + F’%/Vy1 Vy, + EHYJ’-YZ (W, Wy,)? }

+
2n(Vy, + Vi )(Vx, +Vy,))

(9.20)

Note that 6 ~ N (E(é), Cov(é)) asymptotically. By Slutsky theorem, g(é) is
~N (E(ﬁl, 29} A) asymptotically. Again, because log transform is a continu-
ous function, it follows easily that the joint distribution of (log p1,log ﬁz) is

asymptotically normally distributed as N [E(log p1,logp,), é Al
1°2

9.6.2 Appendix Il. Proof of Lemma 9.2

Define Z, =logp, —logp, and Z, =logp,. Then, (Z,, Z,) is asymptotically
normally distributed as

N(E(Zl,zz),slej,
1

2
53

where

B—[ Ayy + 0y —2ay, Gy — 0y, ]

A1~y an

Thus, from Johnson and Kotz (1970), it can be shown easily that Z,|Z, > 0 is
asymptotically normal with mean
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and variance

where
& =E(log p, —log p, )
and

» 1
0 =75 2(1111+a22—2a12),
515;

Note that &= E(log p1—log f)z) =logp, —logp, +o(n™"), where p, and p, are
given in Equation 9.1. Furthermore, it is easy to see that

1

2 -1

0 =" 2({111+1122—2{112):o(n ).
515,

Therefore, /6 = o(\/; ).
Note for all integers k, (x)/x* — 0 as x — . Thus, ¢p(—&/0) is of order o(n™).
Consider

P(Z,>0)=1- P(logﬁ1 —logp, < O) = 1—Ed>[—(logf71 - logfzz)/(ﬂ+o(n’l),
where 6 is the MLE of o. Expanding the above expression at 6=6, we have

E@|~(log py ~log ) /6 | = [ ~(log p, ~log 2 ) /o |+ E;(g

[E©®-0)]+...

0=0

9.21)
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Note that in Equation 9.21, except the leading term ®[-(log p; — log p,)/ol,

oD
all the other terms are at least of order o(n™), since —= and all the other
6=0
higher-order partial derivatives involves the factor ¢[(log p, — log p,)/ol,
which is of order o(n71). )
Note that logp and (log f?) can be expressed in the following forms:

log p =logp, - (log p, —log f)z)l(logﬁl ~logp, > 0) =2, -2,1(Z, >0)
9.22)

and
(logp) =22 +(22 ~22,2,)1(Z, > 0). 9.23)

Consider the following two cases:

Case 1: log p; — log p, > 0
Note that from Feller (1968),

¢<x>(1 - 13] < (1- () < 0(x) .
X X X

But, for integer value k,

o()x”!

x—k

-0

and

-1_ .3

o =x)

X

as x — oo,
Hence, [1 — @(x)] is of order o(x¥). Because (log p; — log p,)/c is of

order o(\/; ),
then

(1 - @((log p; — log p,)/0))
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is of order o(n~1). This leads to
P(Z,>0)=1-E®[~(log p, ~log,)/6 | =1-o(n™).

Case 2:log p, —log p, >0

Following similar arguments as above, it can be showed that
P(Z, > 0)=o0(n™).
Therefore, from Equation 9.22,

E(log p) = E(Z,)~E(Z, | Z, > 0)P(Z, > 0)
o5)
=E(logp)-|&+——%2c |P(Z, >0)
1_q>[—%j

(¢}
= E(log p,) - &P(Z, > 0)+o(n™)

={ E(log p,)-&=Elogp, i p1> P,

E(logf%) p1<ps.
Note that
2
E(2)= 2 +(E(1o5(7))
and

2 _g2 Eo(-&/0) 2
E(721Z,>0)=8%+ sty S

On the basis of the results of a truncated normal distribution (Johnson and
Kotz 1970),

E(Z\Z,|Z, >0)=E(Z,)E(Z,)+ COV(lezz)(l - (5(1&?((1;(&_/(&5/)(5»)

(9.24)
_0(=%/0)

+(0,E(Z,) +po,E(Z,)) 1- ®(-&/c)
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and

2E(Z,Z,|Z, > 0)P(Z, > 0)

=2 l:E(Zl)E(Zz) +P010; (1 o(1- ¢(—§/G))J

+(6,E(Z,) + p6,E(Z, ))1_“’((;(&_/2’/;)}13(21 >0) (9.25)
= 2E(Z,)E(Z,) + Cov(Z,, Z,)P(Z, > 0) + o(n™")
=2E(Z,Z,)P(Z, > 0)+o(n™")

Therefore, combining Equations 9.23 through 9.25,
E(log p)* = E(Z3) +[E(Z{ | Z, > 0) = 2E(Z,Z, | Z, > O)IP(Z, > 0)

=E(Z3)+(&* + 6*)P(Z, > 0)— 2E(Z,Z,)P(Z, > 0) +o(n")
=E(Z3)+E(Z})P(Z, > 0)-2E(Z,Z,)P(Z, > 0)+ o(n™")

_ E(Z,-Z,)* +o(n™) r: P1> P2
E(Z3)+o(n™) PL<p,

_ E(log ﬁz)z +o(n™) i P12 P2
E(log py)* +o(n™), p1 =P,

Therefore, combining the above results, we have

R E(logfiz)+o(n_l) it p,>p,
E(log p) = A
E(logpl)+o(n‘1) if pi<p,

and

Var(log p,) + o(n’l) if p,>p,
Var(log p) =

Var(logﬁ1)+o(n’1) if pi<p,.
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In particular, apply expansion of p; at p; and take expectation, it can be
shown easily that

E(log(p;)) = log p; + B(p;) + o(n™)

and

Var(og() = Var(p)+ o) = C(p) + o(™),

1

where

- Y RS
0= L T vz )L Hjj; |t vw e | (003 )]

2
X;

and

N 2 N 2
1 p; p; 2 2
Cp.)= —— V. V. 2
(p:) 2 l[au&) ( x; T m)* (BVXJ (Vg +Vi)|.
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Bioavailability and Bioequivalence

10.1 Introduction

In 1984, the US Congress passed the Drug Price Competition and Patent
Term Restoration Act, which allows a regulatory framework for a low-cost
pathway for generic drug products to enter the market. This Act gives the
FDA the authority to approve a generic drug product via an Abbreviated
New Drug Application (ANDA). As a result, when an innovative (brand
name) drug product is going off patent, pharmaceutical or generic com-
panies can file an ANDA for generic approval. For approval of a generic
drug product, most regulatory agencies require evidence of average bio-
availability (in terms of extent and rate of drug absorption) be provided
through the conduct of bioequivalence studies. As indicated by a survey
conducted by the Association of American Retired People (AARP) in 2002,
about 22 percent of the responders considered that generic drug products
are less effective or of poor quality than the innovator drug products.
This shows that a sizable portion of the public in United States still lacks
of confidence in generic drug products even if they are approved by the
FDA. Therefore, in May 2007, the FDA added generic drugs in the critical
path opportunities to use the latest breakthroughs in technique to assure
that the efficacy and safety of the generic drug products are same as those
of the innovator drug products. However, the FDA critical path opportu-
nities for generic drugs do not cover all important emerging challenges
for generic drugs.

In Section 10.2, the concept of bioavailability and bioequivalence is briefly
introduced. Statistical design and analysis for assessment of bioequivalence
are described in Section 10.3. Drug interchangeability in terms of drug pre-
scribability and drug switchability are discussed in Section 10.4. Section 10.5
presents some controversial issues that are commonly encountered when
conducting bioequivalence studies for assessment of average bioequivalence.
These controversial issues include, but are not limited to, (1) challenge of
the Fundamental Bioequivalence Assumption, (2) adequacy of one-size-fits-
all criterion, and (3) appropriateness of log-transformation. Some frequently
asked questions during the ANDA submission for generic approval are

219
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given in Section 10.6. Section 10.7 raises scientific/statistical issues for assess-
ing biosimilarity and interchangeability of follow-on biologics. Section 10.8
provides brief concluding remarks to end the chapter.

10.2 What Is Bioavailability/Bioequivalence?

As indicated in 21 Codes of Federal Regulations (CFR) Part 320.1, bioavail-
ability of a drug is defined as the extent and rate to which the active drug
ingredient or active moiety from the drug product is absorbed and becomes
available at the site of drug action. The extent and rate of drug absorption
are usually measured by the area under the blood or plasma concentration-
time curve (AUC) and the maximum concentration (C,,,,), respectively. For
drug products that are not intended to be absorbed into the bloodstream,
bioavailability may be assessed by measurements intended to reflect the rate
and extent to which the active ingredient or active moiety is absorbed and
becomes available at the site of action. A comparative bioavailability study
refers to the comparison of bioavailabilities of different formulations of the
same drug or different drug products. As indicated by Chow and Liu (2008),
the definition of bioavailability has evolved over time with different mean-
ings by different individuals and organizations. For example, differences are
evident in the definitions by Academy of Pharmaceutical Sciences in 1972,
the Office of Technology Assessment (OTA) of the Congress of the United
States in 1974, Wagner (1975), and the 1984 Drug Price Competition and Patent
Restoration amendments to the Food, Drug, and Cosmetic Act. For more dis-
cussion regarding the definition of bioavailability, see Balant (1991) and Chen
et al. (2001).

When two formulations of the same drug or two drug products are
claimed bioequivalent, it is assumed that they will provide the same thera-
peutic effect or that they are therapeutically equivalent and they can be used
interchangeably. Two drug products are considered pharmaceutical equiva-
lents if they contain identical amounts of the same active ingredient. Two
drugs are identified as pharmaceutical alternatives to each other if both con-
tain an identical therapeutic moiety, but not necessarily in the same amount
or dosage form or as the same salt or ester. Two drug products are said to
be bioequivalent if they are pharmaceutical equivalents (i.e., similar dosage
forms made, perhaps, by different manufacturers) or pharmaceutical alter-
natives (i.e., different dosage forms) and if their rates and extents of absorp-
tion do not show a significant difference to which the active ingredient or
active moiety in pharmaceutical equivalents or pharmaceutical alternatives
become available at the site of action when administered at the same molar
dose under similar conditions in an appropriately designed study.

© 2016 by Taylor & Francis Group, LLC



Bioavailability and Bioequivalence 221

When an innovative (or brand name) drug product is going off patient,
pharmaceutical companies may file an ANDA for generic approval. Generic
drug products are defined as drug products that are identical to an inno-
vative drug that is the subject of an approved NDA with regard to active
ingredient(s), route of administration, dosage form, strength, and condi-
tions of use. Because ANDA submissions for generic applications do not
require lengthy clinical evaluation of the generic drugs under investigation
(see Table 10.1), the price of generics is usually much lower than that of the
originals. On average, it is about 20 percent of the price of the brand name
originals. In 1984, the FDA was authorized to approve generic drug prod-
ucts under the Drug Price Competition and Patent Term Restoration Act.
The purpose is to make less expensive, safe, and equally efficacious generics
available to the general public after the expiration of patent protection of
expensive brand name drugs. For approval of generic drug products, the
FDA requires that evidence of average bioequivalence in drug absorption be
provided through the conduct of bioavailability and bioequivalence studies.
Bioequivalence assessment is considered as a surrogate for clinical evalua-
tion of the therapeutic equivalence of drug products.

A typical process for bioequivalence assessment is to conduct a bioavail-
ability/bioequivalence study with healthy volunteers under the assumption
that bioavailability of the drug product under investigation is predictive of
clinical outcomes of the drug product in clinical trials (see, e.g., Purich 1980;
FDA 1992, 1995, 2001a, 2003b). A bioequivalence study is often conducted uti-
lizing a crossover design that allows comparison within individual subjects,
i.e, each subject is at his/her own control. On the basis of pharmacokinetic
(PK) data collected, bioequivalence can then be assessed using valid statisti-
cal methods according to some pre-specified regulatory criteria for bioequiv-
alence. As indicated by the FDA, an approved generic drug product can be
used as a substitute for the brand name drug.

TABLE 10.1

NDA versus ANDA

NDA ANDA

1. Chemistry 1. Chemistry

2. Manufacturing 2. Manufacturing

3. Controls 3. Controls

4. Testing 4. Testing

5. Labeling 5. Labeling

6. PK/bioavailability 6. PK/bioavailability

7. Animal studies
8. Clinical safety and efficacy trials

Note: ANDA, Abbreviated New Drug Application; NDA, New
Drug Application.
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10.3 Bioequivalence Assessment for Generic Approval

For approval of generic drug products, the FDA requires that evidence of
average bioequivalence in drug absorption in terms of some pharmacokinetic
parameters such as the AUC and peak concentration (C,,) be provided
through the conduct of bioequivalence studies. We claim that a test drug
product is bioequivalent to a reference (innovative) drug product if the 90
percent confidence interval for the geometric mean ratio (GMR) of means
of the primary PK parameter between the test product and the reference
product is totally within the bioequivalence limit of (80.00 percent, 125.00
percent). The confidence interval for the ratio of means of the primary PK
parameter is obtained based on log-transformed data. In what follows, basic
considerations, study designs, statistical methods that are commonly consid-
ered in bioequivalence studies, and limitations of average bioequivalence are
briefly introduced.

10.3.1 Basic Considerations
10.3.1.1 Sample Size

For pivotal fasting studies, FDA suggests that sample size be determined for
achieving an 80 percent power for establishment of average bioequivalence
based on Schuirmann’s two one-sided tests procedure (see, e.g., Phillips 1990;
Hauschke et al. 1992; Liu and Chow 1992; Chow et al. 2002b). In practice, 24
to 36 subjects are usually considered depending upon the intrasubject coef-
ficient of variation (CV) of the reference product (see Table 10.2). As can be
seen from Table 10.2, if there is no difference in mean average bioavailability
between the test product and the reference product, a total of 24 subjects are
required for achieving an 80 percent power for establishing average bioequiv-
alence when the intrasubject CV or relative standard deviation is about 22
percent. Required sample size will increase as the intrasubject CV increases

TABLE 10.2
Sample Size for Pivotal Fasting Studies
Differences

Power (%) CV (%) 0% 5% 10% 15%

80% 20 20 24 52 200
22 24 28 62 242
24 28 34 74 288
26 32 40 86 336
28 36 46 100 390
30 40 52 114 448

Note: CV, intrasubject coefficient of variation of the reference product.
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(i.e., the reference product is more variable). Note that a drug product is con-
sidered a highly variable drug by the FDA if its intrasubject CV is greater than
or equal to 30 percent. On the other hand, if there is a difference in average
bioavailability between the test product and the reference product, a much
larger sample size is required for demonstrating average bioequivalence.

On the other hand, for limited fasting food studies, FDA suggests that a
minimum of 12 subjects be considered.

10.3.1.2 Subject Selection

In practice, for bioavailability/bioequivalence studies, male healthy vol-
unteers aged 18 to 50 years old whose body weight is within 10 percent of
ideal body weight are considered for accurate and reliable characteriza-
tion of the drug absorption profile of the test product under investigation.
Other types of populations such as females, elderly, and/or patients may
also be considered. In cases where other types of populations are consid-
ered, there may be special considerations. For example, if female subjects
are to be included in bioavailability/bioequivalence studies, ethical consid-
erations, liability for undetected pregnancy, and possible pharmacokinetic
effects of hormonal variation (especially during the monthly period) should
be carefully addressed. For an elderly population, subjects’ stress, blood loss,
the status of chronic disease, and pharmacokinetic effects of altered organ
function should be taken into consideration as these factors may alter the
drug absorption profiles under study. Similarly, the factors of stress, blood
loss, pharmacokinetic effects of disease states, concurrent medications, and
special diets should be considered when the bioavailability/bioequivalence
studies are intended to be conducted with a patient population as these fac-
tors may inflate both the intrasubject and intersubject variabilities and con-
sequently result in a more heterogeneous population under study.

10.3.1.3 Washout

In bioavailability/bioequivalence studies utilizing crossover design, a suffi-
cient length of washout period between dosing periods is necessary to wear
off the possible residual effect from the previous dose that may be carried
over to the next dosing period. For pivotal fasting studies, FDA requires that
at least 5.5 half-lives be considered to ensure there is a sufficient length of
washout for immediate release (IR) products. For controlled release (CR)
products, on the other hand, FDA indicates that at least 8.5 half-lives should
be considered to limit the chance of possible carryover residual effect.

10.3.1.4 Blood Sampling

In practice, it is undesirable to draw too much blood and/or too frequently
from subjects under study. However, sufficient blood should be drawn at
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different sampling intervals in order to accurately and reliably characterize
the blood concentration-time curve and consequently the drug absorption
profile. For this purpose, it is suggested that more blood sampling around
Chnax should be taken and sampling intervals should cover at least three half-
lives of the drug product.

10.3.1.5 IR Product versus CR Products

For IR products, FDA indicates that a single dose fasting study is required,
while a limited food effect study may be required when needed. For CR
products, on the other hand, single dose fasting studies, multiple dose fast-
ing studies, and limited food effect studies are required. Other single/
multiple dose studies can be used as deemed necessary.

10.3.2 Study Design

As indicated in the Federal Register (Vol. 42 No. 5 Sec. 320.26[b] and Sec.
320.27[b], 1977), a bioavailability study single dose or multidose should be
crossover in design, unless a parallel or other design is more appropriate
for valid scientific reasons. Thus, in practice, a standard two-sequence, two-
period (or 2 x 2) crossover design is often considered for a bioavailability/
bioequivalence study (see, also Jones and Kenward 1989). Denote T and R as
the test product and the reference product, respectively. The standard 2 x 2
crossover design can be expressed as (TR, RT), where TR is the first sequence of
treatments and RT denotes the second sequence of treatments. Under the (TR,
TR) design, qualified subjects who are randomly assigned to sequence 1 (TR)
will receive the test product (T) first and then receive the reference product (R)
after a sufficient length of wash out period. Similarly, subjects who are ran-
domly assigned to sequence 2 (RT) will receive the reference product (R) first
and then receive the test product (T) after a sufficient length of wash out period.

One of the limitations of the standard 2 x 2 crossover design is that it does
not provide independent estimates of intrasubject variabilities since each
subject will only receive the same treatment once. In the interest of assess-
ing intrasubject variabilities, the following alternative designs for comparing
two drug products are often considered:

1. Balaam’s design — (TT, RR, RT, TR);
2. Two-sequence, three-period dual design — (TRR, RTT);
3. Four-sequence, four-period design — (TTRR, RRTT, TRTR, RTTR).

Note that the above study designs are also referred to as higher-order
crossover designs. A higher-order crossover design is defined as a design
with the number of sequences or the number of periods greater than the
number of treatments to be compared.
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For comparing more than two drug products, a Williams” design is often
considered. For example, for comparing three drug products, a six-sequence,
three-period (6 x 3) Williams” design is usually considered, while a 4 x 4
Williams” design is employed for comparing four drug products. Williams’
design is a variance stabilizing design. More information regarding the con-
struction and good design characteristics of Williams” designs can be found
in the work of Chow and Liu (2008).

In the interest of assessing population and/or individual bioequivalence, the
FDA recommends that a replicate design be considered for obtaining indepen-
dent estimates of intrasubject variabilities and variability due to subject-by-
drug product interaction. A commonly considered replicate crossover design
is the replicate of a 2 x 2 crossover design, which is given by (TRTR, RTRT).

In some cases, an incomplete block design or an extra-reference design
such as (TRR, RTR) may be considered depending upon the study objectives
of the bioavailability/bioequivalence studies.

10.3.3 Statistical Methods

As indicated earlier, bioequivalence is claimed if the ratio of average bio-
availabilities between test and reference products is within the bioequiva-
lence limit of (80.00 percent, 125.00 percent) with 90 percent assurance based
on log-transformed data. Along this line, commonly employed statistical
methods are the confidence interval approach and the method of interval
hypotheses testing.

For the confidence interval approach, a 90 percent confidence interval for
the ratio of means of the primary pharmacokinetic response such as AUC or
Chnax is Obtained under an analysis of variance model. We claim bioequiva-
lence if the obtained 90 percent confidence interval is totally within the bio-
equivalence limit of (80.00 percent, 125.00 percent). For the method of interval
hypotheses testing, the interval hypotheses that H: Bioinequivalence versus
H,: Bioequivalence was decomposed into two sets of one-sided hypotheses.
The first set of hypotheses is to verify that the average bioavailability of the
test product is not too low, whereas the second set of hypotheses is to verify
that average bioavailability of the test product is not too high. Schuirmann’s
two one-sided tests procedure is commonly employed to for interval hypoth-
eses testing for average bioequivalence (ABE) (Schuirmann 1987).

In practice, other statistical methods such as Westlake’s symmetric con-
fidence interval approach, confidence interval based on Fieller’s theorem,
Chow and Shao’s joint confidence region approach (Chow and Shao 1990),
Bayesian methods (e.g., Rodda and Davis’ method and Mandallaz and Mau'’s
method), and nonparametric methods (e.g.,, Wilcoxon-Mann-Whitney two
one-sided tests procedure, distribution-free confidence interval based on
the Hodges-Lehmann estimator, and bootstrap confidence interval) are
sometimes considered.
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10.3.4 Limitations of Average Bioequivalence

Chen (1997) pointed out that the current ABE approach for bioequivalence
assessment has limitations for addressing drug interchangeability espe-
cially for drug switchability. These limitations include (1) ABE focuses only
on the comparison of population averages between the test and reference
drug products, (2) ABE does not provide independent estimation of the intra-
subject variances of the drug products under study, and (3) ABE ignores
the subject-by-formulation interaction, which may have an impact on drug
switchability. As a result, Chen (1997) suggested that current regulation of
ABE be switched to the approach of population bioequivalence (PBE) and
individual bioequivalence (IBE) to overcome these disadvantages.

Chow and Liu (1997) proposed to perform a meta-analysis for an overview
of ABE. The proposed meta-analysis provides an assessment of bioequiva-
lence among generic copies of a brand name drug that can be used as a tool
to monitoring the performance of the approved generic copies of the brand
name drug. In addition, it provides more accurate estimates of intersubject
and intrasubject variabilities of the drug product.

Although the assessment of ABE for generic approval has been in practice
for years. Many authors criticize that the assessment of ABE does not address
the question of drug interchangeability and it may penalize drug products
with less variability. Note that for assessment of bioequivalence for highly
variable drug products, Haidar et al. (2008a,b) suggested that a scaled aver-
age bioequivalence (SABE) criterion be used in order to account for reference
products with huge variability (see, also Davit et al. 2008; Tothfalusi et al. 2009).

10.4 Drug Interchangeability

Under current FDA regulation, two formulations of the same drug or two
drug products are said to be bioequivalent if the ratio of means of the pri-
mary PK responses such as AUC and C,,, between the two formulations
of the same drug or the two drug products is within (80.00 percent, 125.00
percent) with 90 percent assurance (FDA 1992, 2003a). A generic drug prod-
uct can serve as the substitute of its brand name drug product if it has been
shown to be bioequivalent to the brand name drug. The FDA, however, does
not indicate that a generic drug can be substituted by another generic drug
even though both of the generic drugs have been shown to be bioequivalent
to the same brand name drug. Bioequivalence among generic copies of the
same brand name drug is not required. As more generic drugs become avail-
able in the marketplace, it is very likely that a patient may switch from one
generic drug to another. Therefore, an interesting question for the physicians
and the patients is whether the brand name drug and its generic copies can
be used safely and interchangeably (see Figure 10.1).
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FIGURE 10.1
Drug interchangeability.

10.4.1 Drug Prescribability and Drug Switchability

Basically, drug interchangeability can be classified as drug prescribabil-
ity or drug switchability. Drug prescribability is defined as the physician’s
choice for prescribing an appropriate drug product for his/her new patients
between a brand name drug product and a number of generic drug products
of the brand name drug product that have been shown to be bioequivalent to
the brand name drug product. The underlying assumption of drug prescrib-
ability is that the brand name drug product and its generic copies can be
used interchangeably in terms of the efficacy and safety of the drug product.
Drug prescribability, therefore, is the interchangeability for the new patient.

Drug switchability, on the other hand, is related to the switch from a drug
product (e.g., a brand name drug product) to an alternative drug product
(e.g., a generic copy of the brand name drug product) within the same sub-
ject, whose concentration of the drug product has been titrated to a steady,
efficacious, and safe level. As a result, drug switchability is considered more
critical than drug prescribability in the study of drug interchangeability for
patients who have been on medication for a while. Drug switchability, there-
fore, is exchangeability within the same subject.

10.4.2 Population and Individual Bioequivalence

As indicated by Chow and Liu (2008), ABE can guarantee neither drug pre-
scribability nor drug switchability. Therefore, it is suggested that the assess-
ment of bioequivalence should take into consideration drug prescribability
and drug switchability for drug interchangeability. To address drug inter-
changeability, it is recommended that PBE and IBE be considered for testing
drug prescribability and drug switchability, respectively. More specifically,
the FDA recommends that PBE be applied to new formulations, additional
strengths, or new dosage forms in NDAs, while IBE should be considered
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for ANDA or Abbreviated Antibiotic Drug Application (AADA) for generic
drugs.

To address drug prescribability, the FDA proposed the following popula-
tion bioequivalence criterion (PBC), which is an aggregated, scaled, moment-
based, one-sided criterion:

(ur _HR)Z +(G%T - G%R)

PBC =
max(cs%R , 6%0)

<0,

where prand p; are the mean of the test drug product and the reference drug
product, respectively, 67, and 67, are the total variance of the test drug prod-
uct and the reference drug product, respectively, 67, is a constant that can be
adjusted to control the probability of passing PBE, and 6, is the bioequiva-
lence limit for PBE. The numerator on the left-hand side of the criterion is
the sum of the squared difference of the population averages and the differ-
ence in total variance between the test and reference drug products, which
measures the similarity for the marginal population distribution between
the test and reference drug products. The denominator on the left-hand side
of the criterion is a scaled factor that depends on the variability of the drug
class of the reference drug product. The FDA guidance suggests that 0, be
chosen as

_ (log1.25)* +¢,

2
Gro

0,

7

where ¢, is guided by the consideration of the variability term 67, — 67 added
to the ABE criterion. As suggested by the FDA guidance, it may be appropriate
that e, chosen to be 0.02. For the determination of 67,, the guidance suggests
the use of so-called population difference ratio (PDR), which is defined as

2 1/2
PDR = {E(T_R) }

E(R-R')

12
_ (U —Hg)* + 07 + 0%
267,

{PBC r
= —+1] .
2

Therefore, assuming that the maximum allowable PDR is 1.25, substitution
of (log 1.25)*/67%, for PBC without adjustment of the variance term approxi-
mately yield 65, = 0.2.
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Similarly, to address drug switchability, the FDA recommended the fol-
lowing individual bioequivalence criterion (IBC), which is an aggregated,
scaled, moment-based, one-sided criterion:

2, 2 2 2
(U —ug)" +0p +(GWT _GWR)
max(csﬁm,c%vo)

IBC = <0,

where 6%, and Gj; are the within subject variance of the test drug prod-
uct and the reference drug product, respectively, 67, is the variance due to
subject-by-drug interaction, 67, is a constant that can be adjusted to control
the probability of passing IBE, and 6, is the bioequivalence limit for IBE. The
FDA guidance suggests that 0, be chosen as

(log1.25)" +¢,
O ="
Owo
where g; is the variance allowance factor, which can be adjusted for sample
size control. As indicated in the FDA guidance, ¢; may be fixed between 0.04
and 0. For the determination of 63, the guidance suggests the use of indi-
vidual difference ratio (IDR), which is defined as

2 1/2
IDR:{HT—M}

E(R-R')?

1/2
| @ —pe)? + 0+ (ohy + k)
267k

{IBC T/z
= —+1] .
2

Therefore, assuming that the maximum allowable IDR is 1.25, substitution

of (log 1.25)* /o3y, for IBC without adjustment of the variance term approxi-
mately yield oy, = 0.2.

10.4.3 A Review of the FDA Guidance on Population/Individual
Bioequivalence

As indicated earlier, the 2001 FDA draft guidance on Statistical Approaches to
Establishing Bioequivalence is intended to address drug interchangeability.
As a result, the guidance for assessment of PBE and IBE has a significant
impact on pharmaceutical research and development. In what follows, we
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provide a comprehensive review of the FDA 2001 guidance on population
and individual bioequivalence from both scientific/statistical and practical
points of view (see also Chow 1999). Without loss of generality, we will only
focus on IBE.

10.4.3.1 Aggregated Criteria versus Disaggregated Criteria

The 2001 FDA guidance recommends aggregated criteria as described earlier
for assessment of IBE. The IBE criterion takes into account average of bio-
availability, variability of bioavailability, and variability due to subject-by-
formulation interaction. Under the proposed aggregated criteria, however, it
is not clear whether IBE criterion is superior to ABE criterion for assessment
of drug interchangeability. In other words, it is not clear whether or not IBE
implies ABE under aggregate criteria. Hence, the question of particular inter-
est to pharmaceutical scientists is whether the proposed aggregated criterion
can really address drug interchangeability?

Liu and Chow (1997) suggested disaggregated criteria be implemented for
assessment of drug interchangeability. The concept of disaggregated crite-
ria for assessment of IBE is described below. In addition to ABE, we may
consider the following hypotheses testing for equivalence in variability of
bioavailabilities and variability due to subject-by-formulation interaction:

L2 2
H,:our/ouwr = A,

versus H, : Gy /Gir <A,

and

.2
H,:0p 2A,

versus H, : 62 <A,

where A, is bioequivalence limit for the ratio of intrasubject variabilities and A,
is an acceptable limit for variability due to subject-by-formulation interaction.
We conclude IBE if both (1 — a) x 100% upper confidence limit for 67,;/0y is
less than A, and (1 — &) x 100% upper confidence limit for o5 is less than A,
Under the above disaggregated criteria, it is clear that IBE implies ABE.

In practice, it is of interest to examine the relative merits and disadvan-
tages between the FDA recommended aggregated criteria and the disaggre-
gated criteria described above for assessment of drug interchangeability. In
addition, it is also of interest to compare the aggregated and disaggregated
criteria of IBE with the current ABE criterion in terms of the consistencies
and inconsistencies in concluding bioequivalence for regulatory approval.
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10.4.3.2 Masking Effect

The goal for evaluation of bioequivalence is to assess the similarity of the
distributions of the PK metrics obtained either from the population or from
individuals in the population. However, under the aggregated criteria, dif-
ferent combinations of values for the components of the aggregated criterion
can yield the same value. In other words, bioequivalence can be reached by
two totally different distributions of PK metrics. This is another artifact
of the aggregated criteria. For example, at the 1996 Advisory Committee
meeting, it was reported that the data sets from the FDA's files showed that
a 14 percent increase in the average (ABE only allow 80.00 to 125.00 percent)
is offset by a 48 percent decrease in the variability and the test passes IBE
but fails ABE.

10.4.3.3 Power and Sample Size Determination

For the proposed aggregated criterion, it is desirable to have sufficient
statistical power to declare IBE if the value of the aggregated criterion is
small. On the other hand, we would not want to declare IBE if the value
is large. In other words, a desirable property for assessment of bioequiva-
lence is that the power function of the statistical procedure is a monotone
decreasing function. However, because different combinations of values
of the components in the aggregated criteria may reach the same value,
the power function for any statistical procedure based on the proposed
aggregated criteria is not a monotone decreasing function. The experience
for implementing the aggregated criteria in regulatory approval of generic
drugs is lacking.

Another major concern is how the proposed criteria for IBE will affect the
sample size determination based on power analysis. Unlike ABE, there exists
no closed form for the power function of the proposed statistical procedure
for IBE. As a result, the sample size may be determined through a Monte
Carlo simulation study. Chow et al. (2002¢c, 2003) provided formulas (based
on normal approximation) for sample size calculation for assessment of PBE
and IBE under a 2 x 4 replicated crossover design. Sample sizes calculated
from the formulas were shown to be consistent with those obtained from
simulation studies.

10.4.3.4 Two-Stage Test Procedure

To apply the proposed criteria for assessment of IBE, the FDA 2001 guidance
suggests the constant scale be used if the observed estimator of 6, or oy is
smaller than 6, or 6, However, statistically, the observed estimator of o5
or oy being smaller than 6, or 6y, does not mean that 6 or 6,5 is smaller
than o, or 6y,. A test on the null hypothesis that 6;; or 6,y is smaller than
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O OF Oy is necessarily performed. As a result, the proposed statistical pro-
cedure for assessment of IBE becomes a two-stage test procedure. It is then
recommended that the overall type I error rate and the calculation of power
be adjusted accordingly.

10.4.3.5 Replicated Crossover Design

The 2001 FDA draft guidance recommends a 2 x 4 replicated designs, i.e.,
(TRTR, RTRT) be used for assessment of IBE without any scientific and/or
statistical justification (FDA 2001a). As an alternative to the 2 x 4 replicated
design, the 2001 FDA guidance indicates that a 2 x 3 replicated crossover
design, ie, (TRT, RTR) may be considered. Several questions are raised.
First, it is not clear whether the two replicated crossover designs the optimal
design (in terms of power) among all 2 x 4 and 2 x 3 replicated crossover
designs with respect to the aggregated criterion? Second, it is not clear what
the relative efficiency of the two designs is if the total number of observa-
tions is fixed. Third, it is not clear how these two designs compare to other
2 x 4 and 2 x 3 replicated designs such as (TRRT, RTTR) and (TTRR, RRTT)
designs and (TRR, RTT) and (TTR, RRT) designs. Finally, it may be of inter-
est to study the relative merits and disadvantages of these two designs as
compared to other designs such as Latin square designs and four-sequence
and four-period designs.

Other issues regarding the proposed replicated designs include (1) it will
take longer to complete, (2) subject’s compliance may be a concern, (3) it is
likely to have a higher dropout rate and missing values especially in 2 x 4
designs, and (4) there is little literature on statistical methods dealing with
dropouts and missing values in a replicated crossover design setting.

Note that the 2001 FDA draft guidance provides detailed statistical pro-
cedures for assessment of PBE and IBE under the recommended 2 x 4 repli-
cated design (Hyslop et al. 2000; FDA 2001a). However, no details regarding
statistical procedures for assessment of PBE and IBE under the alternative
2 x 3 replicated design are given. Chow et al. (2002¢c, 2003) provided detailed
statistical procedures for assessment of IBE and PBE, respectively. Note that
Chow et al. (2003) pointed out that the statistical procedure for assessment of
PBE under the recommended 2 x 4 replicated design as described in the 2001
FDA guidance (FDA 2001a) was inappropriate owing to the violation of the
primary assumption of independence.

10.4.3.6 Outlier Detection

The procedure suggested for detection of outliers is not appropriate for the
standard 2 x 2, the 2 x 3, or the 2 x 4 replicated crossover designs because
the observed PK metrics from the same subject are correlated. For a valid
statistical assessment, the procedures proposed by Chow and Tse (1990) and
Liu and Weng (1991) should be used. These proposed statistical procedures
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for outlier detection in bioequivalence studies were derived under crossover
designs, which incorporate the correlations within the same subject. The
2001 FDA draft guidance provides little or no discussion regarding the treat-
ment of identified outliers.

10.5 Controversial Issues

In this section, we will focus on controversial issues related to Fundamental
Bioequivalence Assumption, one-fits-all criterion, and issues related to log-
transformation of pharmacokinetic data prior to analysis. These controver-
sial issues are briefly described.

10.5.1 Fundamental Bioequivalence Assumption

As indicated by Chow and Liu (2008), bioequivalence studies are performed
under the so-called Fundamental Bioequivalence Assumption, which con-
stitutes the legal basis for regulatory approval of generic drug products.
Fundamental Bioequivalence Assumption states that

If two drug products are shown to be bioequivalent, it is assumed that
they will reach the same therapeutic effect or they are therapeutically
equivalent.

Under the assumption, many investigators interpret it as “If two drug
products are shown to be bioequivalent, it is assumed that they will reach
the same therapeutic effect or they are therapeutically equivalent, and
hence can be used interchangeably.” Thus, one of the controversial issues is
that bioequivalence in a drug absorption profile may not necessarily imply
therapeutic equivalence and therapeutic equivalence does not guarantee
bioequivalence either. The verification of the Fundamental Bioequivalence
Assumption is often difficult, if not impossible, without conducting clini-
cal trials. For some drug products, the Fundamental Bioequivalence
Assumption may be verified through the study of in vitro and in vivo cor-
relation (IVIVC). It should be noted that the Fundamental Bioequivalence
Assumption is for drug products with identical active ingredient(s). In
practice, there are four possible scenarios when assessing bioequivalence
for generics approval:

1. Drug absorption profiles are similar and they are therapeutically
equivalent.

2. Drug absorption profiles are not similar but they are therapeutically
equivalent.
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3. Drug absorption profiles are similar but they are not therapeutically
equivalent.

4. Drug absorption profiles are not similar and they are not therapeuti-
cally equivalent.

Scenario 1 is the Fundamental Bioequivalence Assumption, which works
if the drug absorption (in terms of the rate and extent of absorption) is pre-
dictive of clinical outcomes. In this case, PK responses such as AUC and
Chax Serve as surrogate endpoints for clinical endpoints for assessment of
efficacy and safety of the test product under investigation. Scenario 2 is
the case where generic companies argue for generic approval of their drug
products especially when their products fail to meet regulatory require-
ments for bioequivalence. In this case, it is doubtful that there is a relation-
ship between PK responses and clinical endpoints. The innovator companies
usually argue with the regulatory agency against generic approval with sce-
nario 3. However, more studies are necessarily conducted in order to verify
scenario 3. There are no arguments with respect to scenario 4. Under the
Fundamental Bioequivalence Assumption, the assessment of average bio-
equivalence for generic approval has been criticized in that it is based on
legal/political deliberations rather than scientific considerations. In the past
several decades, many sponsors/researchers have made an attempt to chal-
lenge this assumption with no success.

To protect the exclusivity of a brand name drug product, the sponsors of
the innovator drug products will make every attempt to prevent generic
drug products from being approved by the regulatory agencies such as the
FDA. One of the strategies is to challenge the Fundamental Bioequivalence
Assumption by filing a citizen petition with scientific/clinical justification.
Upon the receipt of a citizen petition, the FDA has a legal obligation to
respond within 180 days. It should be noted, however, that the FDA will not
suspend the review/approval process of generic submission of a given brand
name drug even if a citizen petition is under review within the FDA. In prac-
tice, whether the Fundamental Bioequivalence Assumption is applicable to
drug products with similar but different active ingredient(s) then becomes
an interesting but controversial question.

10.5.2 One-Size-Fits-All Criterion

For assessment of average bioequivalence, the FDA adopted a one-fits-all cri-
terion. That is, a test drug product is said to be bioequivalent to a reference
drug product if the obtained 90 percent confidence interval for the ratio of
means of the primary study endpoint such as AUC or C,,,., is totally within
the bioequivalence limit of (80.00 percent, 125.00 percent). The one-fits-all cri-
terion does not take into consideration individual therapeutic window and
intrasubject variability, which have been identified to have non-negligible
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TABLE 10.3

Classification of Drugs

Class ITW ISV Example

A Narrow High Cyclosporine

B Narrow Low Theophylline

C Wide Low to moderate Most drugs

D Wide High Chlorpromazine or topical corticosteroids

Source: Chen, M.L., Individual bioequivalence. Invited presentation at International
Workshop: Statistical and Regulatory Issues on the Assessment of Bioequivalence.
Dusseldorf, Germany, October 19-20, 1995.

Note: ISV, intrasubject variability; ITW, individual therapeutic window.

impact on safety and efficacy of generic drug products as compared to the
innovative drug products.

In the past several decades, this one-fits-all criterion has been challenged
and criticized by many researchers (see, e.g.,, Chow and Liu 1994). It is sug-
gested flexible criteria in terms of safety (upper bioequivalence limit) and
efficacy (lower bioequivalence limit) should be developed based on individ-
ual therapeutic window (ITW) and intrasubject variability (ISV) according to
the nature of the drug class under study (Table 10.3). However, the one-fits-
all criterion is still considered by most regulatory agencies. This is probably
because no (documented) evidence of safety issues is raised for those generic
drug products approved based on the one-fits-all criterion.

10.5.3 lIssues Related to Log Transformation

In practice, bioequivalence is assessed either based on raw data or log-
transformed data depending on whether the data are normally distributed.
This has raised a controversial issue regarding which model should be used
for a fair assessment of bioequivalence. The sponsors often choose the model
that serves their purposes (e.g., demonstration of bioequivalence). In many
cases, a raw data model may reach a different conclusion regarding bio-
equivalence than a log-transformation model. This controversial issue has
been discussed extensively until guidance on bioequivalence published by
the FDA, which recommends a log transformation be performed prior to the
assessment of bioequivalence (FDA 2001a).

The 2001 FDA draft guidance provides a rationale for use of logarithmic
transformation of exposure measures. The guidance emphasizes that the
limited sample size in a typical BE study precludes a reliable determination
of the distribution of the data. For some unknown reasons, the guidance
does not encourage sponsors to test for normality of error distribution after
log transformation nor to use normality of error distribution as a reason for
carrying out statistical analysis on the original scale.
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With respect to the (pharmacokinetic) rationale, deterministic multipli-
cative pharmacokinetic models are used to justify the routine use of loga-
rithmic transformation for AUC(0-) and C,,,,. However, the deterministic
pharmacokinetic (PK) models are theoretical derivations of AUC(0—e) and
Chax for a single object. The guidance suggest that AUC(0—) be calculated
from the observed plasma-blood concentration—-time curve using the trap-
ezoidal rule and that C,,, be obtained directly from the curve, without
interpolation. It is not known whether the observed AUC(0—) and C,,,, can
provide good approximations to those under the theoretical models if the
models are correct.

It should be noted that the AUC(0—~) and C,,,, are calculated from the
observed plasma-blood concentrations. Therefore, the distributions of the
observed AUC(0—~) and C,,., depend on the distributions of plasma-blood
concentrations. Liu and Weng (1994) showed that the log-transformed
AUC(0-«) and C,,,,, do not generally follow a normal distribution, even when
either the plasma concentrations or log-plasma concentrations are normally
distributed. This argues against the routine use of the logarithmic transfor-
mation in assessment of bioequivalence. Moreover, Patel (1994) also pointed
out that performing a routine log transformation of data and then applying
normal, theory-based methods is not a scientific approach. In addition, the
sample size of a typical BE study is generally too small to allow an adequate
large-sample normal approximation.

Because current statistical methods for evaluation of bioequivalence are
based on the normality assumption on the intersubject and intrasubject vari-
abilities, the examination of the normal probability plots for the studentized
intersubject and intrasubject residuals should always be carried out for the
scale intended to be used in the analysis. In addition, formal statistical tests
for normality of the intersubject and intrasubject variabilities can also be
carried out through the Shapiro-Wilk’s method. Contrary to the misconcep-
tion of many people, the Shapiro-Wilk’s method is an exact method for small
samples, such as bioequivalence studies. It is then scientifically imperative
that tests for normality be routinely performed for the scale used in analysis,
such as log-scale, suggested in the guidance. If normality cannot be satis-
fied by both original-scale and log-scale, nonparametric methods should
be employed.

Other issues concerning the routine use of the logarithmic transformation
of exposure responses are the equivalence limits and presentation of the
results on the original scale. The guidance recommends that the bioequiva-
lence limits of (80.00 percent, 125.00 percent) on the original scale for assess-
ment of average bioequivalence be used. On the log-scale, they are [log(0.8),
log(1.25)] = (-0.2331, 0.2331), where log denotes the natural logarithm. This
set of limits is symmetrical about zero on the log scale, but it is not sym-
metrical on the original scale. It should be noted that the rejection region
of Schuirmann’s two one-sided tests procedure associated with the new
limits of (80.00 percent, 125.00 percent) is larger than that with the limits of
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(80.00 percent, 120.00 percent). As a result, a 90 percent confidence interval of
(82.00 percent, 122.00 percent), for the ratio of averages of AUC(0—) between
the test and reference formulations, will pass the bioequivalence test by the
new limits, but not by the old limits. The new bioequivalence limits are 12.5
percent wider and 25 percent more liberal in the upper limit than the old
limits. A new, wider upper bioequivalence limit may have an influence on
the safety of the test formulation, which should be carefully examined if the
new bioequivalence limits are adopted.

The FDA guidance requires that the results of analyses be presented on the
log scale as well as on the original scale, which can be obtained by taking the
inverse transformation. Because the logarithmic transformation is not linear,
the inverse transformation of the results to the original scale is not straight-
forward (Liu and Weng 1991). For example, the point estimator of the ratio of
averages on the original scale obtained from the antilog of the estimator of
difference in averages on the log scale is biased and is always overestimated.
Furthermore, the antilog of the standard deviation of the difference in aver-
ages on the log scale is not the standard deviation for the point estimator of
the ratio of the averages on the original scale. Further research is needed for
the presentation of the results on the original scale, especially the estimation
of variability after the analyses are performed on the log scale.

For the limitation of average bioequivalence, consideration of individual
therapeutic windows, and the objective of interchangeability, Chen (1995)
summarized the merits of individual bioequivalence as follows:

. Comparison of both averages and variances
. Considerations of subject-by-formulation interaction
. Assurance of switchability

B W N =

. Provision of flexible bioequivalence criteria for different drugs based
on their therapeutic windows

5. Provision of reasonable bioequivalence criteria for drugs with highly
intrasubject variability

6. Encouragement or reward of pharmaceutical companies to manu-
facture a better formulation

To achieve the objective of exchangeability among bioequivalent pharma-
ceutical products, the criteria for assessment of bioequivalence must possess
certain important properties. Chen (1995, 1997) outlined the desirable charac-
teristics of bioequivalence criteria proposed by the FDA which are provided
in Table 10.4. In addition, to address the issues of intrasubject variability and
subject-by-formulation interaction and to ensure drug switchability, valid
statistical procedures, both estimation and hypothesis testing should be
developed from the criteria to control the consumer’s risk at the pre-specified
nominal level (e.g., 5 percent). In addition, the statistical methods developed
from the criteria should be able to provide sample size determination; to
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TABLE 10.4

Desirable Features of Bioequivalence Criteria

Comparison of both averages and variances

Assurance of switchability

Encouragement or reward of pharmaceutical companies to manufacture a better formulation
Control of type I error rate (consumer’s risk) at 5%

Allowance for determination of sample size

Admission of the possibility of sequence and period effects as well as missing values
User-friendly software application for statistical methods

Provision of easy interpretation for scientists and clinicians

Minimization of increased cost for conducting bioequivalence studies

Source: Chen, M.L., Journal Biopharmaceutical Statistics, 7, 5-11, 1997.

take into consideration the nuisance design parameters, such as period or
sequence effects; and to develop user-friendly computer software. The most
critical characteristics for any proposed criteria will be their interpretation
to scientists and clinicians and the cost of conducting bioequivalence studies
to provide inference for the criteria.

10.6 Frequently Asked Questions

Although the concepts of PBE and IBE for addressing drug prescribability
and drug switchability have been discussed extensively since the early 1990s,
the current FDA's position regarding the assessment of bioequivalence is that

Average bioequivalence is required and individual/population bio-
equivalence might be considered.

However, the FDA encourages that medical/statistical reviewers should be
consulted if individual/population bioequivalence is to be used. For assess-
ment of bioequivalence, some questions are frequently asked during the reg-
ulatory submission and review. In what follows, frequently asked questions
in bioequivalence assessment are briefly described.

10.6.1 What If We Pass Raw Data Model but Fail
Log-Transformed Data Model?

Most regulatory agencies including FDA, EMA, and WHO recommend that
a log transformation of PK parameters of AUC(0—t), AUC(0—w), and C,,,., be
performed before analysis. No assumption checking or verification of the
log-transformed data is encouraged. However, the sponsors often conduct
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analysis based on both raw data and log-transformed data and submit the
one passing bioequivalence testing. If the sponsor passes BE testing under
the log-transformed data model, then there is no problem because it meets
regulatory requirement. In practice, however, the sponsor may fail BE test-
ing under the log-transformed data model but pass under the raw data
model. In this case, the sponsor often provides scientific/statistical justification
for the use of the raw data model. One of the most commonly seen scientific/
statistical justifications is that the raw data model is a more appropriate sta-
tistical model than that of the log-transformed data model because all of
the assumptions for the raw data model are met. However, for the raw data
model, the bioequivalence limit is often expressed in terms of the ratio of
the population means between the test and reference formulations, then the
equivalence limit is expressed as a percentage of the population reference
average which has to be estimated from the data. Therefore, the variabil-
ity of the estimated reference average is not considered in the equivalence
limit. Hence, the false positive rate for claiming average bioequivalence
for the two one-sided tests procedure can be inflated to 50 percent. As a
result, one should apply the modified two one-sided tests procedure using
the raw data proposed by Liu and Weng (1995) to control the size at the
nominal level.

Many researchers have criticized the use of log-transformed data as not
scientific/statistically justifiable. Liu and Weng (1991) studied the distribution
of log-transformed PK data assuming that the hourly concentrations are
normally distributed. The results indicated that the log-transformed data
are not normally distributed. Their findings argue against the use of log-
transformed data because the primary normality assumption is not met
and consequently the assurance of the obtained statistical inference is
questionable. In this case, it is suggested that either another transformation
such as Box-Cox transformation or a nonparametric method be considered.
However, the interpretation of such a transformation is challenging to both
pharmacokinetist and biostatistician.

10.6.2 What If We Pass AUC but Fail C__ ?

max*®

On the basis of log-transformed data, the FDA requires that both AUC and
Cax Mmeet the (80.00 percent, 125.00 percent) bioequivalence limit for estab-
lishment of average bioequivalence. In practice, however, it is not uncommon
to pass AUC (the extent of absorption) but fail C,, (the rate of absorption).
In this case, average bioequivalence cannot be claimed according to the FDA
guidance on bioequivalence. However, for C,,,,,, the EMEA and WHO guide-
lines use a more relaxed equivalence margin of (70.00 percent, 143.00 per-
cent). Thus, the sponsors often argue with the FDA based on the EMEA and
WHO guidelines.

In the case when we pass AUC but fail C
gested considering C

max Endrenyi et al. (1991) sug-
/AUC as an alternative bioequivalence measure for

max
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the rate of absorption. However, C,,,/AUC is not currently selected as the
required pharmacokinetic responses for approval of generic drug products
by any of the regulatory authorities in the world including the US FDA,
EMEA, and WHO. On the other hand, it is very likely that we may pass C,,,,
but fail AUC. In this case, it is suggested that we may look at partial AUC
as an alternative measure of bioequivalence (see, e.g., Chen et al. 2001) if we
fail to pass BE testing based on AUC from 0 to the last time point or AUC
from 0 to infinity.

10.6.3 What If We Fail by a Relatively Small Margin?

In practice, it is very possible that we fail BE testing for either AUC or C,,,,
by a relatively small margin. For example, suppose the 90 percent confidence
interval for AUC is given by (79.50 percent, 120.00 percent), which is slightly
outside the lower limit of (80.00 percent, 125.00 percent). In this case, the FDA's
position is very clear that “The rule is the rule and you fail.” With respect to
regulatory review and approval, the FDA is very strict about this rule that
the 90 percent confidence interval has to be totally within the bioequiva-
lence limit of (80.00 percent, 125.00 percent) as described in the 2003 FDA
guidance. However, the sponsor usually performs either an outlier detec-
tion analysis or a sensitivity analysis to resolve the issue. In other words, if
a subject is found to be an outlier statistically, it may be excluded from the
analysis with appropriate clinical justification. Once the identified outlier is
excluded from the analysis, a 90 percent confidence interval is recalculated.
If the 90 percent confidence interval after excluding the identified outlier is
totally within the bioequivalence limit of (80.00 percent, 125.00 percent), the
sponsor then argues to claim bioequivalence.

10.6.4 Can We Still Assess Bioequivalence If There
Is a Significant Sequence Effect?

As indicated by Chow and Liu (2008), under a standard two-sequence, two-
period (2 x 2) crossover design, significant sequence effect is an indication of
possible (1) failure of randomization, (2) true sequence effect, (3) true carry-
over effect, and/or (4) true formulation-by-period effect. Under the standard
2 x 2 crossover design, the sequence effect is confounded with the carryover
effect. Therefore, if a significant sequence effect is found, the treatment effect
and its corresponding 90 percent confidence interval cannot be estimated
without bias owing to possible unequal carryover effects. However, in the
2001 FDA draft guidance, the following list of conditions is provided to rule
out the possibility of unequal carryover effects:

1. It is a single-dose study.
2. The drug is not an endogenous entity.
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3. More than an adequate washout period has been allowed between
periods of study and in the subsequent periods the pre-dose biologi-
cal matrix samples do not exhibit a detectable drug level in any of
the subjects.

4. The study meets all scientific criteria (e.g., it is based on an accept-
able study protocol, and it contains a validated assay methodology).

The 2001 FDA draft guidance also recommends that sponsors conduct a bio-
equivalence study with parallel designs if unequal carryover effects become
an issue.

10.6.5 What Should We Do When We Have Almost Identical
Means but Still Fail to Meet the Bioequivalence Criterion?

It is not uncommon to run into the situation that we have almost identical
means but still fail to meet bioequivalence criterion. This may indicate that
(1) the variation of the reference product is too large to establish bioequiva-
lence between the test product and the reference product, (2) the bioequiva-
lence study was poorly conducted, and (3) the analytical assay methodology
is inadequate and not fully validated. The concept of individual bioequiv-
alence and/or population bioequivalence is an attempt to overcome this
problem. As a result, it is suggested that either PBE or IBE be considered to
establish bioequivalence. However, in our experience, unless the variability
of the test formulation is much smaller than that of the reference formula-
tion, it is still unlikely to pass either PBE or IBE. In addition to avoid masking
effect of PBE or IBE, the 2001 FDA draft guidance requires that the geometric
test/reference averages be within 80.00 to 125.00 percent, too.

10.6.6 Power and Sample Size Calculation based on Raw Data
Model and Log-Transformed Model Are Different

The power analysis calculation and sample size based on the raw data
model are different from those under the log-transformed model owing to
the fact that they are different models. Under different models, means, stan-
dard deviations, and coefficients of variation are different. As mentioned
before, for assessment of bioequivalence, all regulatory authorities including
the FDA, EMEA, WHO, and Japan require log-transformation of AUC(0—),
AUC(0-o0), and C,,,, be done before analysis and evaluation of bioequiva-
lence. As a result, one should use differences in mean and standard devia-
tion or coefficient of variation for power analysis and sample size calculation
based on the method for the log-transformed model (see, e.g.,, Chapter 5 of
Chow and Liu 2008).

Note that sponsors should make the decision as to which model (the raw
datamodel or the log-transformed data model) will be used for bioequivalence
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assessment. Once the model is chosen, appropriate formulas can be used to
determine the sample size. Fishing around to obtain the smallest sample size
is not good clinical practice.

10.6.7 Adjustment for Multiplicity

The 2003 FDA guidance for general considerations requires that for AUC(0—),
AUC(0-o0) and C,,,,, the following information be provided: (1) geometric
means, (2) arithmetic means, (3) ratio of means, and (4) 90 percent confidence
interval.

In addition, the 2003 FDA guidance recommends that logarithmic transfor-
mation be provided for measures for bioequivalence demonstration using a
bioequivalence limit of 80.00 to 125.00 percent. Therefore, to pass the average
bioequivalence, each 90 percent confidence interval of AUC(0—t), AUC(0-c0),
and C,,,, must fall within 80 and 125 percent. It follows that according to
the intersection-union principle (Berger 1982), the type I error rate of aver-
age bioequivalence is still controlled under the nominal level of 5 percent.
Therefore, there is no need for adjustment due to multiple pharmacokinetic
measures.

10.7 Other Applications

In pharmaceutical development, the concept of equivalence should not be
limited to bioequivalence for approval of generic drug products. The concept
of equivalence can be applied to substantial equivalence for medical devices
and biosimilarity for follow-on biologics.

10.7.1 Medical Devices

For medical devices, on the basis of the risk of medical devices posed to
the patient and/or user, the FDA categorized medical devices into three
classes, Regulations for Class I devices require general controls while the Class
I devices require both general controls and special controls. On the other
hand, because of higher risks, in addition to general controls and special
controls, the US FDA requests that Class IIl devices require a Premarket
Approval (PMA) to obtain marketing clearance. However, for Class I and II
devices, the sponsor can make a premarket notification through a 510 (k) sub-
mission to the FDA. Under 510 (k), the new device must demonstrate that it is
at least safe and effective as a legally US market device or a predicate device.
This concept of equivalence for approval of medical devices under 510 (k) is
referred to as substantial equivalence. According to the FDA, a device is con-
sidered substantially equivalent if either it has (1) the same intended use as
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the predicate and (2) the same technological characteristics as the predicate,
or it has (1) the same intended use as the predicate and (2) different tech-
nological characteristics and the information submitted to FDA. Therefore,
in submissions under 510 (k), as compared to the predicate, a device must
demonstrate two-sided equivalence in technological characteristics or a one-
sided equivalence or noninferiority in safety and effectiveness.

10.7.2 Follow-On Biologics

Unlike small-molecule drug products, a generic version of a biologic prod-
uct is only a similar biological drug product (SBDP) in comparison with the
originator biological product. It should be noted that the SBDP are not like
the small-molecule generic drug products, which are usually referred to
as containing identical active ingredient(s) as the innovative drug product.
The concept for the development of SBDP, which are made of living cells or
organisms, is very different from that of the (small-molecule) generic drug
products. The SBDP are usually referred to as biosimilars by the European
Medicines Agency (EMA) of European Union (EU), follow-on biologics (FOB
or FoB) by the US FDA, and subsequent entered biologics (SEB) by Health
Canada.

10.7.2.1 Fundamental Differences

Biosimilars are fundamentally different from small-molecule generic drugs.
Some of the fundamental differences between biosimilars and generic drugs
are summarized in Table 10.5. As can be seen from the table, for example,
small-molecule drug products are made by chemical synthesis, while large-
molecule biologics are made of living cells or organisms. Small-molecule
drug products have well-defined structures that are easy to characterize,
while biosimilars have heterogeneous structures with mixtures of related
molecules that are difficult to characterize. Small-molecule drug products

TABLE 10.5
Fundamental Differences between Generic Drugs and Biosimilars
Generic Drugs Biosimilars
Made by chemical synthesis Made by living cells or organisms
Defined structure Heterogeneous structure
Mixtures of related molecules
Easy to characterize Difficult to characterize
Relatively stable Variable
No issue of immunogenicity Sensitive to environmental conditions such as

light and temperature
Issue of immunogenicity

Usually taken orally Usually injected
Often prescribed by a general practitioner =~ Usually prescribed by specialists

© 2016 by Taylor & Francis Group, LLC



244 Quantitative Methods for Traditional Chinese Medicine Development

are usually relatively stable, while biosimilars are known to be variable and
very sensitive to environmental conditions such as light and temperature. A
small change or variation during the manufacturing process may translate
to a drastic change in clinical outcomes (e.g., safety and effectiveness). Small-
molecule drug products that are often taken orally are generally prescribed
by general practitioners, while biosimilars that are usually injected are often
prescribed by specialists. In addition, unlike small-molecule drug products,
biosimilars may induce unwanted immune responses that may cause a loss
of efficacy or change in their safety profile. Moreover, with differences in
the size and complexity of the active substance, important differences also
include the nature of the manufacturing process.

10.7.2.2 Approval Pathway of Biosimilars

For approval of biosimilars in the European Union (EU), the EMA has issued
guidelines describing general principles for the approval of similar biologi-
cal medicinal products or biosimilars (EMA 2010). The guideline is accom-
panied by several concept papers that outline areas in which the agency
intends to provide more targeted guidance. Specifically, the concept papers
discuss approval requirements for four classes of human recombinant prod-
ucts containing erythropoietin, human growth hormone, granulocyte-colony
stimulating factor, and insulin. The guideline consists of a checklist of docu-
ments published to date relevant to data requirements for biological pharma-
ceuticals. It is not clear what specific scientific requirements will be applied
to biosimilar applications. In addition, it is not clear how the agency will
treat innovator data contained in the reference product dossiers. The guide-
line provide a useful summary of the biosimilar legislation and previous
EU publications, it provides few answers to the issues. On the other hand,
for approval of follow-on biologics in the United States, it depends whether
the biologic product is approved under the US Food, Drug, and Cosmetic
Act (FD&C) or it is licensed under the US Public Health Service Act (PHS).
As indicated, some proteins are licensed under the PHS Act, while some
are approved under the FD&C Act. For products approved under an NDA
(US FD&C Act), generic version of the products can be approved under an
ANDA, e.g, under Section 505(b)(2) of FD&C Act. For products that are
licensed under a BLA (US PHS Act), there exists no abbreviated BLA at pres-
ent time.

As pointed out by Woodcock et al. (2007), for assessment of similar-
ity of follow-on biologics, the FDA would consider the following fac-
tors regarding (1) the robustness of the manufacturing process, (2) the
degree to which structural similarity could be assessed, (3) the extent
to which the mechanism of action was understood, (4) the existence of
valid, mechanistically related pharmacodynamic assays, (5) comparative
pharmacokinetics, (6) comparative immunogenicity, (7) the amount of clini-
cal data available, and (8) the extent of experience with the original product.
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In practice, there is a strong industrial interest and desire for the regulatory
agencies to develop review standards and an approval process for biosimilars
rather than an ad hoc case-by-case review of individual biosimilar applica-
tions. Under these considerations, the FDA published several draft guidances
on assessment of biosimilar products on February 9, 2012. However, little
or no information regarding criteria for biosimilarity was mentioned. More
research on methodology development for assessing biosimilarity and inter-
changeability is urgently needed.

10.7.2.3 Biosimilarity

On March 23, 2010, the Biologics Price Competition and Innovation (BPCI)
Act (as part of the Affordable Care Act) was enacted, which has given the
FDA the authority to approve similar biological drug products. As indi-
cated in the BPCI Act, a biosimilar product is defined as a product that is
highly similar to the reference product notwithstanding minor differences
in clinically inactive components and there are no clinically meaningful
differences in terms of safety, purity, and potency. There are no clinically
meaningful differences between a biosimilar and an originator biological
product in terms of safety, purity, and potency. On the basis of this defin-
ition, we would interpret that a biological medicine is biosimilar to a refe-
rence biological medicine if it is highly similar to the reference in safety,
purity, and potency. Here purity may be related to some important quality
attributes at critical stages of the manufacturing process and potency has
something to do with the stability and efficacy of the biosimilar product.
However, little or no discussion regarding how similar is considered highly
similar (or how close is considered sufficiently close) was mentioned in the
BPCI Act.

10.7.2.4 Interchangeability

As indicated in the BPCI Act, a biological product is considered to be inter-
changeable with the reference product if (1) the biological product is biosim-
ilar to the reference product; and (2) it can be expected to produce the same
clinical result in any given patient. In addition, for a biological product that is
administered more than once to an individual, the risk in terms of safety or
diminished efficacy of alternating or switching between use of the biological
product and the reference product is not greater than the risk of using the
reference product without such alternation or switch. Thus, by definition,
there is a clear distinction between biosimilarity and interchangeability. In
other words, biosimilarity does not imply interchangeability, which is much
more stringent. The BPCI Act states also that if a test product is judged to be
interchangeable with the reference product then it may be substituted, even
alternated, without a possible intervention, or even notification, of the health
care provider.
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10.7.2.5 Scientific Factors and Practical Issues

One of key scientific factors for assessing biosimilarity of follow-on biolog-
ics is “How similar is highly similar?” Neither the BPCI Act nor the FDA
draft guidance on biosimilars provide definition of highly similar. In prac-
tice, one would think that the degree of similarity determine highly simi-
lar based on some given criteria for biosimilarity. However, there is little or
no information regarding “What criteria are considered the most appropri-
ate criteria for assessing biosimilarity and/or interchangeability?” Current
practice is to adopt the (80.00 percent, 125.00 percent) criterion for assessment
of bioequivalence for generic approval based on log-transformed pharmaco-
kinetic responses such as AUC and C,,,, without any scientific justification.
This criterion was found not appropriate due to the fundamental differences
between generics and biosimilars (see, e.g.,, Chow et al. 2011). Another practi-
cal issue is related to the question “How many biosimilar studies are required
for establishing biosimilarity of follow-on biologics?” As pointed out by BPCI
Act, biosimilarity of biosimilars to the innovative biological product must be
demonstrated in safety, purity, and potency. Thus, biosimilar studies could
include clinical safety/tolerability and immunogenicity studies (safety), criti-
cal quality attributes at various stages of biological manufacturing process
(purity), and efficacy study (potency). Furthermore, in the interest of drug
interchangeability, “How to assess switching and/or interchangeability?”
has become a debatable issue due to the definition of interchangeability as
described in the BPCI Act. In practice, it is not possible to show that bio-
similars can produce the same clinical result as compared to the reference
product in any given patient. However, it is possible to demonstrate that they
can produce the same clinical results in any given patient with certain assur-
ances. On February 9, 2012, the FDA circulated draft guidance on scientific
consideration for demonstration of biosimilarity of follow-on biologics. In
the draft guidance, the FDA recommends a stepwise approach for providing
the totality-of-the-evidence for assessing biosimilarity of follow-on biologics.
However, no specific guidance was provided as to “How to implement step-
wise approach and provide totality-of-the-evidence as suggested by the draft
guidance of the FDA?” The guidance emphasizes the importance of reference
standard. However, little or no information regarding “How to establish ref-
erence standards?” was mentioned in the draft guidance.

To address these scientific factors and practical issues, the FDA has
hosted a couple of public hearings in November 2-3, 2010 and May 11, 2012.
At the same time, many researchers have devoted to methodology devel-
opment for assessing biosimilarity and/or interchangeability. In the past
few years, despite several journals (e.g., Statistics in Medicine, Journal of
Biopharmaceutical Statistics, Generics and Biosimilar Initiatives, and the Chinese
Journal of Pharmaceutical Analysis) have published special issues on biosimi-
lars attempting to address these scientific factors and practical issues, many
scientific factors and practical issues still remain unsolved.
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10.8 Concluding Remarks

Asindicated in Chapter 1, the FDA kicked off a critical path initiative to assist
the sponsors in identifying the scientific challenges underlying the medical
product pipeline problems. A critical path opportunities list was released in
2006 to bridge the gap between the quick pace of new biomedical discoveries
and the slower pace at which those discoveries are currently developed into
therapies. However, the assessment of bioequivalence for generic approval
was not included until a year later. In May 2007, the FDA issued the critical
path opportunities for generic drugs that lay out the opportunities as well
as the challenges that are unique to the generic drug products. Note that
the critical path opportunities for generic drugs were issued by the Office
of Generic Drugs, Center for Drug Evaluation and Research. Consequently,
the critical path opportunities for generic drugs are only confined to the
traditional chemical drug products (it could include medical devices and
biosimilars).

Although bioavailability for in vivo bioequivalence studies is usually
assessed through the measures of the rate and extent to which the drug
product is absorbed into the bloodstream of human subjects, for some locally
acting drug products such as nasal aerosols (e.g., metered-dose inhalers) and
nasal sprays (e.g., metered-dose spray pumps) that are not intended to be
absorbed into the bloodstream, bioavailability may be assessed by measure-
ments intended to reflect the rate and extent to which the active ingredi-
ent or active moiety becomes available at the site of action. For those local
delivery drug products, the US FDA indicates that bioequivalence may be
assessed, with suitable justification, by in vitro bioequivalence studies alone
(see, e.g., Part 21 Codes of Federal Regulations Section 320.24). In practice, it
is expected that in vitro bioequivalence testing has less variability (say, <10
percent) due to analytical testing results, while in vivo bioequivalence testing
has larger variability (say, between 20 and 30 percent). Unlike small mol-
ecule drug products, biosimilars are expected to have much larger variabil-
ity (say, 40 to 50 percent). The magnitude of variability has an impact on the
corresponding criteria for assessment of bioequivalence or biosimilarity. To
provide a better understanding, Table 10.6 provides a comparison of in vitro
bioequivalence testing, in vivo bioequivalence testing and testing for biosimi-
larity of follow-on biologics.

Unlike most small molecule drug products that contain one single active
ingredient, TCM usually contain several components. For assessment of
bioequivalence, it is not clear whether bioequivalence assessment should be
done on each components or in total. One of the major challenges is that the
pharmacological activity of each component is usually unknown and cannot
be characterized based on current technology. In practice, it is suggested that
TCM be treated as a combinational drug product with multiple components.
The problem is that the relative ratios (proportions) of these components are
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TABLE 10.6

Comparison among in vitro BE Testing, in vivo BE Testing, and Biosimilarity Testing

In vitro BE Testing In vivo BE Testing Biosimilarity Testing

Characteristic Drug release/ Drug absorption Drug absorption
delivery
Experimental unit ~ Bottles Healthy volunteers Healthy volunteers or
patients
Sample size 3 lots per treatment 24 to 36 subjects 48 subjects or more
and 10 units from
each lot
Variability Controllable Not controllable Not controllable
Variability range <10% 20%-30% 40%-50%
Criterion (90.00%, 111.00%) (80.00%, 125.00%) SABE, e.g., (70.00%,
143.00%)
Assumption IVIVC Fundamental Totality-of-the-
Bioequivalence evidence
Assumption

Note: IVIVC, in vitro and in vivo correlation; SABE, scaled average bioequivalence criterion.

usually unknown. A slightly change or variation of these relative ratios may
result in a major change in clinical outcomes. In other words, it is an interest-
ing question to the investigators whether the Fundamental Bioequivalence
Assumption can be applied to drug products with multiple components if
there is evidence of (1) possible drug-to-drug (component-to-component)
interaction, (2) different dose response curves for different components,
and (3) different ratios of the components may result in different clinical
outcomes. In this case, pilot studies for determining the best combination
(relative ratio) for achieving the optimal therapeutic effect and possible
component-to-component interactions must be conducted. Once these have
been established, regulatory guidance (for criteria, design, and methods for
data analysis) for assessment of bioequivalence and /or biosimilarity for drug
product with multiple components (e.g., TCMs) are necessarily developed so
that standard methods that are similar to the assessment of bioequivalence
described in this chapter can be established accordingly.
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Population Pharmacokinetics

11.1 Introduction

For a drug product under development, it is of interest to study how the drug
moves through the body and the processes of movement such as absorption
(A), distribution (D), metabolism (M), and excretion (E) after drug adminis-
tration. This leads to the study of pharmacokinetics (PK). The key concept
of a PK study is to study what the body does to the drug, which is usually
characterized by ADME of a drug product after administration. In practice,
however, we cannot measure concentrations at the site of action directly.
Instead, we can measure concentrations in blood, plasma, or serum that
reflect ADME at the site of action. The site of action is defined as the site at
which the drug will have its effect. Concentrations have valuable informa-
tion regarding ADME that allows manipulation of concentrations in early
drug development so that the concentrations will remain within the thera-
peutic window (or index) of safety and efficacy. The bioequivalence testing
described in Chapter 10 is to show that the primary PK parameters such as
AUC and C,,,,,, which reflect the extent and rate of drug absorption of the test
product are not too high to avoid toxicity (safety) on one hand and are not too
low to produce response (efficacy) on the other hand as compared to those of
the reference product (innovative or brand name drug product).

Population pharmacokinetics (population PK) is the study of the sources
and correlates of variability in drug concentrations among individuals who
are the target patient population receiving clinically relevant doses of a drug
of interest (Aarons 1991). Thus, population PK is to study the relationship
between dose and concentration for both individuals and the population of
individuals. The study of individual PK parameters has become very popu-
lar because it is a representative sample of a population of such individuals.
Individual PK parameters are usually estimated by fitting a PK model. The
analysis of PK responses has emerged as a useful approach to ascertain-
ing the nature of drug disposition in patient populations. Although such
an analysis permits the evaluation of associations between patient charac-
teristics and variation in drug disposition, it usually involves a nonlinear
mixed effects model, which presents certain statistical and PK modeling
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difficulties. Such an analysis is usually performed after a considerably large
database of concentrations, doses, and patient characteristics is established.
For estimation of population PK parameters, a traditional approach is to
employ a so-called standard two-stage (STS) method. At the first stage, we
estimate individual parameters. Then, we treat the estimates as samples to
obtain a confidence interval for the population parameters. This method,
however, does not account for the variability of the estimates obtained from
the first stage. To avoid individual estimates, Sheiner et al. (1972, 1977) pro-
posed an alternative first-order (FO) method for estimation of the mean and
variance of the population parameters by minimizing an extended least
squares criterion. This method, which uses a nonlinear mixed effect model,
is available in the software NONMEM (Beal and Sheiner 1980). Several
other methods, including parametric and nonparametric, have been devel-
oped. These methods include the use of the EM algorithm (Dempster et al.
1977) and the Bayesian approach (Racine-Poon 1985). In addition, Prevost, in
an unpublished report, proposed an iterative two-stage (ITS) method that
uses a linearization of the model around the estimated parameters, under
the assumption of a normal distribution of parameters (Steimer et al. 1984).
The ITS method has been investigated by Lindstrom and Bates (1990) under
different approximations. For nonparametric methods, Mallet (1986) devel-
oped a method based on maximum likelihood of the whole set of individual
measurements. Schumitzky (1990) also proposed a nonparametric algorithm
to estimate the distribution using an EM estimation approach. For a one-
compartment model, these methods are available on the software NPEM
(Jelliffe et al. 1990). For application of a recent development in linear and
nonlinear mixed effects model to population PK, see Davidian and Giltinan
(1995), Vonesh and Chinchilli (1997), and Davidian (2003).

As one of the primary objectives of a population PK study is to estimate
accurately and precisely the kinetic parameters in a population and the pop-
ulation parameters quantify the mean kinetics in the population, the interin-
dividual kinetic variability, and the intraindividual variability of measured
kinetic responses, it is suggested that a valid and efficient design should
be used in order to produce accurate and reliable estimates of population
parameters. For this purpose, some design factors such as the number of
subjects, the number of concentrations measured in each individual, and the
sampling times of the biologic fluid (e.g., blood) in which the drug concen-
tration is determined are necessarily considered for achieving the desired
degree of accuracy and precision of the estimates of the population param-
eters. These design factors can be controlled to a certain extent by conducting
a prospective population kinetic study. The most widely accepted theoretical
approach of determining optimal sampling times for PK studies is based on
the Fisher information matrix. A commonly used criterion for determining
optimal sampling times is to maximize the determinant of the Fisher infor-
mation matrix (or equivalently minimize the inverse of the determinant),
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which is known as the D-optimality criterion. Following the concept of
D-optimality, two approaches are commonly considered in designing a pop-
ulation PK study. These two approaches are the population Fisher informa-
tion matrix approach (Wang and Endrenyi 1992) and the informative block
randomized (IBR) approach (Ette et al. 1994).

The chapter is organized as follows. In Section 11.2, regulatory require-
ments for the use of population PK in pharmaceutical development are
given. Approaches for population PK modeling are described in Section 11.3.
Approaches to the design of population pharmacokinetic studies are dis-
cussed in Section 11.4. Section 11.5 gives an example to illustrate statistical
methods described in this chapter. Section 11.6 provides some concluding
remarks including study protocol, concerns/challenges of the population
approach in population PK, the relationship between PK and pharmacody-
namics (PD), the use of computer simulation, and software applications.

11.2 Regulatory Requirements

In 1999, the FDA issued guidance on Population Pharmacokinetics (FDA
1999). In this guidance, the FDA provides some recommendations on design
and analysis of a population pharmacokinetic study. Also, included in this
guidance are data handling such as missing data and outliers, population
PK model development, and validation. These requirements are briefly sum-
marized below.

11.2.1 Population PK Analysis

As indicated in the 1999 FDA guidance on Population PK, the population
model defines at least two levels of hierarchy. At the first level, pharmaco-
kinetic observations in an individual such as concentrations are viewed as
arising from an individual probability model, whose mean is given by a
pharmacokinetic model quantified by individual-specific parameters. At the
second level, the individual parameters are regarded as random variables.
Because the focus of a population PK study is on population of individual PK
parameters, the FDA suggests the two commonly used methods, namely, the
two-stage approach and the nonlinear mixed effects modeling approach are
considered in population PK analysis. As pointed out by the FDA, although
the traditional two-stage approach (when applicable) can yield adequate
estimates of population characteristics, it may not be applicable in sparse
data situations because individual parameters may be hard to estimate. The
standard two-stage approach and the nonlinear mixed effects modeling
approach will be discussed in detail in the next section.
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11.2.2 Study Design

At the planning of a population PK study;, it is suggested that certain pre-
liminary pharmacokinetic information and the drug’s major elimination
pathways in humans should be available. In addition, a sensitive and specific
assay capable of measuring the drug and all metabolites of clinical relevance
should be available. When designing a population PK study, FDA suggests
that some design considerations such as sampling times, number of sam-
ples per subject, and number of subjects be considered for an accurate and
reliable assessment of population characteristics. Optimizing the sampling
design is of particular importance when severe limitations exist on the num-
ber of subjects and/or samples per subject (e.g., in pediatric patients or the
elderly). FDA recommends some informative designs proposed in the litera-
ture (e.g., Hashimoto and Sheiner 1991; Johnson et al. 1996; Sun et al. 1996) be
used to ensure that there are enough patients not only for an accurate and
precise estimation of the population parameters but also for detection of any
subgroup differences with a desired power.

11.2.3 Population PK Model Development/Validation

For development of a population PK model, the FDA suggests that the objec-
tives and hypotheses be stated clearly. It is recommended that all assumptions
inherent in the population analysis be explicitly expressed. The criteria and
rationale for model building procedures dealing with confounding, covari-
ate, and parameter redundancy should be stated clearly. The steps taken for
model building should be outlined clearly to permit the reproducibility of
the analysis. For a developed population PK model, the FDA recommends
that the reliability of the analysis results be examined through diagnostic
plots, including predicted versus observed concentration, predicted con-
centration superimposed on the data, and posterior estimates of parameters
versus covariate values. Whenever possible, evaluation for robustness using
sensitivity analysis should be conducted.

For validation of a population PK model, because there is no consensus on
an appropriate statistical approach to validation of population PK models,
the FDA suggests focusing on the predictive performance aspect of valida-
tion either through an external validation or an internal validation. External
validation is the application of the developed model to a new data set (vali-
dation data set) from another study, while internal validation refers to the
use of data splitting (e.g., cross validation) and resampling techniques (e.g.,
bootstrapping). The predictive performance aspect of validation is defined
as the evaluation of the predictability of the model developed using a learn-
ing or index data set when applied to a validation data set not used for model
building and parameter estimation.

Note that the FDA indicated that not all population PK models need to
be validated. If the population PK analysis results will be incorporated in
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the drug label, model validation is encouraged and model validation proce-
dures should be an integral part of the protocol. If population PK models are
developed to explain variability with no dosage adjustment recommenda-
tion envisaged and to provide descriptive information for labeling, models
can be tested for stability only.

11.2.4 Missing Data and Outlier

In population PK studies, missing values commonly occur at either PK
response or covariates. Missing data are potential sources of bias. Excluding
all subjects with any missing data will decrease the sample size. Thus, in
certain situations, it may be better to impute missing values rather than to
delete those subjects with missing values from analysis. As indicated in the
1999 FDA guidance, although many methods for imputation are available in
the literature, the performance of imputation techniques in this context is not
well studied. Thus, the FDA suggests that the imputation procedure should
be described and a detailed explanation of how such imputations were done
and the underlying assumptions made should be provided.

For outliers, either outlying individuals (intersubject variability) or outly-
ing data points (intrasubject variability), the FDA requires that the reasons
for declaring an outlying data point should be statistically convincing and if
possible be pre-specified in the study protocol.

11.2.5 Timing for Application

The use of the population PK approach can help increase understanding of
the quantitative relationship among drug input patterns, patient character-
istics, and drug disposition. It is helpful in situations when the investigator
wishes to identify factors that affect drug behavior or to explain variability
in a target population. The population PK approach is especially helpful in
certain adaptive study designs such as dose finding studies in early stages of
drug development.

As indicated in the 1999 FDA guidance, the FDA advises that in certain cir-
cumstances such as (1) when the population for which the drug is intended
is quite heterogeneous and (2) when the target concentration window is
believed to be relatively narrow, the population PK approach is most likely
to add value when a reasonable a priori expectation exists that intersubject
kinetic variation may warrant altered dosing for some subgroups in the tar-
get population. The FDA also pointed out that the population PK approach is
most likely used in phase I and late phase IIb of clinical development for esti-
mation of population parameters of a response surface model where infor-
mation is gathered on how the drug will be used in subsequent stages of
drug development (see also Sheiner 1997). However, the FDA also noted that
in phase I and much of phase IIb studies where patients are usually sampled
extensively, complex methods of data analysis may not be needed.
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The population PK approach can also be used in early phase Ila and phase
III of drug development to gain information on drug safety (efficacy) and to
gather additional information on drug pharmacokinetics in special popula-
tions. The population PK approach can also be useful in phase IV studies
such as post-marketing surveillance or labeling change.

11.3 Population PK Modeling

As indicated earlier, the movement of a drug administered to a patient is
studied via some population characteristics that describe absorption, dis-
tribution, metabolism, and elimination of the drug. These population char-
acteristics are measured by some pharmacokinetic parameters such as the
fraction of each dose that is absorbed when the drug is given by the oral
route (absorption), volume of distribution of the drug with respect to its con-
centration (distribution) and the clearance of the drug with respect to its con-
centration in plasma (elimination). In practice, it is of interest to learn about
the variation of PK parameters in a target patient population. This leads to
the study of population pharmacokinetic modeling. In what follows, several
approaches for estimation of population characteristics of pharmacokinetic
parameters are described.

11.3.1 Traditional Two-Stage Method

The traditional approach for estimation of population characteristics of PK
parameters consists of two stages, which are described below. At the first
stage, for each of a number of patients, enough dosages are administered
and enough plasma concentrations are drawn to allow the PK parameters
to be estimated for each individual. Estimates of these PK parameters are
often obtained based on a deterministic pharmacokinetic model (e.g., a
one-compartment model or a multiple-compartment model). Then, at the
second stage, based on estimates of the PK parameters obtained from
each individual, an analysis of covariance model is considered to avoid
effects due to possible confounding and/or interaction among covariates
(e.g., demographics or patient characteristics) and to study the treatment
effects (e.g., dosage and route of administration) and between-individual
variation.

In practice, there are obvious obstacles to this traditional approach
including the ethical issue and cost. From a statistical point of view, the
traditional approach suffers the following disadvantages. First, the use of
estimates based on a deterministic model from each individual does not
take into consideration the variability of each individual (i.e., intraindivid-
ual variability). Second, sparse and/or haphazard sampling of each subject
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may not provide accurate and reliable estimates of the PK parameters for
each subject. To overcome this problem, the frequency of sampling for
blood drawn is necessary, which may lead to the ethical concern. Third, the
traditional approach may not be useful in describing population character-
istics when there are a lot of demographic, physiological, and/or behavioral
characteristics recorded for each subject such as weight, age, renal function,
race, ethnicity, disease status, and so on which are often of interest to the
investigator.

11.3.2 Nonlinear Mixed Effects Modeling Approach

As an alternative to the traditional two-stage method, the FDA suggests
the use of a nonlinear mixed effects modeling approach. The approach
of nonlinear mixed effects modeling is a nonlinear regression model that
accounts for both fixed and random effects. It provides estimates of popula-
tion characteristics that define the population distribution of the PK and/or
PD parameters.

In the 1970s, Sheiner et al. (1972, 1977) laid the foundations of population
pharmacokinetic modeling. They showed how, with data collected as part
of routine patient care, such modeling can estimate the average values of PK
parameters and the interindividual variances of those parameters in a patient
population. With such sparsely sampled data from patients, their methodol-
ogy produced estimates that were similar to published values derived with
traditional methods.

11.3.2.1 First-Order Method
Let y; be the jth (plasma or serum) concentration obtained from the ith sub-
ject, where j=1,...m;and i = 1,...,m and N = z n; is the total number of

observations. Also, let X be conditions of jth measlﬁlrement (e.g., times, doses)
from the ith subject. As discussed earlier, our focus is not on population
mean concentration, but on population of individual PK parameters. This
leads to the use of a nonlinear mixed effects model. Following the concept of
the two-stage approach, for the first stage, we consider so-called intrasubject
PK model. Consider the following model:

v =f B) - ey (11.1)

where

E(yzj|Bi) = f(xij/ B:),
Var(yilei) =0{f(x;, B, &}
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in which f dictated by compartment model, superposition of past doses, p; is
a p x 1 vector of PK parameters, as an example

p;=(F, CL, V) (11.2)

as considered by Sheiner et al. (1977). For the second stage, we consider the
intersubject population model as follows:

ﬁi = d(ai/ B/ bi)/

where g, is the subject characteristic (covariate) of the ith subject and b;is a k x
1 vector of random effects which follows a k-variate distribution with mean
0 and variance-covariance matrices D. As a result, the two-stage hierarchy
leads to the following intrasubject PK model (stage 1):

v = fiB)-e
= fi(B)-R*(B.&) (11.3)
where
E(y,|b;) = f:(B)),
Var(y;|b;) = R,(B;€)-
Note that

Py\b (yi|xilr"'rxini ,a;,B,b;, ‘ta): Py|b (%‘| B,b;, ‘ta)
For the intersubject population model (stage 2), we have
Bi = d(ai/ B/ bi)/
where
b, ~ H= N0, D).

Under this two-stage hierarchical model, the objectives are to (1) deter-
mine 4 (i.e., the relationship between PK and covariates), (2) estimate f (i.e.,
the relationship between PK and covariates), (3) estimate H (i.e., the variation

in population), and (4) estimate p; (i.e., characterize individuals and conse-
quently optimize or individualized dosing). For achieving these objectives,
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we consider maximizing the following likelihood function for obtaining the
maximum likelihood estimates:

B8, H)= )" LB/ H)

i (11.4)
- Z i1 Py, (v:|B, by, E)AH (b;).

Because of the complexity of the likelihood function (i.e, nonlinear in b)),
there exist no closed forms for the maximum likelihood estimates if they are
not intractable. Beal and Sheiner (1982) considered first-order approximation
about b; = 0 assuming that P, , is normal and H = N,(0, D). In other words,
they considered

ylb

v, = fi{d(@a,B,b)}+R*(d(a;,B,b),E) ¢

= £{d(@, B, 0} + Z,(B, 06 + R{d(a,,B,0)) &, (11.5)

Then, approximate /; by the n-variate normal with

E(%) zfi{d(air ﬁ/ 0)}1

and
Var(y;) = R;{d(a;, B, 0)} + Z,(B, 0)DZ{(B, 0).

This was implemented in the FORTRAN program in NONMEM (it was
referred to as the FO method).

11.3.2.2 An Example

As an example, consider the specific case of digoxin as described by Sheiner
et al. (1977). Suppose the population characteristics describing absorption,
distribution, and elimination of the drug are of particular interest to the
investigator. For absorption, the pharmacokinetic parameter considered is
F,.., which is the fraction of each dose that is absorbed when the drug is
given by oral route. For distribution, the volume of distribution, denoted
by V,, of the drug with respect to its concentration in plasma is examined.
For elimination, the clearance of the drug (CI) with respect to its concen-
tration in plasma is assessed. Suppose we wish to model the kinetics of a
drug using the one-compartment open model. Without loss of generality, we
will only consider the single-dose case. Let C; be the ith measured plasma
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concentration in the jth individual at time ¢;. Thus, the one-compartment
open model leads to

F-D;
Cij = v exp(—Clj/th -tij) (11.6)

dj

where F; is the fraction of drug absorbed by the jth individual when receiv-
ing a dose by the chosen route, D, is the dose received by the jth individual,
V,; is the volume of distribution for the drug in the jth individual, CJ; is the
drug clearance for the jth individual, and ¢; is the time of drawing the ith
sample in the jth individual (t; = 0 at the time of administration of the dose D).
Note that although there are three unknown parameters: F, V,;, and CI;, only
two constants, F,/ Vi and Clj/ Vi could be estimated for any individual from
one single study. Now, suppose that drug clearance can be described by the

following relation:
Cl;=A+B-CI, (11.7)

where CI is the creatinine clearance for the jth individual, a quantity that
can be directly measured or can be estimated from other data such as serum
creatinine value, A and B are some fixed constants which relate drug clear-
ance to creatinine clearance. Further, suppose that the volume of distribution

depends on renal function and has the following relationship:
V;=D+E-CI7, (11.8)

where D and E are some fixed constants, which must be estimated from data.
As it can be seen that Equations 11.1 through 11.3 are deterministic models.
To have accurate and reliable assessment of population characteristics, we
should take into consideration the variabilities associated with each deter-
ministic model. This leads to

F-D;
G=l—y exp(=Cl;/ Vi t;)-&;,

dj
Cl;=A+B-CI¥ +nC, (11.9)

V;=D+E-CI7 +n],

where sij,n]c’, and n]Q follow normal distribution with mean 0 and vari-

ances 67,064, and o7, respectively. Sheiner et al. (1977) suggested linearizing
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model 11.4 first and then considering an approximation based on the first-
term Taylor series expansion. After some algebra, model 11.4 becomes

Cl. 1 t. 1/2
Ci=M;|1+| —Lt. —— |nV =—Lqn& M:+1) g, (1110
i ij [ [ Vd] i Vd] ] ] Vd] ] ( I ) I ( )

where

F-D,
M; = v exp(=CL,/Vy; -t;),
dj

and F is the assumed constant bioavailability. Thus, we have

Var(C;) = M; cliy 2 M| P
ar — + M; c
Vd]. V oy +M; V) o

where G‘Z/,C, is the population covariance between Cl; and V.

11.3.2.3 Other Approximations

The first-order approximation is obvious biased and there is a room for
improvement. A better approximation based on Laplace’s approximation has

been proposed in the literature (see, e.g., Wolfinger 1993; Vonesh 1996).
Assume that H is Ni(0, D), P,, is normal with R(). Then, we have

-1/2
I = (zn)-“f*")/zj\D\ expl—q(y,,b,)/2)db,,
where

qyi,b) ={y; = fiB) IRy, = fiB)} +bDb;.

Thus, we can solve g'(y;, b;) = 0 for l;,.. It can be verified that for large n;

~ -1/ ~
¢ )72 exploq(y:,b)/2).

li ~ (zﬂ:)—ni/Z ‘D‘*l/Z
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Thus, I; = n;-variate normal with

E(y;) = fi{d(a;,B,b;)) - Z,{B,b.b,

and
Var(y,) = Z,(8,b,)DZ{B, b} + R,(&).

As indicated by Davidian (2003), this approximation works remarkably
well for sparse (i.e., small n)) population PK data as long as intrasubject varia-
tion is small. This approximation has been implemented in many software
packages. For example, nlme of S-plus, %nlinmix of SAS, and NONMEM.

Note that Mallet (1986) proposed the use of completely nonparametric
approach for estimation of H. On the other hand, Davidian and Gallant
(1993) assumed H has a nice density and estimate H along with other model
components.

11.3.2.4 Bayesian Approach

Wakefield (1996) and Miiller and Rosner (1997) proposed a three-stage hier-
archy Bayesian approach by the following stages. For the first stage (stage 1),
consider

vi=fiB:)-e
= .fl(Bl) 'R}/Z(Bi/&_»)' €,
where
E(y:|b;) = f:(8)),
Var(y;|b;) = R:(B;,€),
and

Py\h (%| xill"‘/xinz /airBrbilé) = Py|b (yz| B/birg)
At the second stage (stage 2), consider

ﬁi = d(ai/ B/ bi)/

where

b, ~ P,|D(b,|D) of b, ~ H.
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At the third stage (stage 3), assume the following hyperprior

(B/ é/ D) ~ pﬁ,g,D(Br &r D)

Note that this approach has been implemented in PKBugs, which is a
WinBUGS interface with built-in PK models.

11.4 Design of Population PK

As discussed in the previous section, the analysis of population PK parame-
ters usually involves a nonlinear mixed effects model, the estimates of inter-
subject (or interindividual), intrasubject (or intraindividual) variability, and
measurement error are extremely important. A relatively large intersubject
variability may indicate that more patients are needed to have sound sta-
tistical inference for the parameters. On the other hand, if the intrasubject
variability is much larger than the intersubject variability, more plasma sam-
ples may be needed to characterize the plasma concentration-time curve.
An appropriate nonlinear mixed effects model should be able to account for
these variations. For a PK model, it is of interest to estimate the population
parameters and the difference in parameters between groups such as treat-
ment group, seX, age, and race. The estimation of population parameters
can be obtained based on plasma concentrations over time. Statistical infer-
ence for the difference in parameters between groups may be considered for
assessing bioequivalence based on a pre-selected decision rule. The inter-
pretation of these parameters, however, is important in evaluation of drug
performance within and between groups.

When planning a population PK study, the design factors such as the num-
ber of subjects, the number of concentrations measured in each individual,
and the sampling times of the biologic fluid (e.g., blood) in which the drug
concentration is determined are necessarily considered for achieving opti-
mal accuracy and precision of the estimates of the population parameters.
In practice, the most widely accepted theoretical approach of determining
optimal sampling times for PK studies is based on the Fisher information
matrix. A commonly used criterion for determining optimal sampling times
is to maximize the determinant of the Fisher information matrix (or equiva-
lently minimize the inverse of the determinant), i.e., the D-optimality crite-
rion. In other words, the design factors should be selected in order to reach
D-optimality.

Sheiner and Beal (1983) and Al-Banna et al. (1990) studied the effect of
these design factors in terms of the bias and precision of population kinetic
parameters estimated obtained by the first-order method via computer simu-
lation. Hashimoto and Sheiner (1991), on the other hand, explored the design
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of experiments in pharmacokinetic/pharmacodynamic (PK/PD) investiga-
tions. Wang and Endrenyi (1992) considered a large sample approach for
evaluation of the variances of parameter estimates for a population phar-
macokinetic study. Their method was referred to as the population Fisher
information matrix (PFIM) approach. Sun et al. (1996) proposed using an
informative block (profile) randomized (IBR) approach to investigate the
effect of sample times recording error (both systematic and random) on the
estimates of the population PK parameters. When designing a population
PK study, the FDA encourages that these informative designs be considered.
Such designs should include enough patients in important subgroups to
ensure accurate and precise parameter estimation and the detection of any
subgroup differences. In what follows, the PFIM design and IBR design of
population PK studies are described.

11.4.1 Population Fisher’s Information Matrix Approach

Wang and Endrenyi (1992) proposed a large sample approach to evaluate the
approximate asymptotic variances (or coefficients of variation) of the maxi-
mum likelihood estimators. The information is used to facilitate the selection
of favorable experimental designs that lead to the precise estimation of pop-
ulation kinetic parameters by the first-order method. Wang and Endrenyi
(1992) noted that the first-order method is identical to the maximum likeli-
hood approach (applied to the first-order model) under the assumption of
normally distributed errors. Thus, estimated variances might be normally
distributed after suitable transformation.

Let f and [ denote, respectively, a vector of k parameters and the corre-
sponding vector of the maximum likelihood estimators. Let V represent the
variance-covariance matrix of . Thus, the diagonal elements of V are the
variances and the off-diagonal elements are the pairwise covariances of
the elements of B Further, let | denote the inverse of V, i.e.,

J=v,

where each element of J, j,, is given by

, ) ’
s :E(aﬁ;';[;]:_E(aBaalB J,r: L. ks=1..k (1111

where | is the log-likelihood function, E is the expectation of the random
variable in the equation, and | is the Fisher’s information matrix. Wang and
Endrenyi (1992) proposed to estimate the information matrix J from the data
using the following approximation:
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(3 3 21
i /R TE F r=1,.kis=1,..k 1112
Jr (8& aﬁ,j (aﬁ,aﬁs) ' s 1)

In practice, it is very tedious, if not impossible, to calculate the expected
variances based on Equation 11.11, even for a simple kinetic model and a
simple design. On the other hand, the computation of the observed variances
by Equation 11.12 is quite feasible with the use of computers. The observed
variances obtained from Equation 11.12 approach their true values as the
sample size (i.e., the number of individuals) in the sample becomes larger.

It should be noted that in the context of population pharmacokinetics, the
population kinetic parameters constitute f, the kinetic responses (e.g., drug
concentrations) form the observations, and the dose and sampling times are
examples of independent variables. Statistically, the set of kinetic responses
from a given individual is regarded as a single observation in the multi-
variate sense. Moreover, the observations from different individuals are
assumed to be independent. Thus, the sample size in a population kinetic
study is the number of subjects.

The large sample approach, which is referred to as the PFIM approach,
in conjunction with computer simulation is applied to facilitate the design
of experiments that aim at the estimation of population pharmacokinetic
parameters. PFIM approach proposed by Wang and Endrenyi (1992) is a
numerical procedure that evaluates the efficiency of the different sampling
designs, from which the most favorable one is selected. In addition, Wang
and Endrenyi (1992) indicated that owing to its efficiency and effectiveness
in assessing the variability of parameter estimates, the PFIM approach can
serve as a tool for studying the relationship between experimental design
and the precision of population parameter estimates. After selecting a suit-
able design for a prospective population pharmacokinetic study, the biases
of the parameter estimates may be evaluated and the variability of the esti-
mates confirmed by applying the simulation method for that design. If the
calculated biases turn out to be substantial, the estimates obtained following
data collection and analysis can be adjusted accordingly.

11.4.2 Informative Block Randomized Approach

Ette et al. (1994) proposed a method that combines the efficiency of D-optimality
criteria and the robustness afforded by random sampling. This method
was referred to as the informative block randomized (IBR) design. Based
on the D-optimality criteria, Ette et al. (1994) considered three alternative
sampling procedures with respect to the average PK parameter estimates.
These sampling schemes include (1) the informative sampling scheme, (2) the
randomized sampling scheme, and (3) the IBR sampling scheme, which are
described below.
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In the informative sampling scheme, each subject has an identical sam-
pling scheme with sampling times specified according to the D-optimality
criteria with all of the samples constrained to be within a specified sampling
interval. In the randomized sampling scheme, samples are chosen at random
from within the sampling intervals, while in the IBR sampling scheme, the
sampling interval is divided into contiguous intervals and equal numbers of
samples are chosen at random from each interval.

Ette et al. (1994) compared the efficiency of these informative sampling
schemes with that of a conventional sampling scheme, in which sampling
times are approximately equal spaced on a log-scale. The population PK
parameter estimates obtained with the conventional sampling scheme are
found to be inferior to those obtained from the informative, randomized,
and IBR schemes. The performance of the three sampling schemes is simi-
lar in terms of the accuracy and precision of population PK parameter esti-
mates. Sun et al. (1996) investigated the effect of sample times recording error
(both systematic and random) on the estimation of population PK param-
eters under an IBR design for a drug with two compartment PKs for both
single-dose and multiple-dose administrations. The PK profile was divided
into three blocks and each subject was sampled across the blocks providing
two samples per block. Sun et al. (1996) observed that negative systematic
error in the recording of sample times resulted in efficient estimation of vol-
ume terms, whereas positive systematic error favored the efficient estima-
tion of the clearance terms. These errors resulted in sufficient samples being
located in critical regions for the estimation of volume terms (negative sys-
tematic error) and clearance terms (positive systematic error). Sun et al. (1996)
concluded that the efficiency in the estimation of clearance was not severely
compromised for moderate sampling time recording errors.

Roy and Ette (2005) compared the PFIM D-optimal and IBR designs and
indicated that the IBR design is preferred for pragmatic reasons. Pragmatism
would detect the use of designs that are easy to implement without loss of
efficiency, and clinical trial simulations should be used to choose the appro-
priate design to meet study objectives.

11.4.3 Remarks

As indicated in the 1999 FDA guidance for Population Pharmacokinetics,
three broad approaches (with increasing information content) exist for
obtaining information about pharmacokinetic variability. These approaches
include (1) single-trough sampling design, (2) multiple-trough sampling
design, (3) full population PK sampling design. For the single-trough sam-
pling design, a single blood sample is obtained from each patient at, or close
to, the trough of the drug concentrations, shortly before the next dose, and a
frequency distribution of plasma or serum levels in the sample of patients is
calculated. The FDA pointed out that this approach will give a fairly accurate
picture of the variability in trough concentrations in the target population
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under the assumptions that (1) the sample size is large, (2) the assay and sam-
pling errors are small, and (3) the dosing regimen and sampling times are
identical for all patients. In practice, however, these assumptions are usually
not met. Thus, the use of the single-trough sampling design is not encour-
aged except in situations where it is absolutely necessary.

For the multiple-trough sampling design, two or more blood samples
are obtained near the trough of steady state concentrations from most or
all patients. In addition to relating blood concentration to patient character-
istics, it is possible to separate interindividual and residual variabilities. A
multiple-trough sampling design requires fewer subjects than that of the
single-trough sampling design. In addition, the relationship of trough levels
to patient characteristics can be evaluated with greater precision.

The full population PK sampling design refers to a sampling design where
blood samples are drawn from subjects at various times (typically one to six
time points) following drug administration. The full population PK sam-
pling design is also known as the experimental population pharmacokinetic
design or full pharmacokinetic screen. The objective of the full population PK
sampling design is to obtain, where feasible, multiple drug levels per patient
at different times to describe the population PK profile. This design permits
an estimation of pharmacokinetic parameters of the drug in the study popu-
lation and an explanation of variability using the nonlinear mixed effects
modeling approach. As indicated in the 1999 FDA guidance, the full pop-
ulation PK sampling design should be planned to explore the relationship
between the pharmacokinetics of a drug and demographic and pathophysi-
ological features of the target population (with its subgroups) for which the
drug is being developed.

11.5 An Example

To illustrate statistical methods described in the previous sections, consider
the theophylline data from Pinheiro and Bates (1995). Serum concentrations
of the drug theophylline were collected in 12 subjects over a 25-hour period
after oral administration of the drug. The concentration data are given in
Table 11.1. Pinheiro and Bates (1995) considered the following first-order
compartment model:

Dkeikai [efk”vt,e—kmvt ] +e,
itrs

" Clik, — k)

where C; is the observed concentration of the ith subject at time ¢, D is the
dose of theophylline, k,; is the elimination rate constant for subject i, k,; is

7 Mai
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TABLE 11.1

Theophylline Concentration Data in 12 Subjects

Subject Time Conc Dose Wt
1 0.00 0.74 4.02 79.6
1 0.25 2.84 4.02 79.6
1 0.57 6.57 4.02 79.6
1 1.12 10.50 4.02 79.6
1 2.02 9.66 4.02 79.6
1 3.82 8.58 4.02 79.6
1 5.10 8.36 4.02 79.6
1 7.03 7.47 4.02 79.6
1 9.05 6.89 4.02 79.6
1 12.12 5.94 4.02 79.6
1 24.37 3.28 4.02 79.6
2 0.00 0.00 4.40 72.4
2 0.27 1.72 4.40 724
2 0.52 791 4.40 72.4
2 1.00 8.31 4.40 72.4
2 1.92 8.33 4.40 72.4
2 3.50 6.85 4.40 72.4
2 5.02 6.08 4.40 724
2 7.03 5.40 4.40 72.4
2 9.00 4.55 4.40 72.4
2 12.00 3.01 4.40 72.4
2 24.30 0.90 4.40 72.4
3 0.00 0.00 4.53 70.5
3 0.27 4.40 4.53 70.5
3 0.58 6.90 4.53 70.5
3 1.02 8.20 4.53 70.5
3 2.02 7.80 4.53 70.5
3 3.62 7.50 4.53 70.5
3 5.08 6.20 4.53 70.5
3 7.07 5.30 4.53 70.5
3 9.00 4.90 4.53 70.5
3 12.15 3.70 4.53 70.5
3 2417 1.05 4.53 70.5
4 0.00 0.00 4.40 72.7
4 0.35 1.89 4.40 72.7
4 0.60 4.60 4.40 72.7
4 1.07 8.60 4.40 72.7
4 2.13 8.38 4.40 72.7
4 3.50 7.54 4.40 72.7
4 5.02 6.88 4.40 72.7

(Continued)
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TABLE 11.1 (CONTINUED)
Theophylline Concentration Data in 12 Subjects

Subject Time Conc Dose Wt
4 7.02 5.78 4.40 72.7
4 9.02 5.33 440 72.7
4 11.98 4.19 440 72.7
4 24.65 1.15 4.40 72.7
5 0.00 0.00 5.86 54.6
5 0.30 2.02 5.86 54.6
5 0.52 5.63 5.86 54.6
5 1.00 11.40 5.86 54.6
5 2.02 9.33 5.86 54.6
5 3.50 8.74 5.86 54.6
5 5.02 7.56 5.86 54.6
5 7.02 7.09 5.86 54.6
5 9.10 5.90 5.86 54.6
5 12.00 4.37 5.86 54.6
5 24.35 1.57 5.86 54.6
6 0.00 0.00 4.00 80.0
6 0.27 1.29 4.00 80.0
6 0.58 3.08 4.00 80.0
6 1.15 6.44 4.00 80.0
6 2.03 6.32 4.00 80.0
6 3.57 5.53 4.00 80.0
6 5.00 494 4.00 80.0
6 7.00 4.02 4.00 80.0
6 9.22 3.46 4.00 80.0
6 12.10 2.78 4.00 80.0
6 23.85 0.92 4.00 80.0
7 0.00 0.15 4.95 64.6
7 0.25 0.85 4.95 64.6
7 0.50 2.35 4.95 64.6
7 1.02 5.02 4.95 64.6
7 2.02 6.58 4.95 64.6
7 348 7.09 4.95 64.6
7 5.00 6.66 4.95 64.6
7 6.98 5.25 4.95 64.6
7 9.00 4.39 4.95 64.6
7 12.05 3.53 4.95 64.6
7 24.22 1.15 4.95 64.6
8 0.00 0.00 4.53 70.5
8 0.25 3.05 4.53 70.5
8 0.52 3.05 4.53 70.5
(Continued)
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TABLE 11.1 (CONTINUED)
Theophylline Concentration Data in 12 Subjects

Subject Time Conc Dose Wt
8 0.98 7.31 4.53 70.5
8 2.02 7.56 4.53 70.5
8 3.53 6.59 4.53 70.5
8 5.05 5.88 4.53 70.5
8 7.15 4.73 4.53 70.5
8 9.07 4.57 4.53 70.5
8 12.10 3.00 4.53 70.5
8 24.12 1.25 4.53 70.5
9 0.00 0.00 3.10 86.4
9 0.30 7.37 3.10 86.4
9 0.63 9.03 3.10 86.4
9 1.05 7.14 3.10 86.4
9 2.02 6.33 3.10 86.4
9 3.53 5.66 3.10 86.4
9 5.02 5.67 3.10 86.4
9 7.17 4.24 3.10 86.4
9 8.80 411 3.10 86.4
9 11.60 3.16 3.10 86.4
9 24.43 1.12 3.10 86.4
10 0.00 0.24 5.50 58.2
10 0.37 2.89 5.50 58.2
10 0.77 522 5.50 58.2
10 1.02 6.41 5.50 58.2
10 2.05 7.83 5.50 58.2
10 3.55 10.21 5.50 58.2
10 5.05 9.18 5.50 58.2
10 7.08 8.02 5.50 58.2
10 9.38 7.14 5.50 58.2
10 12.10 5.68 5.50 58.2
10 23.70 242 5.50 58.2
11 0.00 0.00 4.92 65.0
11 0.25 4.86 4.92 65.0
11 0.50 7.24 4.92 65.0
11 0.98 8.00 4.92 65.0
11 1.98 6.81 4.92 65.0
11 3.60 5.87 4.92 65.0
11 5.02 522 4.92 65.0
11 7.03 445 4.92 65.0
11 9.03 3.62 4.92 65.0
11 12.12 2.69 4.92 65.0
(Continued)

© 2016 by Taylor & Francis Group, LLC



Population Pharmacokinetics 269

TABLE 11.1 (CONTINUED)
Theophylline Concentration Data in 12 Subjects

Subject Time Conc Dose Wt
11 24.08 0.86 4.92 65.0
12 0.00 0.00 5.30 60.5
12 0.25 1.25 5.30 60.5
12 0.50 3.96 5.30 60.5
12 1.00 7.82 5.30 60.5
12 2.00 9.72 5.30 60.5
12 3.52 9.75 5.30 60.5
12 5.07 8.57 5.30 60.5
12 7.07 6.59 5.30 60.5
12 9.03 6.11 5.30 60.5
12 12.05 4.57 5.30 60.5
12 24.15 1.17 5.30 60.5

the absorption rate constant for subject 7, Cl; is the clearance for subject i,
and e; are normal errors. To allow for random variability between subjects,
Pinheiro and Bates (1995) further assumed that

+b;

Cl, =P+,

_ Botb;

km__ez 12,
— P
k,=e",

where the p’s denotes fixed-effect parameters and the b’s denote random-
effect parameters with an unknown covariance matrix. Under the above set-
ting, the PROC NLMIXED procedure of SAS is given in Table 11.2. In Table 11.2,

TABLE 11.2

PROC NLMIXED Procedure of SAS

proc nlmixed data = theoph;

parms betal = -3.22 beta2 = 0.47 beta3 = -2.45

s2b1 =0.03 cb12=0s2b2=0.45s2=0.5;

cl = exp(betal + b1);

ka = exp(beta2 + b2);

ke = exp(beta3);

pred = dose*ke*ka*(exp(-ke*time) — exp(—ka*time))/cl/(ka — ke);
model conc ~ normal(pred,s2);

random b1 b2 ~ normal([0,0], [s2b1,cb12,52b2]) subject = subject;
run;
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PARMS statement specifies starting values for the three f’s and the four
variance-covariance parameters. The clearance and rate constants are defined
using SAS programming statements, and the conditional model for the data
is defined to be normal with mean PRED and variance S2. The two random
effects are bl and b2, and their joint distribution is defined in the RANDOM
statement. Note that brackets are used to define their mean vector (two zeros)
and the lower triangle of their variance-covariance matrix (a general 2 x 2
matrix). A summary of the above PROC NLMIXED is given in Table 11.3,
where Specifications lists the setup of the model and Dimensions indicates
that there are 132 observations, 12 subjects, and 7 parameters.

PROC NLMIXED of SAS selects five quadrate points for each random effect,
which produces a total grid of 25 points over which quadrate is performed.
The PROC NLMIXED of SAS begins with a set of initial values (see, e.g,,
Table 11.4) and then provides iteration history (see, e.g., Table 11.5). Table 11.5
indicates that 10 iterations are required for the dual quasi-Newton algorithm
to achieve convergence. The fitting information are summarized in Table
11.6, which lists the final optimized values of the log likelihood function and
two information criteria in two different forms. Table 11.7 contains the maxi-
mum likelihood estimates of the parameters. Both s2bl and s2b2 are mar-
ginally significant, indicating between-subject variability in the clearances
and absorption rate constants, respectively. Note that there does not appear

TABLE 11.3
Summary of PROC NLMIXED of SAS

NLMIXED Procedure
Specifications
Data set WORK.THEOPH
Dependent variable Conc
Distribution for dependent variable Normal
Random effects bl b2
Distribution for random effects Normal
Subject variable Subject
Optimization technique Dual quasi-Newton
Integration method Adaptive Gaussian

Quadrature

Dimensions
Observations used 132
Observations not used 0
Total observations 132
Subjects 12
Max obs per subject 1
Parameter 7
Quadrature points 5
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TABLE 11.4
Initial Values of PROC NLMIXED of SAS
Parameter

betal beta2 beta3 s2bl cb12 s2b2 s2 NegLogLike
-3.22 0.47 -2.45 0.03 0 0.4 0.5 177.789945

TABLE 11.5

History of Iterations

Iter Calls NegLogLike Diff MaxGrad Slope

1 5 177.776248 0.013697 2.873367 —63.0744

2 8 177.7643 0.011948 1.698144 —-4.75239

3 10 177.757264 0.007036 1.297439 -1.97311

4 12 177.755688 0.001576 1.441408 -0.49772

5 14 177.7467 0.008988 1.132279 -0.8223

6 17 177.746401 0.000299 0.831293 —0.00244

7 19 177.746318 0.000083 0.724198 -0.00789

8 21 177.74574 0.000578 0.180018 -0.00583

9 23 177.745736 3.88E-6 0.017958 —-8.25E-6

10 25 177.745736 3.222E-8 0.000143 —6.51E-8

Note: GCONYV convergence criterion satisfied.

TABLE 11.6

Fitting Information

Fit Statistics Value
-2 log likelihood 355.5
AIC (smaller is better) 369.5
BIC (smaller is better) 3729
Log likelihood -177.7
AIC (smaller is better) -184.7
BIC (smaller is better) -186.4

to be a significant covariance between them, as seen by the estimate of cb12.
The estimates of B,, p,, and p; are close to the adaptive quadrature estimates
listed in the Table 3 of Pinheiro and Bates (1995). However, Pinheiro and
Bates (1995) used a Cholesky-root parameterization for the random-effect
variance matrix and a logarithmic parameterization for the residual vari-
ance. The PROC NLMIXED of SAS, on the other hand, uses the parameter-

ization as given in Table 11.8, which yields similar results.

© 2016 by Taylor & Francis Group, LLC



0711 ‘dnouo siouel 7 JojAel Aq 9T0Z ©

TABLE 11.7

Summary of Parameter Estimates

Parameter Estimate Standard Error ~ DF t Value Pr> |t| Alpha Lower Upper Gradient
betal -3.2268 0.05950 10 -54.23 <0.0001 0.05 -3.359%4 -3.0942 -0.00009
beta2 0.4806 0.1989 10 242 0.0363 0.05 0.03745 0.9238 3.645E-7
beta3 —2.4592 0.05126 10 —-47.97 <0.0001 0.05 —-2.5734 —-2.3449 0.000039
s2bl 0.02803 0.01221 10 2.30 0.0445 0.05 0.000833 0.05523 -0.00014
cb12 -0.00127 0.03404 10 -0.04 0.9710 0.05 -0.07712 0.07458 -0.00007
s2b2 0.4331 0.2005 10 2.16 0.0560 0.05 -0.01353 0.8798 —-6.98E-6
s2 0.5016 0.06837 10 7.34 <0.0001 0.05 0.3493 0.6540 6.133E-6
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TABLE 11.8

Alternative Parameterization in SAS

proc nlmixed data = theoph;

parms 111 =-1.512 = 0 113 = -0.1 betal = -3 beta2 = 0.5 beta3 = -2.5
1s2 =-0.7;

s2 = exp(ls2);

11 = exp(111)

13 = exp(113);

s2b1 = 11*11%s2;

cb12 = 12*11*s2;

s2b2 = (12*12 + 13*13)*s2;

cl = exp(betal + bl);

ka = exp(beta2 + b2);

ke = exp(beta3);

pred = dose*ke*ka*(exp(—ke*time) — exp(~ka*time))/cl/(ka — ke);
model conc ~ normal (pred, s2);

random b1 b2 ~ normal ([0, 0], [s2b1, cb12, s2b2]) subject = subject;
run;

11.6 Discussion
11.6.1 Study Protocol

A population PK study is either considered as an add-on to a clinical trial or a
stand-alone study. It should be noted that the objectives of the add-on popu-
lation PK study should not compromise the objectives of the primary clinical
study. In practice, a stand-alone population PK study is more comprehensive.
As indicated in the 1999 FDA guidance on Population Pharmacokinetics, a
study design protocol should include (1) a clear statement of the objectives
of the population PK analysis, (2) sampling design, (3) data collection pro-
cedures, (4) data checking procedures, (5) procedures for handling missing
data, (6) specific PK parameters to be estimated, (7) covariates to be esti-
mated, (8) model assumptions and model selection criteria, (9) sensitivity
analysis and validation procedure (if planned), and (10) special user-friendly
case report forms for PK evaluation.

11.6.2 Concerns and Challenges

In population modeling, statistical methods for assessment of means and
variances of pharmacokinetic parameters for a patient population are well-
established based on sparse data collected under conditions of routine patient
care. However, Nedelman (2005) indicated that there are the following poten-
tial concerns: (1) unobserved confounding variables may bias the statistical
inferences, (2) conditions under which data are collected may lead to inaccu-
racies of reporting or recording, (3) correlations among important predictor
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variables may reduce statistical efficiency, and (4) costs cannot be controlled by
principles of study design. To overcome these problems, Nedelman (2005)
proposed a method for diagnosing the possible presence of confounding. In
addition, Nedelman (2005) also proposed a model to capture the influence of
data inaccuracies.

In practice, there are many issues/challenges when implementing a popu-
lation PK as an add-on to clinical trial. These issues/challenges include, but
are not limited to (1) the maintenance of blinding (2) data management and/
or data merging in multicenter trials, (3) modifying inclusion/exclusion cri-
teria without compromising primary objectives of the clinical trial, (4) com-
plexity of PK procedures, and (5) monitoring PK aspects of study such as
dosing history, demographics, sampling times, and sample processing and
handling.

11.6.3 PK/PD

As indicated earlier, the key concept of a PK study is to study what the body
does to the drug, while the key concept of a pharmacodynamic (PD) study is
to study what the drug does to the body. Figure 11.1 illustrates the relation-
ship between PK and PD and among dose, concentration and response. As a
result, a PK/PD study is to study the relationship between dose and response,
which provides insight information regarding (1) how best to choose doses
at which to evaluate a drug, (2) how best to use a drug in a population, and
(3) how best to use a drug to treat individual patients or subpopulations of
patients. As can be seen from Figure 11.1, PK is to study the relationship
between dose and concentration.

PK is only part of the full story. Population PK/PD study collects PK/PD
data on same subjects. Suppose PD responses y; at times t;; Consider the
plasma concentration Gy taken at t; . Then, the intrasubject PD model could
be described as follows:

v = 8(Cy,a;)+ey.

As aresult, the intrasubject joint PK/PD model can be described as follows:
v = flx,B)+ ei;‘/y;‘ = g(f(x;rﬁi)ai)'i' e;u/

Dose Concentration Response
e PK = PD =—=—x

a7~ Q. 7=

FIGURE 11.1
Relationship between PK and PD.
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where
Bi = d(ai/B/bi)/ai = d*(ai’a’b’%)’
and

(B;, a) ~ H

11.6.4 Computer Simulation

Because of the complexity of a population PK study, it is suggested that a trial
simulation be conducted to evaluate the performance of various designs for
population PK studies for design selection. Trial simulation is a process that
uses computers to mimic the conduct of a population PK study by creating
virtual patients and extrapolating (or predicting) PK responses for each vir-
tual patient based on pre-specified PK models. In practice, trial simulation of
often considered to predict potential PK responses under different assump-
tions and various design scenarios at the planning stage of a population PK
study for better planning (i.e., for achieving optimal accuracy and precision
for estimation of population characteristics of the target patient population
under study) of the actual study.

11.6.5 Software Applications

For population PK studies, many software packages are available. Most of
them were developed based on maximum likelihood approach. To name
of few, these software packages include (1) NONMEN (Beal and Sheiner
1989), which was the first software package developed for population
pharmacokinetic/pharmacodynamic analyses, (2) NLME (Pinheiro and
Bates 2000), which is a generic function of S-Plus (3) NLINMIX (Wolfinger
1993) and PROC NLMIXED, which are a macro and a generic function of
SAS, and (4) WinNonlin or WinNonlinMix (Pharsight). These approaches
also allow the evaluation of the influence of individual covariates on the
parameters through the addition of fixed effects parameters or the incor-
poration of interoccasions variability, which quantifies the variability of the
parameters of one individual during different occasions of sampling through
the addition of random effects with variances to be estimated (Karlsson and
Sheiner 1993). Software packages for analysis based on other approaches
are also available. For example, NPLM (Mallet 1986) is developed for non-
parametric maximum likelihood approach. On the other hand, SAS macros
for Bayesian EM algorithm (Racine-Poon and Smith 1990) are also available.
Edler (1998) provided a list of PK/PD software packages that were available
up to 1998. This list included 72 software packages. This list, however, has
not yet been updated.
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Experience of Generic Drug Products
with Multiple Components

12.1 Introduction

When an innovative drug product is going off patent protection, as indicated
in Chapter 10, pharmaceutical or generic companies may file an Abbreviated
New Drug Application (ANDA) for generic approval. As indicated in 21 CFR
320.24, bioavailability and bioequivalence may be established by in vivo and in
vitro studies or with suitable justification by in vitro studies alone. In vivo studies
include pharmacokinetic/pharmacodynamic (PK/PD) studies, bioavailability/
bioequivalence (BA/BE) studies, and clinical studies, while in vitro studies
are referred to as dissolution test/dissolution profile comparison and in vitro
tests for content uniformity, prime/re-prime, spray pattern, plume geometry,
and droplet distribution. For in vivo bioequivalence testing, the FDA requires
that bioavailability and bioequivalence studies be conducted to provide sub-
stantial evidence of similar drug absorption of the proposed generic drug
product to the innovative (brand name) drug product (FDA 2003a). I vivo bio-
equivalence testing is based on the Fundamental Bioequivalence Assumption
that drug absorption is predictive of clinical outcomes. Similarly, in vitro bio-
equivalence testing for drug release or delivery is mainly based on in vivo and
in vitro correlation (IVIVC). IVIVC indicates that there is well-established cor-
relation between in vivo test results and in vitro test results. In other words,
drug release/delivery is predictive of drug absorption. In this chapter, unlike
most Western medicines that contain a single active ingredient, experience
of generic drug products with multiple components is discussed. A typical
example of Western medicines with multiple components is Premarin (conju-
gated estrogen) that was approved by the FDA intended for treating moderate
to severe post-menopausal dyspareunia.

Conjugated estrogen tablets are an important medication for post-
menopausal women. They are intended not only for treatment of moderate to
severe vasomotor symptoms associated with menopause but also to prevent
estrogen deficiency-induced osteoporosis and a variety of other conditions
associated with estrogen deficiency. Other indications include palliative
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therapy for breast and prostate cancers. The conjugated estrogen tablets
contain four primary active ingredients: unconjugated estrone, estrone sul-
fate, unconjugated equilin, and equilin sulfate. The innovator products are
exclusively derived from natural sources. Multiple strengths at 0.3, 0.625, 0.9,
1.25, and 2.5 mg are currently available in the marketplace. Thus, conjugated
estrogen tablets are considered drug products similar to TCM because they
contain multiple active ingredients (components).

On August 21, 1991, the FDA issued guidance on Guidance for Conjugated
Estrogen Tablets—In vivo Bioequivalence and In vitro Drug Release (FDA 1991).
As indicated in the FDA guidance, to obtain approval for all five strengths,
the sponsors are required to conclude the average bioequivalence (ABE)
based on two fasting studies conducted at the strengths of 0.625 and
1.25 mg, respectively, and a nonfasting study at the strength of 1.25 mg. For
each study, the evidence of bioequivalence for all active ingredients needs to
be established in order to claim bioequivalence. For other strengths, if dose
proportionality and dissolution profiles are acceptable, then the study at
the strength of 2.5 mg could be waived through the evidence of bioequiva-
lence for fasting and nonfasting studies at the strength of 1.25 mg tablets.
Similarly, the studies at the strengths of 0.3 and 0.9 mg could be waived if
dose proportionality and dissolution profiles are acceptable and the fasting
exhibits bioequivalence.

One of the primary objectives of the 1991 FDA guidance is to recommend
the statistical design and analysis to establish the average bioequivalence of
generic copies of conjugated estrogen tablets over all five strengths. There
are, however, many important statistical issues embedded in the guidance.
These issues include the study design, the multiplicity of studies and active
ingredients, sample size determination, the use of baseline measurements,
logarithmic transformation versus the presence of a significant first-order
carryover effects, and others. Furthermore, if bioequivalence is conducted
for nonfasting and fasting studies at the strength of 1.25 mg and the fast-
ing study on the 0.625 mg tablets, then approval for the strengths of 0.3,
0.9, and 2.5 mg can be granted solely based on the data of dissolution pro-
files between the reference and test formulations under the assumption
of proportionality. The 1991 FDA guidance, however, only requires that
descriptive statistics for percent release be provided and does not require
any statistical evidence for the similarity of dissolution profiles of drug
products.

In the next couple of sections, in vivo single fasting bioequivalence study
and in vitro drug release testing for conjugated estrogen tablets are briefly
outlined and discussed. A review on FDA conjugated estrogen bioequiv-
alence guidance is provided in Section 12.4 followed by some concluding
remarks.
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12.2 In Vivo Single Fasting Bioequivalence Study
12.2.1 Study Design

For assessment of bioequivalence between a test and a reference product
of conjugated estrogen tablets, the 1991 FDA guidance recommends that a
rather sophisticated four-sequence, three-period crossover design for two
treatments be used. The design is illustrated in Table 12.1.

This four-sequence, three-period crossover design is made of two dual
two-sequence, three-period crossover designs. It consists of the pairs of
(TRT, RTR) and (RTT, TTR). The first-order residuals or residual effect stated
repeatedly in the guidance are, in fact, the first-order carryover effect. There
are 11 degrees of freedom (df) associated with a total 12 sequence-by-period
means. Three df’s are designated for sequence effects, which can be tested
based on intersubject variability. The remaining eight df’s are associated
with the effects whose statistical inferences are based on intrasubject vari-
ability. Among them, two df’s are for the period effects and one df is for
each of the treatment effects, the first-order carryover effect, the interaction
between the treatment and the first-order carryover effect, and second-order
carryover effect. The remaining two df’s are for two particular sequence-by-
period interaction contrasts which are of little interest in real application.
The analysis of variance (ANOVA) table for this four-sequence, three-period
design given in Table 12.2 summarizes the source of variation and degrees
of freedom under the assumption of an equal number of subjects in each
sequence.

From the ANOVA table in Table 12.2, it can be seen that the four-sequence,
three-period design provides estimates for the treatment effect in the presence
of the first-order carryover effect. Moreover, under this design, the second-
order carryover effect and treatment-by-first-order carryover interaction can

TABLE 12.1

Four-Sequence, Three-Period Crossover
Design for Two Treatments

Period
Sequence I 11 11
1 T R T
2 R T R
3 R T T
4 T R R

Note: R, reference product; T, test product.
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TABLE 12.2

Analysis of Variance Table for the Design in Table 12.1

Source of Variation Degrees of Freedom

Intersubject 4n-1
Sequence 3
Residual 4n -4

Intrasubject 8n
Treatment 1
Period 2
First-order carryover 1
Treatment x first-order carryover 1
Second-order carryover 1
Sequence x period contrasts 2

Residual 8(n-1)
Total 12n -1

Note: n =number of subjects per sequence.

also be tested. In practice, however, if washout periods of sufficient length are
provided between periods of, for example, at least seven days, it is reasonable
to assume that there are no second-order carryover effects and treatment-by-
first-order interaction. Because the four-sequence, three-period design is more
complicated than the standard 2 x 2 crossover design, it suffers from the fol-
lowing drawbacks:

1. It might be very time-consuming to complete the study;
2. It might increase the number of dropouts;

3. It might increase the chance of making errors in the randomization
schedules.

To overcome these difficulties, as an alternative, a simpler design—the
two-sequence, three-period design—is proposed. This design consists of
(RTT, TRR). Under this design, the treatment effect can also be estimated
in the presence of the first-order carryover effect provided that there are
no second-order carryover effects. For this design, there are a total of five
degrees of freedom associated with a total of six sequence-by-period means.
The ANOVA table for this dual design is given in Table 12.3.

For this two-sequence dual design, the treatment effect can be estimated
in the presence of the first-order carryover effect. In addition, the treatment
effect and the first-order carryover effect are not correlated to each other.
These two effects, however, are correlated in the four-sequence, three-period
design that is recommended by the FDA guidance. Furthermore, for this two-
sequence dual design, as indicated in the ANOVA table, both inference of
treatment and first-order effects, are based on the unpaired t-test. Although
the robust analysis is also available for the design given in Table 12.1, the
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TABLE 12.3

Analysis of Variance Table for the Dual

Design

Source of Variation Degrees of Freedom

Intersubject 2n -1
Sequence 1
Residual 2(n—-1)

Intrasubject 4n
Treatment 1
Period 2
First-order carryover 1
Residual 4n-1)

Total 6n -1

Note: n =number of subjects per sequence.

analysis is based on the weighted means with the inverse of variances of
treatment effects from each dual pair as the weights. Hence, one has to esti-
mate the variance to apply Satterwaite’s method to approximate degrees of
freedom. Both designs can be used to estimate intrasubject variability. Both
designs, however, only use half of the data for estimation of intrasubject vari-
ability for each formulation. From these comparisons, the dual design (RTT,
TRR) is preferred for evaluation of bioequivalence for conjugated estrogen
tablets.

12.2.2 Sample Size

The FDA guidance states that statistical power considerations suggest that
the study may require at least 36 subjects to meet the confidence interval
criteria. The sample size, however, should be determined based on the fol-
lowing: (1) the study design, (2) the intrasubject variability, (3) the required
power, and (4) the mean ratio between the test and the reference formulation.

For the four-sequence, four-period design as recommended by the FDA
guidance, the variance for the estimated treatment effect in the presence of
the first-order carryover effect is given as

V(FIC)= (1;1]02’

where sigma is the intrasubject variability. On the other hand, the variance
for the estimated treatment effect for the two-sequence dual design (RTR,
TRR) is given as

V(F|C)=V(F)= {4‘1]02.
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The ratio of these two variances is about 1.625. Hence, the four-sequence,
three-period design is 62.5 percent more efficient than the proposed two-
sequence dual design. The sample size sequence for an equivalence limit 4
and a nominal significance level of alpha and a power of beta can be obtained
from direct application of the formula given by Chow and Liu (2008) to these
two designs. For assessment of average bioequivalence, under a crossover
design, sample size required for establishment of bioequivalence can be
obtained through the evaluation of the power function for testing the fol-
lowing interval hypotheses:

Hypr—pr<0, or pr—ppr20, vs. Hp0, <pr—pr<6, (121)

where 6, and 0, are some clinically meaningful limits for equivalence. The
concept of interval hypotheses is to show equivalence by rejecting the null
hypothesis of inequivalence. The above hypotheses can be decomposed into
two sets of one-sided hypotheses:

Hy:pr —pr<0p,  vs. Hyipr—pg> 6.
and
Hyp:pr —ur2 0y, vs. Hptpr— pg >0y
Schuirmann (1987) proposes two one-sided test procedures for the above

two one-sided hypotheses. We can reject the null hypothesis of bioinequiva-
lence if

TL — YT - YP - eL
6,3 (1/my) +(1/n,)

>tHo,n +n,—2)

and

T, = YT - 1713 —6y
643 (1/my)+(1/ny)

<—t(o, ny +ny—2)

Let 0 = p; — pp and ¢g(0) be the power of Schuirmann’s two one-sided tests
at 0. Assuming that n, = n, = n, the power at 6 = 0 is given by

1_B :‘])5(0)

:P{ -4 +Ho,2n—2) <

Y < 4 —to,2n-2)
G 44/2/n G J2/n  G4\2/n ' (122)
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where Y = Y; —Y,. Because a central ¢ distribution is symmetric about 0, the
lower and upper endpoints are also symmetric about 0:

-A A
D Mo 2n-2)=—1 5 _Ka,2n-2
(5(“;2/ ( " ) {(Aidﬂz/n ( ! )}.

Therefore, ¢p5(0) > 1 — p implies that

—Ho, 2n—2)| 2 H(B/2,2n—2)

A
N

or that
n(0 = 0) = 2[H(or, 21— 2) + t(B/2,2n—2)I* [‘ﬂ ) (12.3)

If we must have an 80 percent power for detection of a 20 percent differ-
ence of placebo mean, then Equation 12.3 becomes

n(0 = 0) > 2[t(or, 21— 2) + t(B/2,2n — 2)]2{%/} (12.4)

We will now consider the case where 0 # 0. Because the power curves
of Schuirmann’s two one-sided test procedures are symmetric about zero
(Phillips 1990), we will only consider the case where 0 < 0 = 6, < A. In this
case, the statistic

Y -9,

&2/

has a central ¢ distribution with 2n — 2 degrees of freedom. The power of
Schuirmann’s two one-sided test procedures can be evaluated at 6, which
is given by

1-B=05(8,)
—P{ —4-6 —t(o,2n—-2)<

Y-0, A-8,

de Gd\/ﬂ —to, 2n— 2}

(12.5)
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Note that unlike the case where 6 = 0, the lower and upper endpoints are
not symmetric about 0. Therefore, if we choose

A6,

N

then the resultant sample size may be too large to be of practical interest,
and the power may be more than we need. As an alternative, Chow and Liu
(2008) consider the inequality for obtaining an approximate formula for n

—Ho,2n—-2)=t(B/2,2n-2),

Y-6 A-6
0,)<P 0 < 0 _Ho,2n-2)\.
¢S( O) {6[1\/2/7 6‘1\/2/7 ( )}
As aresult, $50,) 21 - B gives

A-8,

&2/n

—t(o,2n—2)=1(B,2n-2)

or
n(0y) = 2[H(or, 2n— 2) + B, 2n — 2) L‘A’_ﬂ’e} . (12.6)

Similarly, if we must have an 80 percent power for detection of a 20 percent
difference of placebo mean, then Equation 12.6 becomes

2
n(8,) = [t(o, 2n—2) + (B, 2n - 2)]? { Ac‘g, } , (12.7)
— Yy
where
0y =100 x 8o
Up

For high-order crossover designs (Table 12.4), sample size required for
achieving an 80 percent establishment of average bioequivalence can be sim-
ilarity obtained. Let m = 1 (Balaam design), 2 (two-sequence dual design),
3 (four-period design with two sequences), and 4 (four-period design with
four sequences) and denote the following:

n,=4n-3, v,=4n-4, vy;=6n-5 v,=12n-5
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TABLE 12.4

Commonly Used Higher-Order Crossover Designs

Design Sequence Period Design

1 4 2 Balaam design

2 2 3 Two-sequence dual design

3 2 4 Four-period design with two sequences
4 4 4 Four-period design with four sequences

Hence the formula of n required to achieve a 1 — p power at the « level of
significance for the mth design when 6 = 0 is given by

2
02 b, (Ko, 0,)+ B2, vm)z][cﬂ , (12.8)
and if 6 = 6, > 0, the approximate formula for  is given
cv T
n(0y) 2 b, [t(a, v,,) + (B, Um)zl[ A e} : (129)

Form=1,2,3, and 4.

For bioequivalence assessment under a parallel group design, the sample
size required for establishment of bioequivalence can be similarly obtained
as follows:

If we assume that n = n, = n,, then

(02 +02)[Z(0) + ZB)P
AZ
_ 26°[Z(0/2)+ ZB)P
A2

7

(12.10)
, ifo?=o0;

For the one-sided test, the above expression for the required sample size
becomes

o+ 62)[?&) 2@ (12.11)
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Note that when the population variance is unknown, the choice of sample
size is not straightforward. For example, when the true value is p = p, + A,
the statistic

Y = (1, +4)

s/

follows a noncentral t distribution and noncentrality parameter 5 = A/c.

12.2.3 Remarks

It should be noted that the four-sequence, three-period design contains four
sequences while the proposed two-sequence dual design only involves two
sequences. Assume that the intra-subject variability and the equivalence
limits are the same, the total number of subjects required by the FDA guid-
ance design is 23 percent more than the proposed two-sequence dual design.
Hence, there is another reason to use the dual design. It should be noted,
however, that comparison of relative efficiency among different designs take
into account the (1) total exposures to drug, (2) total number of subject-days,
(3) total number of assays, and (4) relative costs of the above factors.

Because only a single dose is administered to the subject within each
period, the total exposures, the total number of subject-days, and assays can,
therefore, be measured by the period as the unit. Hence, the discussion of
relative efficiency based on the number of subjects implicitly takes these fac-
tors partially into consideration. Liu (1995) discussed relative efficiency of
replicated crossover designs in assessment of average bioequivalence.

12.2.4 Multiplicity of Studies and Ingredients

The FDA guidance requires that the sponsor establish evidence of bioequiva-
lence in one fasting study at the strength of 1.25 mg and another fasting
study at the strength of 0.625 mg to obtain approval for all strengths. To claim
bioequivalence for one study, however, one has to show equivalence for all
four active ingredients, that is, unconjugated estrone and equilin as well as
conjugated estrone and equilin. Hence, the probability for concluding bio-
equivalence may be low. For example, if the probability that each ingredient
of the generic version is, in fact, bioequivalent to its corresponding ingredi-
ent of the innovator product is 90 percent (i.e., power), then the probability of
concluding bioequivalence for one study is (0.9)* = 0.6561 under the assump-
tion of no dependence among four active ingredients and the probability of
concluding bioequivalence for two fasting studies is only about 0.43. If con-
clusion of bioequivalence is based solely on the 90 percent confidence inter-
val for all ingredients and all studies, then the probability for the generic
product to meet the FDA requirement for at least one ingredient can also
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be calculated. Because the approach of the 90 percent confidence interval is
operationally equivalent to the two one-sided tests procedure at a nominal
significance level of 5 percent, the probabilities of claiming bioequivalence
for at least one active ingredient for one study given that they are, in fact, not
bioequivalent, are 0.1855 for one study and 0.3366 for two studies.

As a result, there is a dilemma regarding the requirements for conclud-
ing bioequivalence in the FDA guidance. On the one hand, if the generic
product is truly bioequivalent for each component, owing to the multiplicity
of testing, the probability to claim bioequivalence for all four ingredients
for two studies is only 43 percent. Hence, the requirement seems somewhat
restricted and unfair to sponsors. On the other hand, if the probability of
falsely claiming bioequivalence between the test and reference formulation
is 5 percent for an individual ingredient, then the probability of claiming at
least one active ingredient is 34 percent. Therefore, the rules stated in the
FDA guidance cannot minimize the high risk of committing a type I error. In
this case, techniques of multiple comparisons might be applied. The depen-
dence among active ingredients which always exists, however, must be taken
into consideration. More research is needed in this area.

12.2.5 Baseline Adjustment

The FDA guidance requires that for each active ingredient, the —48 hours and
—24 hours blood samples be collected. The measurements at these two time
points and the one immediately prior to dosing (i.e., time 0) serve as the base-
line measurements for each of the four ingredients. The FDA guidance sug-
gests taking the average of these three measurements as a single baseline value.
The FDA guidance requires the sponsors to provide the pharmacokinetic data
of concentrations, area under the plasma concentration-time curve (AUC) and
the peak concentration (C,,,) with and without baseline corrections. If there
is a huge fluctuation among the three baseline measurements, however, then
the average might not be robust enough to represent the true underlying base-
line values. In this case, performing an analysis of variance based on these
three repeated measurements without dosing is suggested to quantify the
measurement error variability for the assay. If the measurement error is rela-
tively small, the average of the three measurements is a reliable estimate for
the baseline value of each subject. On the other hand, if the measurement error
variability appears to be large, then caution should be exercised in using the
average baseline value for correction of observed pharmacokinetic responses.

As suggested by the FDA guidance, an analysis of covariance with the
single mean baseline value obtained from the first period is the covariate. If
one assumes that each mean baseline value from the first period is different
from subject to subject, however, then the covariate is confounded with the
subject effect. In addition, because the treatment effect is estimated from the
intrasubject contrast from each subject and, for the same subject, the mean
baseline obtained from the first period is the same for the entire design and
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the influence of the covariate will be cancelled out due to the contrasts. As a
result, the estimate of the treatment effect will not be affected by this covari-
ate. In other words, use of the mean baseline from the first period fails to
determine whether or not the model has adequately adjusted for the dif-
ferences in subjects’ underlying estrogen level. Furthermore, because the
covariate is a continuous variable and the subject is a class variable when
performing PROC GLM of SAS, the least squares means given by the SAS
statement LSMEANS for the treatment effect will be declared impossible to
estimate if the number of subjects is different among sequences. One way to
use the mean baseline of the first period as a covariate is to perform analysis
of covariance for the intrasubject contrasts computed from each subject. In
addition, it is suggested that an analysis of variance with the baseline val-
ues be performed to check whether the baseline values are the same at the
beginning of each period. This is an alternative method to check the possible
carryout effect.

12.2.6 Logarithmic Transformation versus the Presence
of a Significant First-Order Carryover Effect

The FDA guidance suggests that a logarithmic transformation be performed
if a significant first-order carryover effect is found (p < 0.05). In addition, the
FDA guidance states that the reason for this is the inability to estimate
the treatment effect if the term of first-order carryover effect is included in
the model. Furthermore, in the absence of a significance first-order carryover
effect, the analysis should be based on the untransformed data. From the
ANOVA table given in Table 12.2, for the four-sequence, three-period cross-
over design, unlike the standard 2 x 2 crossover design, it is well known that
the treatment effect can be estimated even in the presence of a significant
first-order carryover effect. Thus, whether or not to take logarithmic trans-
formation has no impact on the statistical significance of the first-order carry-
over effect. It has an impact, however, upon the distribution of the data. To be
consistent with the Guidance on Statistical Procedures for Bioequivalence Using a
Standard Twotreatment Crossover Design issued in 1992, it is recommended that
a logarithmic transformation be performed for corrected and uncorrected
AUC and peak concentration. As a result, the bioequivalence limits should
also be changed to (80 percent, 125 percent) accordingly.

12.3 In Vivo Drug Release Testing

The FDA guidance only requires that for each time interval, the percent
drug release for each dosage unit, the mean percent drug released, the
range of percent drug released for the 12 dosage units, and the percent

© 2016 by Taylor & Francis Group, LLC



Experience of Generic Drug Products with Multiple Components 289

coefficient of variation about the mean be provided. The guidance, however,
does not specify how to compare the two dissolution profiles between the
test and reference formulations. Because for each dosage unit the percent
drug release at different time intervals are correlated, the traditional one-
way and two-way analysis of variance and analysis of covariance are not
appropriate (Gill 1988). Hence, the technique for repeated measurements
should be used for consideration of correlated responses (Lindsey 1993).
One simple way is to assume the compound symmetry for the covariance
matrix because one only has to estimate two variance components. There
are only 12 dosage units, however, this estimation of variance components
might not be precise and this assumption might also be difficult to verify.
This method, however, is more statistically sound than the one- or two-way
ANOVA or ANCOVA.

Most analyses for dissolution data are conducted to test whether two pro-
files are different. This approach is based on the null hypothesis that two
profiles are the same and the alternative that two profiles are not the same.
Hence, failure to reject the null hypothesis can only result in the conclusion
that there is insufficient evidence that the two profiles are not equal and can-
not imply that the two profiles are the same. In addition, the rejection of the
null hypothesis is not due to a truly meaningful difference but a very small
variability. This is particularly true for dissolution testing. In vitro release
testing is usually conducted under much more tightly controlled conditions
than in vivo bioequivalence testing. The variability is small enough to declare
a trivial difference as statistically significant. As a result, the concept of bio-
equivalence should be applied to in vitro dissolution testing. The null and
alternative hypotheses should be reformulated as follows:

Null hypothesis: Two dissolution curves are not similar

Alternative hypothesis: Two dissolution curves are similar (equivalent)

If one rejects the above null hypothesis, one claims that the dissolution pro-
files are similar. The equivalence limits should be determined by researchers
in this area and preferably by some fixed numbers that are independent of
the results of reference formulations. Similar to the bioequivalence problem,
the approach of confidence interval should be used because it can provide a
measure for the closeness of the difference between the two curves with a
probability statement and it can be used as a tool to judge whether the two
curves are equivalent. One might suggest computing a 90 percent confidence
interval for each time interval. The problem of multiplicity mentioned above,
however, still remains.

Tsong (1995) defined similarity in two ways. Two dissolution profiles are
said to be globally similar if the difference in average dissolution rates is less
than 10 percent at all time points. For some specific time points, if the dif-
ferences in average dissolution rates are less than 15 percent, then the two
dissolution profiles are said to be locally similar at these time points. The
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problem of multiplicity, however, still remains with his definition of simi-
larity. In order to avoid this problem, constructing a 90 percent confidence
interval based on the combined difference from all time integrals is sug-
gested. The combined difference can be weighted averages of all differences
from different time points. The weights can be chosen depending upon the
relative importance of each time point.

In order to take the USP specifications into consideration when compar-
ing the two dissolution profiles, Chow and Ki (1997) proposed a time series
approach which accounts for correlation between dissolution at different
time points. In addition, the following procedure may be considered.

Step 1: Individual curve — each individual curve must meet all USP
specifications at each of the specified time intervals. Otherwise,
reject that the two curves are similar.

Step 2: Comparison of the dissolution curves of drug products — conduct
the comparison of the dissolution curves between the test and refer-
ence formulations only if step 1 is skipped. Two dissolution curves
are declared similar if the 90 percent confidence interval based on the
combined difference is within the pre-specified limits. Otherwise,
reject.

12.4 Issues on FDA Conjugated Estrogen
Bioequivalence Guidance

For the in vivo single dose fasting bioequivalence study, the study design,
sample size determination, multiplicity of studies and ingredients, use of
baseline measurements, and logarithmic transformation have been dis-
cussed. The four-sequence, three-period design suggested by the FDA guid-
ance is very sophisticated yet unnecessarily complicated. It does, however,
provide estimates of the treatment, first-order carryover effects, and second-
order carryover effects in the presence of each other. The inference can be
obtained based on the intrasubject variability. Hence, the statement: “This
requirement results from the inability to estimate the least squares means for
treatment effects when a term for residual effects is included in the statisti-
cal model:” made in footnote five at the bottom of the page nine of the FDA
guidance is not valid for the four-sequence, three-period crossover design.
In addition, contrary to the statement on the page nine of the FDA guidance,
taking logarithmic transformation of observed pharmacokinetic responses
has no impact on the statistical significance of the first-order carryover effect.
On the other hand, the description of the use of the mean baseline value
from the first period as a covariate in the FDA guidance will not be able to
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evaluate whether or not the model has adequately adjusted for the differ-
ences of the estrogen levels among subjects.

As an alternative, the use of the dual design (RTT, TRR) to investigate
the bioequivalence in conjugated estrogen tablets is suggested. This two-
sequence dual design can also provide an unbiased estimation of the treat-
ment effect in the presence of the first-order carryover effect and its inference
is also based on the intrasubject variability. Formulas for sample size deter-
mination for the two designs are also provided. It appears that the total num-
ber of subjects required for the four-sequence, three-period crossover design
is more than that for the two-sequence dual design.

The multiplicity of studies and active ingredients is a much more com-
plicated statistical issue. To control an overall study-wise type I error, a
90 percent confidence interval can be constructed, on log scale, based on
the observed maximum difference among the four active ingredients and
the upper quantile of the studentized range distribution. If the resulting
90 percent confidence interval, after inverse antilog transformation, is
within (80.00 percent, 125.00 percent), then bioequivalence is concluded for
the study:.

With respect to in vitro drug release (dissolution) testing, the sampling
times are 2.0, 5.0, and 8.0 hours for 0.3, 0.625, and 0.9 mg tablets and 2.0,
5.0, 8.0, and 10.0 hours for 1.25 and 2.5 mg tablets. It appears that a dissolu-
tion profile might not satisfactorily be characterized by three or four time
points. Choosing at least five time points is recommended for an adequate
description of a dissolution curve. On the other hand, the FDA guidance
only requires 12 dosage units. The sampling plan stated in USP, however,
might test up to 24 dosage units. It is not known whether 12 dosage units are
enough to pass the USP test. Note that it is extremely important to consider
the USP dissolution test with the USP sampling plan (Chow and Liu 1995) as
a component of the criteria for determination of similarity between the two
dissolution curves.

Recently, The FDA published Guidance for Industry—Immediate Release Solid
Oral Dosage Forms Scale-up and Postapproval Changes (SUPAC): Chemistry,
Manufacturing, and Controls, In Vitro Dissolution Testing and In Vivo
Bioequivalence Documentation. This guidance adopted the concept of similar-
ity for comparison between two dissolution profiles. In addition, it requests
the sponsor to use the following similarity factor f2 to compare dissolution
profiles based on at least 12 individual dosage units:

—0.5
£, =5010g,, {[1+12(Ri —T,.)Z} xlOO},
n

where R; and T; are percent dissolved at time point i.
This similarity factor is a logarithmic reciprocal square root transforma-
tion of one plus the mean squared (the average sum of squares) differences
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in percent dissolved between the test and reference products over all time
points. The FDA suggests that two dissolution profiles are declared similar
if f, is between 50 and 100. First, it is not clear from the guidance whether
the percent dissolved is referred to as the cumulative percent dissolved up
to time point ¢ or as the incremental percent dissolved observed from the
previous time point t — 1 to the current time point t. Second, it is not known
if R; and T; are the average of percent dissolved of all dosage units at the time
point t or refer to the percent dissolved of individual dosage units, respec-
tively, for the test and reference drug products. Third, the range of f, is from
—o to 100, and it is not symmetric about zero.

It is understandable, therefore, that a value of 100 for f, corresponds to a
value of zero for the mean squared differences in percent dissolved over all
time points. On the other hand, the selection of 50 for f, as the lower limit
for claiming similarity requires explanation and clarification because it indi-
cates that the mean squared difference is 99, which seems very arbitrary and
presents no meaningful explanation. Finally, the guidance does not provide
any references regarding the statistical justification for the use of f, in assess-
ment of similarity between two dissolution profiles. Consequently, thorough
research in both theoretical and applied statistics is required before any reg-
ulations in assessment of similarity between dissolution profiles can be put
into practice.

12.5 Concluding Remarks

Following the publication of the 1991 FDA guidance on conjugated estro-
gen tablets, Liu and Chow (1996) provided a comprehensive review of the
guidance with recommendations for future bioequivalence studies for
drug products with multiple components. It should be noted that although
regulatory guidance on in vivo bioequivalence testing for drug product
and on in vitro bioequivalence testing for nasal aerosols and nasal sprays
drug products for local action are well established (FDA 2003a,b), they
focus on drug products with a single active ingredient rather than drug
products with multiple active ingredients or components. For drug prod-
ucts with multiple components (e.g., TCMs), many scientific factors and/
or statistical issues as described in Chapter 12 of this book still remain
unsolved.

Unlike traditional Western medicines that usually contain single active
ingredient, conjugated estrogen tablets contain several primary active ingre-
dients (components) such as unconjugated estrone, estrone sulfate, uncon-
jugated equilin, and equilin sulfate, which are considered drug products
with multiple components. Regulatory requirements for assessment of drug
products with multiple components in terms of good drug characteristics
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such as purity, quality, safety, potency, and stability are similar but slightly
different owing to possible component-to-component interaction and their
relative relationships in mechanism of action and pharmacological activity.
In practice, because TCMs usually contain a number of active and inactive
components, they can be treated as drug products with multiple components
like conjugated estrogen tablets. Thus, the FDA experience on study design,
sample size determination, and multiplicity of components for evaluation of
conjugated estrogen tablets is helpful for development of TCMs.
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Stability Analysis for Drug Products
with Multiple Components

13.1 Introduction

For every drug product in the marketplace, the US FDA requires that an
expiration dating period (or shelf life) must be indicated on the immedi-
ate container label. The shelf life is defined as the time interval at which
the characteristics of a drug product (e.g., strength) will remain within the
approved specifications after manufacture. Along this line, Shao and Chow
(2001b) studied several statistical procedures for estimation of drug shelf life.
Before a shelf life of a drug product can be granted by the FDA, the manu-
facturers (drug companies) need to demonstrate that the average drug char-
acteristics can meet the approved specifications during the claimed shelf-life
period through a stability study.

For determination of the shelf life of a drug product, both the FDA sta-
bility guidelines and the stability guidelines issued by the International
Conference on Harmonization (ICH) requires that a long-term stability
study be conducted to characterize the degradation of the drug product over
a time period under appropriate storage conditions. Both the FDA and ICH
stability guidelines suggest that stability testing be performed at 3-month
intervals during the first year, 6-month intervals during the second year, and
annually thereafter. The degradation curve can then be used to establish an
expiration dating period or shelf life applicable to all future batches of the
drug product.

For a single batch, the FDA stability guidelines indicate that an accept-
able approach for drug products that are expected to decrease with time is
to determine the time at which the 95 percent one-sided lower confidence
bound for the mean degradation curve intersects the acceptable lower prod-
uct specification limit, e.g., as specified in the USP/NF (FDA 2000). More
details regarding design and analysis of stability studies can be found in the
work of Chow (2007).

295
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13.2 Regulatory Requirements

As indicated earlier, the US FDA issued the first stability guidelines. However,
specific requirements on statistical design and analysis of stability studies
were not available until 1987 (FDA 1987). These guidelines were subsequently
revised to reflect changes in the regulatory environment for international
harmonization (FDA 1998). In the interest of having international harmoni-
zation of stability testing requirements for a registration application within
the three areas of the European Union (EU), Japan, and the United States, a
tripartite guideline for the stability testing of new drug substances and prod-
ucts was developed by the Expert Working Group (EWG) of the ICH and
released in 1993. In what follows, regulatory requirements for stability testing
as described in the FDA stability guidelines and ICH guidelines for stability
will be briefly described.

13.2.1 FDA Stability Guidelines

The purpose of the 1987 FDA stability guidelines is twofold. One objective is
to provide recommendations for the design and analysis of stability studies
to establish an appropriate expiration dating period and product require-
ments. The other objective is to provide recommendations for the submis-
sion of stability information and data to the FDA for investigational and new
drug applications and product license applications. The 1987 FDA stability
guidelines indicate that a stability protocol must describe not only how the
stability is to be designed and carried out but also the statistical methods
to be used for analysis of the data. As pointed out by the 1987 FDA stabil-
ity guidelines, the design of a stability protocol is intended to establish an
expiration dating period applicable to all future batches of the drug product
manufactured under similar circumstances. Therefore, as indicated in the
1987 FDA stability guidelines, the design of a stability study should be able
to take into consideration the following variabilities: (1) individual dosage
units, (2) containers within a batch, and (3) batches.

The purpose is to ensure that the resulting data for each batch are truly
representative of the batch as a whole and to quantify the variability from
batch to batch. In addition, the 1987 FDA stability guidelines provide a num-
ber of requirements for conducting a stability study for determination of an
expiration dating period for drug products. Some of these requirements are
summarized below.

13.2.1.1 Batch Sampling Consideration

The 1987 FDA guidelines indicate that at least three batches and preferably
more should be tested to allow for some estimate of batch-to-batch variabil-
ity and to test the hypothesis that a single expiration dating period for all
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batches is justifiable. It is a concern that testing a single batch does not permit
assessment of batch-to-batch variability and that testing of two batches may
not provide a reliable estimate. It should be noted that the specification of at
least three batches being tested is a minimum requirement. In general, more
precise estimates can be obtained from more batches.

13.2.1.2 Container (Closure) and Drug Product Sampling

To ensure that the samples chosen for stability study can represent the batch
as a whole, the 1987 FDA stability guidelines suggest that selection of such
containers as bottles, packages, and vials from the batches be included in
the stability study. Therefore, it is recommended that at least as many con-
tainers be sampled as the number of sampling times in the stability study.
In any case, sampling of at least two containers for each sampling time is
encouraged.

13.2.1.3 Sampling Time Considerations

The 1987 FDA stability guidelines suggest that stability testing be done at
3-month intervals during the first year, 6-month intervals during the second
year, and annually thereafter. In other words, it is suggested that stability
testing be performed at 0, 3, 6, 9, 12, 18, 24, 36, and 48 months for a 4-year
duration of a stability study. However, if the drug product is expected to
degrade rapidly, more frequent sampling is necessary.

13.2.2 ICH Guidelines for Stability

The ICH Q1A guidelines for stability are usually referred to as the parent
guidelines for stability because (1) they have been revised a couple of times
and (2) they are the foundation of subsequent guidelines for stability devel-
oped by the ICH EWG since it was issued in 1993 (ICH Q1A 1993; ICH Q1A
[R2] 2003). The ICH Q1A (R2) guidelines for stability, provide a general indi-
cation of the requirements for stability testing but leave sufficient flexibility
to encompass the variety of practical situations required for specific scien-
tific situations and characteristics for the materials being evaluated. The ICH
guidelines for stability establish the principle that information on stability
generated in any of the three areas of the EU, Japan, and the United States
would be mutually acceptable in both of the other two areas provided that
it meets the appropriate requirements of the guidelines and the labeling is
in accordance with national and regional requirements. Table 13.1 lists ICH
guidelines related to stability testing issued in the past decade. It should
be noted that the choice of test conditions defined in the ICH guidelines is
based on an analysis of the effects of climatic conditions in the three areas
of the EU, Japan, and the United States. Therefore, the main kinetic tem-
perature in any region of the world can be derived from climatic data (ICH
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TABLE 13.1

ICH Guidelines Related to Stability Testing

ICH Guideline Date Issued Description

Q1A 1993 Stability testing of new drug substances and products

Q1A (R2) 2003 Stability testing of new drug substances and products

Q1B 1996 Photostability testing of new drug substance and
products

Q1C 1997 Stability testing of new dosage forms

Q1D 2003 Bracketing and matrixing designs for stability testing of
new drug substances and products

Q1E 2004 Evaluation of stability data

Q1 2004 Stability data package for registration applications in
climatic zones Il and IV

Q3A 2003 Impurities in new drug substances

Q3B (R) 2003 Impurities in new drug products

Q5C 1995 Stability testing of biotechnological /biological products

Q6A 1999 Specifications: test procedures and acceptance criteria for
new drug substances and new drug products: chemical
substances

Q6B 1999 Specifications: test procedures and acceptance criteria for

new drug substances and new drug products:
biotechnological /biological products

QIF 2004). Basically, the ICH Q1A (R2) guidelines for stability are similar to
the 1987 FDA stability guidelines and the current FDA draft guidelines for
stability (FDA 1998). For example, the ICH guidelines suggest that testing
under the defined long-term conditions normally be done every 3 months
over the first year, every 6 months over the second year, and annually there-
after. It requires that the container to be used in the long-term real-time sta-
bility evaluation be the same as or simulate the actual packaging used for
storage and distribution. For the selection of batches, it requires that stabil-
ity information from accelerated and long-term testing be provided on at
least three batches and the long-term testing should cover a minimum of
12 months” duration on at least three batches at the time of submission. For
the drug product, it is required that the three batches be of the same formu-
lation and dosage form in the containers and closure proposed for market-
ing. Two of the three batches should be at least pilot scale. The third batch
may be smaller (e.g., 25,000 to 50,000 tablets or capsules for solid oral dosage
forms). However, the ICH Q1A (R2) guidelines for stability also requires that
the first three production batches of the drug substances or drug product
manufactured post approval, if not submitted in the original registration
application, be placed on the long-term stability studies using the same sta-
bility protocol as in the approved drug application. For storage conditions,
the ICH Q1A (R2) guidelines require that accelerated testing be carried out
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at a temperature at least 15°C above the designated long-term storage tem-
perature in conjunction with the appropriate relative humidity conditions
for that temperature. The designated long-term testing conditions will be
reflected in the labeling and retest date. The retest date is the date when
samples of the drug substance should be reexamined to ensure that mate-
rial is still suitable for use. The ICH Q1A (R2) guidelines for stability also
indicate that where significant change occurs during 6 months of storage
under conditions of accelerated testing at 40 + 2°C/75 + 5% relative humid-
ity, additional testing at an intermediate condition (such as 30 + 2°C/60 + 5%
relative humidity) should be conducted for drug substances to be used in the
manufacture of dosage forms tested long term at 25°C/60% relative humidity
in considered failure to meet the specification.

For the evaluation of stability data, the ICH Q1A (R2) guidelines for stabil-
ity indicate that statistical methods should be employed to test goodness of
fit of the data on all batches and combined batches (where appropriate) to
the assumed degradation line or curve. If it is inappropriate to combine data
from several batches, the overall retest period may depend on the minimum
time a batch may be expected to remain within acceptable and justified lim-
its. A retest period is defined as the period of time during which the drug
substance or drug product can be considered to remain within specifications
and therefore acceptable for use in the manufacture of a given drug product,
provided that it has been stored under the defined conditions.

13.2.3 Remarks

As indicated earlier, the EU, Japan, and the United States have different but
similar stability requirements (see, e.g., Mazzo 1998). On the basis of the dif-
ferent requirements, pharmaceutical companies may have to conduct stabil-
ity tests repeatedly for different markets. The ICH guidelines for stability are
an attempt to harmonize these requirements so that information generated
in any of the three areas of the EU, Japan, and the United States would be
acceptable to the other two areas. In what follows, we briefly summarize the
differences in requirements regarding stability aspects among the EU, Japan,
and the United States, which were discussed in a workshop on stability test-
ing held in Brussels, Belgium, November 5-7, 1991.

13.2.3.1 Minimum Duration of Stability Testing

In the EU it is required to file an application based on the results of stabil-
ity tests performed after at least 6 months of storage. In the United States,
however, the FDA requires that a minimum of 12 months of stability data
be provided. The Ministry of Health, Labor, and Welfare (MHLW) of Japan
requires 12 months. Statistically, it is undesirable to extrapolate a drug shelf
life too far beyond the sampling intervals under study. Therefore, as a rule
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of thumb, it is suggested that stability extrapolation not extend beyond
6 months. Stability data should be obtained to cover up to 6 months prior to
the desired expiration dating period. In other words, if a desired shelf life is
18 months, stability testing should cover at least a 1-year period. However,
as indicated in the 1987 FDA stability guidelines, although a tentative shelf
life may be granted based on a short-term stability study, the pharmaceutical
companies are expected to have commitment to obtain complete data that
cover the full expiration dating period.

13.2.3.2 Minimum Number of Batches Required for Stability Testing

Under the current stability guidelines, the FDA requires at least three
batches, and preferably more should be tested to allow a reasonable esti-
mation of batch-to-batch variability and to test the hypothesis that a single
expiration dating period for all future batches is justifiable. However, the
EU requires only that stability data on two batches of the active drug sub-
stances be submitted for the evaluation of a drug expiration period. For the
number of batches required in stability testing, the MHLW’s requirement is
consistent with the FDA’s. The 1987 FDA stability guidelines provide some
justification for the use of a minimum number of three batches for stability
testing. The 1987 FDA stability guidelines indicate that a single batch does
not permit assessment of batch-to-batch variability, and testing two batches
provides an unreliable estimate. To provide a more precise estimate of drug
shelf life, it is preferred to have stability testing on more batches. However,
practical considerations such as cost, resources, and capacity may prevent
the collection of data from more batches. As a result, the specification that
at least three batches be tested has become a minimum requirement repre-
senting a compromise between statistical and regulatory considerations and
actual practice.

13.2.3.3 Definition of Room Temperature

According to the USP/NF, the definition of room temperature is between 15°
and 30°C in the United States. However, in the EU, the room temperature is
defined as being 15° to 25°C, while in Japan, it is defined being 1° to 30°C. If
the drug product is sensitive to the temperature range 0 to 30°C, degradation
of the drug product may vary from one temperature to another within the
range. Therefore, it is important to investigate the stability of the drug prod-
uct at different ranges of temperatures if the drug product is to be marketed
in different regions. In this case harmonization of the definition of room
temperature may not be useful. However, if the drug product is not sensi-
tive to this range of temperatures, harmonization of the definition of room
temperatures may be needed so that similar stability testing need not be
conducted repeatedly to fulfill different requirements.
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13.2.3.4 Extension of Shelf Life

In practice, when a New Drug Application (NDA) submission is filed, there
are usually limited data available on the stability of the drug product. In
the United States it is a common practice for the FDA to tentatively grant
marketing authorization of the drug product based on limited stability data.
However, it is required by the FDA that a pharmaceutical company submit
the results of stability studies obtained up to the expiration date granted.
However, the EU does not accept an extension of shelf life beyond real-time
data submitted.

13.2.3.5 lLeast Stable Batch

When there is a batch-to-batch variation, or the batches are not equivalent,
the European Health Authorities expect the pharmaceutical industry to con-
sider the least stable batch for the determination of shelf life and to refrain
from averaging the values statistically. When there is batch-to-batch varia-
tion, the 1987 FDA stability guidelines suggest considering the minimum of
individual shelf lives. It should be noted that the use of the least stable batch
for determination of shelf life is conservative.

13.2.3.6 Least Protective Packaging

The MHLW of Japan prefers to determine the drug shelf life based on the results
of stability testing using the least stable packaging material instead of testing the
product in all packages. The 1987 FDA stability guidelines, however, encourage
sampling of at least two containers of each packaging material for each sam-
pling time in all cases. The idea of testing the least stable packaging material is
well taken. However, how to identify the least stable packaging material is an
interesting statistical question. To identify the least stable packaging material,
a pilot study may be required. As a result, a fractional factorial design may be
applied. However, it should be noted that the selected pilot design should be
able to avoid any possible confounding and interaction effects.

13.2.3.7 Replicates

In Japan each test must be repeated three times without provision for sci-
entific and statistical justification. The 1987 FDA stability guidelines, how-
ever, encourage testing an increasing number of replicates at later sampling
times, particularly the latest sampling time. The reason for doing this is
that it will increase the precision of the estimation of the expiration dating
period because the degradation is most likely to occur at later sampling time
points than at earlier time points for long-term stability studies. Although
the accuracy and precision of the estimated shelf life based on replicates of
test results will be improved, it is not clear how much improvement the test
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replicates will achieve. Replications at each sampling time point not only
increase the precision of the estimation for shelf life but also provide data
on the lack-of-fit test for fitting individual simple linear regressions to each
batch. In practice, it is of interest to investigate the impact of replicates at each
sampling time point on the accuracy and precision of shelf-life estimation.

13.2.3.8 General Principles

The ICH stability guideline suggests the following general principles for the
evaluation of stability of biosimilar products. These general principles indi-
cate that the applicant should

1. Develop data to support the claimed shelf life.
2. Consider any external conditions affecting potency, purity and quality.

3. Primary data to support the requested shelf life should be based on
long-term, real-time, real-condition stability studies. The design of
the long-term stability program is critical.

4. Retest periods are not appropriate for biotech/biological.

13.3 Statistical Model and Methods
13.3.1 Statistical Model

Consider the case where the drug characteristic is expected to decrease with
time. The other case can be treated similarly. Assume that drug characteris-
tic decreases over time linearly (i.e., the degradation curve is a straight line).
In this case, the slope of the straight line is considered as the rate of stabil-
ity loss of the product. Let X; be the jth sampling (testing) time point (i.e,
0 months, 3 months, etc.) and Y;; be the corresponding testing result of the ith
batch (j =1,...n; i =1,...,k). Then

Yl,/. =+ Bin +e (13.1)

l]’
where ¢; are assumed to be independent and identically distributed (i.i.d.)
random errors with mean 0 and variance 62. The total number of observa-
tions is N = kn. The o, (intercepts) and f; (slopes) vary randomly from batch
to batch. It is assumed that o; (i = ,...k) are independent, identically, distributed
(ii.d) with mean a and variance 62, and that f; (i = 1,...,k) are i.i.d. with mean b
and variance c;. The e;, &, and p; are mutually independent.

If 62 =0 (i.e, o; are equal), then the above model has a common intercept.
Similarly, if 6; =0 (i.e,, p; are equal), then the above model has a common
slope. If both 65 =0 and Gg =0, then there is no batch-to-batch variation
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and the above model reduces to a simple linear regression. Under the above
model, Chow and Shao (1989) proposed several statistical tests for batch-to-
batch variation.

13.3.2 Statistical Methods
13.3.2.1 Fixed Batches Approach

If there is no batch-to-batch variation, a commonly used method for fitting
the above model is the ordinary least squares (OLS) and a 95% lower confi-
dence bound for E(Y) = a + bE, the expected drug characteristic at time &, can
be obtained as

G+ DE — t655(5),

where @ and b are the OLS estimators of a and b, respectively, t,45 is the one-
sided 95th percentile of the ¢ distribution with N — 2 degrees of freedom, and

S*(£)= MSE ;]+(§_X)2 ,
kzjzl(xj ~X)

where

and

The estimated shelf life can be obtained by solving the following equation:

n=a+ Eé —t095S(8),

where 1) is a given approved lower specification limit.

When there is a batch-to-batch variation (i.e., there are different inter-
cepts and different slopes), the FDA recommends the minimum approach
be used for estimation of the shelf life of a drug product. The minimum
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approach considers the minimum of the estimated shelf lives of the indi-
vidual batches. The minimum approach, however, has received consider-
able criticism because it lacks of statistical justification. As an alternative,
Ruberg and Hsu (1990) proposed an approach using the concept of multi-
ple comparisons to derive some criteria for pooling batches with the worst
batch. The idea is to pool the batches that have slopes similar to the worst
degradation rate with respect to a predetermined similarity (equivalence)
limit.

13.3.2.2 Random Batches Approach

As indicated in the FDA guideline, the batches used in long-term stabil-
ity studies for establishment of drug shelf life should constitute a random
sample from the population of future production batches. In addition, all
estimated shelf lives should be applicable to all future batches. As a result,
statistical methods based on a random effects model seem more appropriate.
In recent years, several methods for determination of drug shelf life with ran-
dom batches have been considered. See, for example, Chow and Shao (1989,
1991), Murphy and Weisman (1990), Chow (1992), and Shao and Chow (1994).
Under the assumption that batch is a random variable, stability data can be
described by a linear regression model with random coefficients. Consider
the following model:

N
Y =XiB; +ey,

where Y, is the jth assay result (percent of label claim) for the ith batch, X
is a pxl vector of the jth value of the regressor for the ith batch and X7 is its
transpose, f; is a px! vector of random effects for the ith batch, and ¢; is the
random error in observing Y;. Note that X/, is the mean drug characteristic
for the ith batch at X;; (conditional on B). The primary assumptions for the
model are similar to those for Model 4.1. Because Xj; is usually chosen to be
x; for all i, where x; is a pxl vector of nonrandom covariate which could be of
the form (1, t, tw) or (1, t, w;, tw), where tis the jth time point and w is the
jth value of gxI vector of nonrandom covariate (e.g., package type and dosage
strength). Denote x;= x(t;, w), where x(t, w) is a known function of t and w. If
there is no batch-to-batch variation, the average drug characteristic at time ¢
is x(t)’p and the true shelf life is equal to
te = inflt : x(t)B <M},

true

which is an unknown but nonrandom quantity. The shelf life is then given
by

f=inf{t: L(t) <),
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where

’ ’ -1 1/2
L(t) = x(t)'b —t x(t)(XX)x(t)SSR}

"L Krk=p)

where SSR is the usual sum of squared residuals from the ordinary least
squares regression.

When there is batch-to-batch variation, ¢, is random since p; is random.
Chow and Shao (1991) and Shao and Chow (1994) proposed considering an
(1 — o) x 100% lower confidence bound of the eth quantile of t,,,.. as the labeled
shelf life, where ¢ is a given small positive constant. That is,

true

Pltpast)tzl—a,
where t, satisfies
Plt, o <t =¢
It follows that
t,=inf{t : x(t)'p — n = z.0(t)}

where z, = ®7I(1 — ¢€) and o(t) is the standard deviation of x(t)'f,. As a result,
the shelf life is given by

f = inf{t: x(t)b <T()),

where

() =M+ e (e, )z Jolt),

1
c.(e,0)= 7\/%2 to ko, S

o(t) = ﬁx(t)’(X’X’)‘lX’SX(X’X’)‘lx(t).

Note thatt , r. isthe ath upper quantile of the noncentral t distribution
with k — 1 degrees of freedom and noncentrality parameter \/%zg.
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13.3.2.3 Remarks

As indicated in the FDA stability guidelines, the estimated shelf life of a
drug can be obtained at the time point at which the 95 percent one-sided
lower confidence limit for the mean degradation curve intersects the accept-
able lower specification limit. In practice, it is of interest to study the bias of
the estimated shelf life. If the bias is positive, the estimated shelf life overes-
timates the true shelf life. On the other hand, if there is a downward bias, the
estimated shelf life is said to underestimate the true shelf life. In the inter-
est of the safety of the drug product, the FDA might prefer a conservative
approach, which is to underestimate rather than overestimate the true shelf
life. Sun et al. (1999) studied distribution properties of the estimated shelf life
proposed by Chow and Shao (1991) and Shao and Chow (1994) for both cases
with and without batch-to-batch variation. The result indicate that when
there is no batch-to-batch variation (i.e, 6> = 67 = 0), there is a downward
bias which is given by

1/2

t,o, ﬁ+ (bX +a-n)*
b2 n n _
X=Xy

where t,, is the (1 — o)th quantile of the t distribution with k — 1 degrees of
freedom.

13.3.3 Two-Phase Shelf-Life Estimation

Unlike most drug products, some drug products are required to be stored
at several temperatures such as —20° 5° and 25°C (room temperature) in
order to maintain stability until use (Mellon 1991). The drug products of this
kind are usually referred to as frozen drug products. Unlike the usual drug
products, a typical shelf-life statement for frozen drug products usually con-
sists of multiple phases with different storage temperatures. For example, a
commonly adopted shelf life statement for frozen products could be either
(1) 24 months at —20°C followed by 2 weeks at 5°C or two days at 25°C or (2) 24
months at —20°C followed by 2 weeks at 5°C and one days at 25°C. As aresult,
the drug shelf life is determined based on a two-phase stability study. The
first-phase stability study is to determine drug shelf life under frozen storage
condition such as —20°C, while the second-phase stability study is to estimate
drug shelf life under refrigerated or ambient conditions. A first-phase stabil-
ity study is usually referred to as a frozen study, and a second-phase stability
study is known as a thawed study.

Because the stability study of a frozen drug product consists of frozen and
thawed studies, the determination of the shelf life involves a two-phase lin-
ear regression. The frozen study is usually conducted similar to a regular
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long-term stability study except the drug is stored at frozen condition. In other
words, stability testing will normally be conducted at 3-month intervals dur-
ing the first year, 6-month intervals during the second year, and annually
thereafter. Stability testing for the thawed study is conducted following the
stability testing for the frozen study, which may be performed at 2-day inter-
vals up to 2 weeks. It should be noted that the stability at the second phase
(i.e., thawed study) might depend on the stability at the first phase (i.e., frozen
study). In other words, an estimated shelf life from the thawed study follow-
ing stability testing at 3 months of the frozen study may be longer than that
obtained from the thawed study following the frozen study at 6 months. For
simplicity, Mellon (1991) suggested that stability from the frozen study and the
thawed study be analyzed separately to obtain a combined shelf life for the
drug product. As an alternative, Shao and Chow (2001a) consider the follow-
ing method for determination of drug shelf lives for the two phases based on a
similar concept proposed by Chow and Shao (1991) and Shao and Chow (1994).

13.3.3.1 First-Phase Shelf Life
For the first-phase shelf life, we have stability data

Y=o+ Bt; + €,
wherei=1,...,1>2 (typically, t;=0, 3, 6,9,12, 18 months), k=1,..., K;> 1, aand
f are unknown parameters, and g;s are i.i.d. random errors with mean 0 and
variance 6; > 0. The total number of data for the first phase is 1, = Z.K; (= IK
if K; = K for all 7). At time t, K; > [ second-phase stability data are collected at
time intervals t;, j = 1,..., ] 2 2. The total number of data for the second phase
is n, = LEXK; (= [JKif K;; = K for all i and j). Data from two phases are inde-
pendent. Typically, ti=t+s; where s=123 days, etc.

Let a(f) and P(t) be the intercept and slope of the second-phase degradation
line at time t. Because the degradation lines for the two phases intersect,

af) = o+ pt.
Then, at time t,, i = 1,..., I, we have stability data
Y=o+ pt; + ﬁ(ti)sj + €ijis

where B(f) is an unknown function of t and ¢;’s are iid. random errors
with mean 0 and variance 63; > 0. We assume that B(t) is a polynomial in t.
Typically,

Bt) =P, Common slope model,

B(#) =P, + Pit Linear trend model,
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or
B(t) = By + Pyt + Pot> Quadratic trend model.

In general,

B(t)= im
h=0

where f,’s are unknown parameters and H + 1 <X K; foralliand H < L.

The first-phase shelf life can be determined based on the first-phase data
{Y;} as the time point at which the lower product specification limit intersects
the 95 percent lower confidence bound of the mean degradation curve (FDA
1987; ICH 1993). Let & and B be the least squares estimators of « and p, based
on the first phase data, and let

L(t)= o+ Pt - to.05m, -2\ O(F)

be the 95 percent lower confidence bound for a + pt, where f;05,,,» is the
upper 0.05 quantile of the t distribution with n, — 2 degrees of freedom,

ntz—(ZE t,-)t+2 2
~ ik ik
= (51 > ,
n E t? —( E t,.)
ik ik

and

N 1 ~ 4
&= (Ge—a-Bty

n—2

is the usual error variance estimator based on residuals. Suppose that the
lower limit for the drug characteristic is n (we assume that o + pt decreases
as t increases). Then the first-phase shelf life is the first solution of L(f) = n, i.e.,

t=inf{t: L(f) < ).
Note that the first-phase shelf life is constructed so that

P{t < the true first-phase shelf life} = 95%
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assuming that e;’s are normally distributed. Without the normality assump-
tion, result approximately holds for large n,. We now consider the second-
phase shelf life, which is described below.

13.3.3.2 Case of Equal Second Phase Slopes

To introduce the idea, we first consider the simple case where the slopes of
the second-phase degradation lines are the same. When f(f) = p,, the com-
mon slope f, can be estimated by the least squares estimator based on the
second-phase data:

; PIMCERL
i
Zz‘,j,k(sj -5

where s is the second-phase time intervals and s is the average of s;’s. The
variance of B, is

S

VP =2,
Bo) Z,-,,-,k (5,5

which can be estimated by
~2
- o
V) ="~
DI
where

1
n, —2

~2
0, =

D (= @+ Br) - Bos,

i,j,k
For fixed t and s, let
olt, s) = o(t) + V(By)s>

and

L(t, s) = 6.+ Bt +Pys — to.05m,+np-a\ Ot/ S).
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For any fixed ¢ less than the first-phase true shelf life, i.e., t satisfying o +
pt > 1, the second-phase shelf life can be estimated as

5(t)=inf{s > 0: L(t,s) <}

(if L(t, s) < n for all 5, then §(t) = 0). That is, if the drug product is taken out of
the first-phase storage condition at time f, then the estimated second-phase
shelf life is 5(¢).

The justification for 5(¢) is that for any ¢ satisfying a + pt > n,

P{5(t) < the true second-phase shelf life} = 95%

assuming that e; and e;; are normally distributed. Without the normality
assumption, the above result approximately holds for large n;, and n,.

In practice, the time at which the drug product is taken out of the first-

phase storage condition is unknown. In such a case we may apply the follow-
ing method to assess the second-phase shelf life. Select a set of time intervals
< t,1=1,.., L, and construct a table (or a figure) for (t,5(t,)), I =1,..., L. If
a drug product is taken out of the first-phase storage condition at time ¢,
which is between t,and t,,,, then its second-phase shelf life is 5(t,,;). However,
a single shelf-life label may be required. We propose the following method.

13.3.3.3 Determination of a Single Two-Phase Shelf-Life Label

In most cases, L(t, s) is less than n for all s, i.e,, s(t) 0. Hence, we propose to
select a t <1 such that s(t) >0 and use t + s(t ) as the two-phase shelf-life
label. The justification for this two-phase shelf-life label is

1. If the drug product is stored under the first-phase storage condition
until time t;, then

P{@1 < the true first-phase shelf life} > 95%

because f, < 1.
2. If the drug product is taken out of the first-phase storage condition at
time fl <, then its estimated second-phase shelf life is 5(f), and
P{3(t,) < the true second phase shelf life at time ¢,}
P{5(t,) < the true second phase shelf life at time ¢,}
>95%

However, this two-phase shelf-life label is very conservative if t, is much
less than ¢,.
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A general rule of choosing f, is that #, should be close to #, while §(F) is rea-
sonably large. For example, if the units of the first- and second-phase shelf
hves are month and day, respectively, and if f =245, then we can choose

=24; if f = 24, then we choose t; =23. A table of (f,, 5(t,), 1=1,..., L, will be
useful for the selection of f,.

13.3.3.4 General Case of Unequal Second-Phase Slopes
In general, the slope of the second—phase degradation line varies with time.
Let Y; be the average of Y;;’s with a fixed i, Z =Yj; —Y;, and X,; = (s, - S

Then the least squares estimator of (B,.. ,ﬁH), denoted by (B, -...,By), is the
least squares estimator of the following linear regression model:

H
Zy = z B, X, +error.
7=0
Let
~ H ~
By = Bt"
h=0
and

V@) =631 (XX)™,

where 1" = (1, ¢, 12, ..., t)), X is the design matrix and

[SRN]
II

Q>

S

The second-phase shelf-life and the two-phase shelf-life label can be deter-
mined in the same way as described in the previous section with

L(t,s) = o+ Pt +B(t)s — to.05:m,+np—(rr+2) N O(F, )

and

o(t, s) = o(t) + V(1))s>.
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For the proposed method for two-phase shelf-life estimation, assume that
the assay variabilities are the same across different phases. Detailed infor-
mation regarding two-phase shelf-life estimation can be found in the work
of Shao and Chow (2001a) and Chow and Shao (2002). In practice, the assay
variability may vary from phase to phase. In this case, the proposed method
is necessarily modified for determination of the expiration dating period of
the drug product.

In practice, it is of interest to determine the allocation of sample size at each
phase. For a fixed total of sample size, it is of interest to examine the rela-
tive efficiency for estimation of shelf lives using either more sampling time
points in the first phase or less sampling time points in the second phase or
less sampling time points in the first phase and more sampling time points in
the second phase. The allocation of sampling time points at each phase then
becomes an interesting research topic for two-phase shelf-life estimation. In
addition, because the degradation at the second phase is highly correlated
with the degradation at the first phase, it may be of interest to examine such
correlation for future design planning.

13.4 Stability Designs

Because stability data are analyzed using a linear regression, the selection
of observations that will give the minimum variance for the slope is to take
one half at the beginning of the study and one half at the end. The beginning
of the stability study is usually called ¢ = 0. Stability studies are typically
done at several different times. In practice, there is no unique best design.
Thus, the choice of design must use the fact that analyses will be done after
additional data are collected. Nordbrock (1992) introduced several designs
that are commonly considered in stability studies. These designs are briefly
described below.

13.4.1 Basic Matrix 2/3 on Time Design

A complete long-term study for one strength of a dosage form in one pack-
age has three batches, with all three tested every 3 months in the first
year, every 6 months in the second year, and annually thereafter. Thus, if
a 36-month shelf life is desired and the complete study is used, each of the
three batches is tested at 0, 3, 6, 9, 12, 18, 24, and 36 months. The basic matrix
2/3 on time design has only two of the three batches tested at intermediate
time points (other than at times of 0 and 36), as presented in Table 13.2. If
an analysis is to be done after 18 months (e.g., for a registration application),
the basic matrix 2/3 on time design can be modified by testing all batches
at 18 months.
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TABLE 13.2

Basic Matrix 2/3 on Time Design

Batch Test Times

A 0, 3, 9, 12, 24, 36
B 0, 3, 6, 12, 18, 36
C 0, 6, 9, 18, 24, 36

13.4.2 Matrix 2/3 on Time Design with Multiple Packages

The first extension of the basic design is when one strength is packaged into
three packages (i.e, when each batch is packaged into each of three pack-
ages). The basic matrix 2/3 on time design is applied to each package in a
balanced fashion, as presented in Tables 13.3 and 13.4. Balance is defined as
each batch is tested twice at each intermediate time point, and each package
is tested twice at each intermediate time point. If an analysis is done after
18 months (e.g,, for a registration application), this design can be modified by
testing all batch-by-package combinations at 18 months.

13.4.3 Matrix 2/3 on Time Design with Multiple Packages
and Multiple Strengths

When three strengths (say, 10, 20, and 30) are manufactured using different
weights of the same formulation, giving nine sub-batches, we further assume
that there are three packages for each strength. In this case, the basic matrix
2/3 on time design can be applied to each of the nine sub-batches in a bal-
anced fashion (see Table 13.5). In this design, each sub-batch is tested twice at

TABLE 13.3

Matrix 2/3 on Time Design

with Multiple Packages

Batch Pkg1 Pkg 2 Pkg 3
A T1 T2 T3
B T2 T3 T1
C T3 T1 T2

Note: Pkg 1, package 1; etc.

TABLE 13.4

Test Code Definitions

Code Test Times after Time 0
T1 3, 9, 12, 24, 36
T2 3, 6, 12, 18, 36
T3 6, 9, 18, 24, 36

Note: Batches are tested at time 0.
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TABLE 13.5

Matrix 2/3 on Time Design with Multiple Packages and Multiple Strengths
Batch Strength Pkg1 Pkg 2 Pkg3
A 10 T1 T2 T3
A 20 T2 T3 T1
A 30 T3 T1 T2
B 10 T2 T3 T1
B 20 T3 T1 T2
B 30 T1 T2 T3
C 10 T3 T1 T2
C 20 T1 T2 T3
C 30 T2 T3 T1

Note: Pkg 1, package 1; etc.

each intermediate time point, each package is tested twice at each intermedi-
ate time point for each batch, each batch is tested 6 times at each intermedi-
ate time point, and each package is tested 6 times at each intermediate time
point. If an analysis is done after 18 months (e.g., for a registration applica-
tion), this design can be modified by testing all batch-by-strength-by-package
combinations at 18 months.

13.4.4 Matrix 1/3 on Time Design

A further reduction in the amount of testing is accomplished by reducing
the testing in each of the preceding designs from 2/3 to 1/3. For example,
the basic 1/3 on time design has one of the three batches tested at each inter-
mediate time point, as presented in Table 13.6. If an analysis is done after
18 months (e.g., for a registration application), the basic matrix 1/3 on time
design can be modified by testing all batches at 18 months.

13.4.5 Matrix on Batch-by-Strength-by-Package Combinations

If there are multiple strengths and multiple packages, one could also choose
to test only a portion of the batch-by-strength-by-package combinations.
An example of when this might be appropriate is when there are three
batches, each made into two strengths, giving six sub-batches. Although

TABLE 13.6

Basic Matrix 1/3 on Time Design

Batch Test Times

A 0,3 12, 36
B 0, 6, 18, 36
C 0, 9, 24, 36
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TABLE 13.7

Matrix 1/2 on Time and Matrix on Batch x Strength x Package
Batch Strength Pkg1 Pkg2 Pkg3
A 10 T1 T2 -

A 20 T2 - T1

B 10 T2 - T1

B 20 - T1 T2

C 10 - T1 T2

C 20 T1 T2 -

three packages will be used, the batch size is small and only two packages
can be manufactured in each strength sub-batch. A matrix design on batch-
by-strength-by-package combinations is presented in Table 13.7, with two
packages selected for each of the six sub-batches, and where time is also
matrixed by the factor 1/2. This design is approximately balanced because
two packages are tested per sub-batch, one or two strengths are tested for
each selected package by batch, four sub-batches are tested for each package,
etc. Similar statements for the balance on time can be made.

13.4.6 Uniform Matrix Design

Another approach to design is the uniform matrix design, for which the same
time protocol is used for all combinations of the other design factors (Murphy
1996). The strategy is to delete certain times (e.g., the 3-, 6-, 9-, and 18-month
time points); therefore, testing is done only at 12, 24, and 36 months. This
design has the advantages of simplifying the data entry of the study design
and eliminating time points that add little to reducing the variability of the
slope of the regression line. The disadvantage is that if there are major prob-
lems with the stability, there is no early warning because early testing is not
done. Further, it may not be possible to determine if the linear model is appro-
priate (e.g, it may not be possible to determine whether there is an immediate
decrease followed by very little decrease). However, the major disadvantage
is that this design is probably not acceptable to some regulatory agencies.

13.4.7 Comparison of Designs

Nordbrock (1992) compared designs based on the power approach. This
approach computes the probability that a statistical test will be significant
when there is a specified alternative slope configuration. Power can be com-
puted easily in Statistical Analysis Software (SAS, SAS Institute Inc., Cary,
North Carolina). The strategy is to compute power for several designs and
then to choose the design that has acceptable power and the smallest sample
size (or cost). Acceptable power is not well defined at this stage. Other meth-
ods of comparing designs are given by Ju and Chow (1995) and Pong and
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Raghavarao (2000), where the criterion is the precision for estimating shelf
life.

When evaluating designs, it is also important to answer the question
“What is the probability of being able to defend the desired shelf life with
the study?” (see, e.g,, Nordbrock 1994). In other words (assuming that the
parameter is expected to decrease over time), what is the probability that the
95 percent one-sided lower confidence bound for the slope will be acceptable
for specified values of the slope(s) for particular subsets of data, which may
include, for example, only one strength and/or only one package? It is impor-
tant to know at the design stage what the statistical penalty (with respect
to shelf life) might be if differences among packages and/or strengths are
found. Similarly, Nordbrock (2000) compared matrix designs to full designs
using the probability of achieving the desired shelf life.

Chow and Liu (1995) indicated that a matrixing design might be applicable
to strength if there is no change in proportion of active ingredients, container
size, and immediate sampling time points. The application of a matrixing
design to situations such as closure systems, orientation of containers during
storage, packaging form, manufacturing process, and batch size should be
evaluated carefully. It is discouraged to apply a matrixing design to sam-
pling times at two endpoints (i.e., the initial and the last) and at any time
points beyond the desired expiration date. If the drug product is sensitive to
temperature, humidity, and light, the matrixing design should be avoided.

13.5 Stability Analysis for Drug Products
with Multiple Active Components

In the previous sections we only considered a drug product with a single active
ingredient. In practice, some drug products may contain multiple active ingredi-
ents. For example, Premarin (conjugated estrogens, USP) is known to contain at
least five active ingredients: estrone, equilin, 17a-dihydroequilin, 17a-estradiol,
and 17p-dihydroequilin. Other examples include combinational drug products,
such as the traditional Chinese medicines. For a drug product with multiple
active ingredients (or components), an ingredient-by-ingredient (or component-
by-component) stability analysis may not be appropriate, because these active
ingredients may have some unknown interactions. In this section, the basic idea
for obtaining an estimate of drug shelf life for drug products with multiple com-
ponents (e.g., TCMs) is described.

13.5.1 Basic Idea

Let y(t, k) be the potency of the kth ingredient at time ¢ after the manufacture
of a given drug product, k = 1,..., p. For ingredient k, its shelf life is the time
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interval at which E[y(t, k)] (the expectation of y[t, k]) remains within a speci-
fied limit, whereas the shelf life for the drug product may be the time interval
at which E[f (y(¢, 1),..., y(¢, p)] remains within the specified limits, where fis a
function (such as a linear combination of y[t, 1]...., y[t, p]) that characterizes the
impact of all active ingredients. In general, f is a vector-valued function with
a dimension g < p. If data are observed from y(t, 1),..., y(t, p) and the function f
in the previous discussion is a known function, then stability analysis can be
made by using the transformed data z(f) = f[y(t, 1)...., (¢, p)]. If the dimension
of fis 1, then z(f) can be treated as a single ingredient. If the dimension of f is
g > 1, then one may define the shelf life to be the minimum of the shelf lives
Ty, T, Where 7, is the shelf life when the hth component of z(f) is treated as
a single ingredient. One special case is where f is the identity function so that
the shelf life is the minimum of all shelf lives corresponding to different ingre-
dients y(t, k), k = 1,..., p. In practice, however, f is typically unknown. Although
the best way to estimate f is to fit a model between the y and z variables, it
requires data observed from both y and z, which is not a common practice in
the pharmaceutical industry, because the variable z is not clearly defined in
many problems, such as the traditional Chinese medicines (see, e.g.,, Chow et
al. 2006). Chow and Shao (2006) assumed that the components of z are linear
combinations of the components of y and proposed a method to establish the
shelf life. Note that Chow and Shao’s approach is basically an application of
the factor model in multivariate analysis (see, e.g., Johnson and Wichern 1998).

13.5.2 Models and Assumptions

Let y(t) denote the p dimensional vector whose kth component is the potency
of the kth ingredient at time ¢ after the manufacture of a given drug product,
k=1,..., p. We assume that the drug potency is expected to decrease with time. If
p =1, that is, y(f) is univariate, the current established procedure to determine a
shelf life is to use the time at which a 95 percent lower confidence bound for the
mean degradation curve E[y(f)] intersects the acceptable lower product specifi-
cation limit as specified in the 1987 FDA stability guidelines (see also ICH Q1A
[R2] 2003). Let n be the vector whose kth component is the lower product speci-
fication limit as specified in the USP/NF for the kth component of y(f). Chow
and Shao (2006) proposed a statistical method for determining the shelf life of a
TCM following a similar idea suggested by the FDA, assuming that the compo-
nents are linear combinations of some factors. Let y(f) denote the p dimensional
vector whose kth component is the potency of the kth ingredient at time ¢ after
the manufacture of a given TCM, k=1, ..., p. Assume that, for any ¢,

y() - E[y(®)] = LF, + ¢, (13.2)
where L is a p x g nonrandom unknown matrix of full rank, F, and €, are unob-

served independent random vectors of dimensions g and p, respectively,
E(F) = 0, Var(F) = I, (the identity matrix of order g), E(e,) = 0, Var(e,) = ¥, and
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¥ is an unknown diagonal matrix of order p. Let z(f) = (L'L)! Ly(t). It follows
from Equation 13.2 that

2(f) — E[z(] = F, + (L) L, (13.3)

Now, let x(f) be an s dimensional covariate vector associated with y(f) at
time t. Chow and Shao (2007) assume the following model at any time ¢:

Ely(®)] = Bx(t), Var[y®)] =%, i=1,..mj=1,..n, (13.4)

where B is a p x s matrix of unknown parameters and X > 0 is an unknown
p x q positive definite covariate matrix. Because z(t) = (L'L)'Ly(#), it follows
from Equation 13.4 that

Elz®)] = y'x(t) = (LL)'L'Bx(t), i=1,..mj=1..n, (13.5)

where y = B'L(L'L)™

13.5.3 Shelf-Life Determination

Suppose that we independently observe datay;, i=1,...,m,j=1,...,n, where y;
is the jth replicate of y(t;) and t,,...,t,, are designed time points for the stability
analysis. Define

x;=x¢t), z;=LLD 'Ly, i=1..,mj=1..n (13.6)

Consider the case where g = 1. If z;’s are observed, according to FDA (1987),
the expiration dating period (or shelf life) is given by

T =inf{t: I(t) <n}, (13.7)
where 1 is the lower product specification limit as specified in the USP/NF.

However, z;’s are not observed but y;’s. Thus, the lower confidence bound I(f)
in Equation 13.7 needs to be modified as follows:

l(t) = ’?/x(t) - t0.95,mn—s x(t),Vx(t)l (138)

where

mn—1
= ij ij
14 Zz(v =N =7,

=l j=1

in which ¥, 18 the estimator of y with the (i /)th data point deleted. For the case
where 1l <g<p,let B beleast squares estimator of B, A be the kth largest elgen-
value of the sample covariance matrix based on y;, Bxl ,i=1,..,m,j=1,.
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and ¢, be the normalized eigenvector corresponding to ;. Then, estimator L
of L is the pxq matrix whose kth column is Mg, k =1,...,9. Let V¢ be the kth
column of ¥y = B’L(L’L) which is an s x ¢ matrix. Thus, we have

L () =Yix(t) - to.95/q,mn-s\ X(E) Viex(t), (13.9)

where

S 122(71”] Yk)(Ykz] T,

=l j=1

in which ¥, ; is the same as ¥, but calculated with the (ij)th data point
deleted. Then, [,(t), k = 1,...,q are approximate 95 percent simultaneous lower
confidence bounds for ¢(f), k = 1,...,q, where ¢(t) is the kth component of
Elz(#)] = y'x(t). An estimated shelf life is then given by

-----

where 1, is defined by the right-hand side of Equation 13.8 with I(f) replaced
by L(t) and is, in fact, an estimated shelf life for the kth component of z with
confidence level (1 - 0.05/g) x 100%.

13.5.4 An Example

To illustrate the proposed method for determining the shelf life of a drug
product with multiple active ingredients, consider a stability study con-
ducted for a traditional Chinese herbal medicine, which is newly developed
for treatment of patients with rheumatoid arthritis. This medicine contains
three active botanical components, namely Herba epimedii (HE), B extract, and
C extract. Each of the three components has been used as an herbal remedy
since ancient times and is well documented in the Chinese Pharmacopoeia.
The proportions of each components are summarized below:

Component Formulation
HE 60 mg
B 25 mg
C 25mg
Excipient 90 mg
Total 200 mg

To establish a shelf life for this product, a stability study was conducted
for a time period of 18 months under a testing condition of 25°C/60% relative
humidity. The lower product specification limit for each component is 90%.
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TABLE 13.8
Stability Data of the Traditional Chinese Medicine

Sampling Time Point (Month)

Component 0 3 6 9 12 18
HE 99.6 97.5 96.8 96.2 94.8 95.3
99.7 98.3 97.0 96.0 95.1 94.8
100.2 99.0 98.2 97.1 95.3 94.6
B 99.5 98.4 96.3 95.4 93.2 91.0
100.5 98.5 97.4 94.9 94.5 92.1
99.3 99.0 97.3 95.0 93.1 91.5
C 100.0 99.5 98.9 98.2 97.9 97.5
99.8 99.4 99.0 98.5 98.0 97.9
101.2 99.9 100.3 99.5 98.9 98.0

TABLE 13.9

I(t) Values for Various ¢

t 19 20 21 22 23 24 25 26 27 28
I(t) 497 436 375 314 252 190 128 066 0.03 -0.60

Stability data (percent of label claim) at each sampling time point for the
three components are given in Table 13.8.

Since p = 3, we consider that g = 1. Using the proposed procedure described
in the previous sections, we obtain I(t) in Equation 9.8 for various t (month)
as shown in Table 13.9. Hence, the estimated shelf life for this product is
27 months.

13.5.5 Discussion

This section introduces the method for determining the shelf life of a drug
product with p active ingredients proposed by Chow and Shao (2006).
Basically, Chow and Shao (2007) assume that these active ingredients are
linear combinations of g factors. Because these factors are chosen using
principal components, the first factor can be viewed as the primary active
factor, and the second factor can be viewed as the secondary active factor.
Chow and Shao (2007) assume that active ingredients decrease with time. If
one or more ingredients increase with time, then a transformation such as
g(y) = =y or g(y) = 1/y may be applied. If p is small or moderate, then g =1 is
recommended. If p is large, then adding a few more factors may be consid-
ered. Because the principal components are orthogonal, adding more factors
will not affect the previous selected factors (except that £, is changed
to t1_q5/4mn-s) SO that one can compare the results in a sensitivity analysis.
Finally, adding more factors always results in a more conservative proce-
dure. Note that in their proposed approach, Chow and Shao (2007) assume
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that there is no significant toxic degradant in the test drug product with
multiple components. This is a reasonable assumption for most traditional
Chinese medicines because multiple ingredients are used to reduce toxicities
when used in conjunction with primary therapy. However, when toxic deg-
radation products are detected, special attention should be paid to (1) iden-
tity (chemical structure), (2) cross reference to information about biological
effects and the significance of the concentration likely to be encountered, and
(3) indications of pharmacological action or inaction as indicated in the FDA
guidelines for stability analysis. Chow and Shao’s approach is useful when
different ingredients degrade not independently of each other, which is the
case for most traditional Chinese medicines. If multiple ingredients degrade
independently, then an ingredient-by-ingredient analysis may be appropri-
ate. If Chow and Shao’s approach is applied, it is suggested that g be selected
as q =1 or g = 2 factors that are ingredients having the most variability.

13.6 Stability Analysis with Discrete Responses

For solid oral dosage forms such as tablets and capsules, the FDA stability
guideline indicates that following characteristics should be studied in sta-
bility studies: (1) tablets—appearance, friability, hardness, color, odor, mois-
ture, strength, and dissolution, and (2) capsules—strength, moisture, color,
appearance, shape brittleness, and dissolution. Some of these characteristics
are measured using a discrete rating scale. As a result, the usual methods for
stability analysis may not be appropriate. Chow and Shao (2003) proposed
some statistical methods for estimation of drug shelf life based on discrete
responses with and without batch-to-batch variation following the concept
as described in the FDA stability guideline. For illustrative purposes, their
method for the case of random batches is briefly described below.

Suppose that there are k batches of a drug product in a stability study and
that from the ith batch, Yy j=1,..,n, binary responses are observed at some
time points. Consider the following logistic regression model:

E(yij) = W(B/xij)r l = 1/"'rk/ Var(yij) = T(B/xij)/ ] = 1/---/711‘/ (1310)

where y(z) = ¢7/(1 + €9, ©(2) = y@)[1 — y(2)], x; is a p vector of covariates,
p is a p vector of unknown parameters, and f’ its transpose. Typically,
X = (1), (1, ty, 12 ) (1, t, wity), or (1, t;, w, wyt,), where t;, is the jth time
point for batch i and w;; is a vector of covariates such as the bottle size or
container type. Where there is a batch-to-batch variation, the parameter
vector f in Equation 13.10 takes different values for different batches and,
thus, should be denoted by B, i = 1,...,k. Some researchers considered f;s

as unknown fixed effects when estimating drug shelf life (see, e.g., Ruberg
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and Hsu 1992). This fixed effect approach, however, may not provide a shelf
life that is applicable to all future batches of the same drug product based
on stability data from the k batches. Alternatively, Shao and Chow (1994)
considered a random batch approach by considering the following mixed
effects model:

E(ylB)=w(Bix;), i=1,....k,

Var(y,|B,)=1(Bix;), j=1,...,m, (13.11)
B/s are independently distributed as N(, %),

where y and t are the same as those in Model 13.10, E(y;|p;) and Var(y;|f)) are
the conditional expectation and variance of y; given that random effect B, f =
E(B;) is an unknown vector, and £ = Var($};) is an unknown covariance matrix.
If X = 0, then there is no batch-to-batch variation and Model 13.11 reduces to
Model 13.10.

Now let v [Bgumrex(t)] be the mean degradation at time ¢ for a future batch
of the drug product. The true shelf life for this batch is then given by

Faure = INF{E 2 BlyreX(®) S Y (M},

which is a random variable because B is random. Consequently, a shelf-
life estimator should be a 95 percent lower prediction bound (instead of
a lower confidence bound) for .. Because B;s are unobserved random
effects, the prediction bound has to be obtained based on the marginal
model specified by

E(]/,-]-)=E|:E(]/ij| B;)J= E[W( '{xifﬂ

and

Var(y;) = Var[E(y,-j| B, )} +E [Var(y,ﬂ B, )] = Var [w(fo,-j )} +E |:T( i )]

However, either E(y;) nor Var(y;) is an explicit function of Bix; and, hence,
an efficient estimator of f, such as the maximum likelihood estimator,
is difficult to compute. Furthermore, when k is small, the computation of
the maximum likelihood estimator requires an iteration process that may
not converge. Alternatively, Chow and Shao (2003) proposed the following
method for a small k (say k = 3).
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Assume that n;s are large so that Model 13.10 can be fitted within each fixed
batch. For each fixed i, let B, be a solution of

n;

inj |:yij - \V( X )} =0,

j=1

ie, ﬁi is the maximum likelihood estimator of p; based on the data observed
from the ith batch, given p,. For large 1, B, is approximately distributed as
NIB; Vi(B)l, conditioning on f; where

ViB)=| D xpxie (B )

=

A

Unconditionally, B; is approximately distributed as N(B, D;), where
D, =E[ Var(3,|B,) ]+ Var E@,|B,) ] = E[Vi(B) ]+ Var(B) = E[ Vi) ]+ ).

Let

A~ k
Then [ is approximately distributed as N(B, k'D), where D = k‘lz - D..
Define =

k
ot) = x| 7 (B~ BB, - BY [+

Then [ﬁ’x(t)—w‘l(nﬂ/\/v(t)/k is approximately distributed as the non-
central t distribution with k — 1 degrees of freedom and the noncentrality

parameter of [B’x(t)—\u‘l(n)]/,/x(t)’Zx(t). Following the idea of Shao and
Chen (1997), Chow and Shao (2003) proposed the following approximate 95
percent lower prediction bound for tr o as an estimated shelf life

B = Inf{£: L) <y ()], (1312)
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where

10 = B30~ poss(@ V. 1313

po(k) satisfies

P{Tk(u) < pu(k)du =a,

© Sy

T (1) denotes a random variable with the noncentral ¢ distribution having
k — 1 degrees of freedom and the noncentrality parameter of \/Ed)’l(l— u),
and @ is the standard normal distribution function. Values of p, (k) are
given by Shao and Chen (1997).

13.6.1 Remarks

It can be shown that f},,. in Equation 13.12 is an approximate 95 percent
lower prediction bound for the true shelf life f;,,. (see, e.g.,, Chow and
Shao 2003). Note that tlehlre in Equation 13.12 has the same form as the F*
except that L(f) is replaced by a more conservative bound in Equation 13.13
that incorporates the batch-to-batch variability. Chow and Shao (2003) also
proposed some tests for batch-to-batch variation to determine whether the
method (i.e., random batch approach) described above is appropriate.

In practice, it may be of interest to consider a mixture of a continuous
response variable (e.g., strength) and a discrete response variable including
binary response or ordinal response with more than two categories (e.g.,
color or hardness) for estimation of drug shelf life. This requires further
research.

13.7 Concluding Remarks

For the study of drug stability, the FDA guidelines require that all drug
characteristics be evaluated. In most drug products, we obtain an estimated
drug shelf life based primarily on the study of the stability of the strength
of the active ingredient. However, some drug products may contain more
than one active ingredient. For example, Premarin (conjugated estrogens,
USP) is known to contain at least five active ingredients: estrone, equilin,
17a-dihydroequilin, 17a-estradiol, and 178-dihydroequilin. The specification
limits for each component are different. To ensure identity, strength, quality,
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and purity, it is suggested that each component be evaluated separately for
determination of drug shelf life. In this case, although a similar concept can
be applied, the method suggested in the FDA stability guidelines is neces-
sarily modified. It should be noted that the assay values observed from each
component might not add up to a fixed total, which is due to the possible
assay variability for each component. The modified model should be able to
account for these sources of variation. Pong and Raghavarao (2001) proposed
a statistical method for estimation of drug shelf life for drug products with
two components. The distributions of shelf life for two components were
evaluated by Pong and Raghavarao (2002) under different designs.
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Case Studies

14.1 Introduction

Traditional Chinese medicine (TCM) development the Western way involves
nonclinical development and preclinical/clinical development. The purpose
of nonclinical development is to ensure the quality of the TCM meets prod-
uct specification and regulatory standards during the development process.
Quality assurance can always be achieved by identifying, reducing/eliminating,
and/or controling variabilities due to various sources of raw materials, in-
process materials, and final finished products. As a result, raw materials,
in-process materials, and final finished products are usually tested for con-
sistency at various stages of the TCM development process. On the other
hand, the purpose of preclinical/clinical development focuses on safety and
efficacy of the TCM under development, although it is debatable whether a
well-established Chinese herbal medicine should be tested in animals before
it is tested in humans.

In recent years, much of the modern research on TCM has focused on inte-
grating TCM with Western medicine (e.g., cancer research). This integrated
approach makes use of Western medicine’s strength in attacking the diseases
under study with TCM’s strength of supporting the patient. As an example,
in a cancer trial treating 211 patients with lung cancer, Chen (2002) reported
that 1-year survival rates of patients undergoing chemotherapy combined
with herbal medicine was 85 percent compared to one year survival rate
of 69 percent for patients treated by chemotherapy alone. In some cases, on
the other hand, the principal investigator uses TCM treatment alone to treat
patients with advanced cancer. While this approach is not preferred by many
practitioners, de Lemos (2002) indicated that TCM treatment by itself could
have an effect on cancer progression.

One of the major criticisms in TCM development is that the Chinese doctor
only reports successful clinical cases, while those failed cases are not docu-
mented. This has led to a significant bias for a fair and reliable evaluation of
the TCM under development. The purpose of this chapter is to examine the
effectiveness of TCM development the Western way through a review of case
studies both nonclinically and clinically across various therapeutic areas.

327
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The remainder of this chapter is organized as follows. In Section 14.2,
the concept of quality by design proposed by the FDA is introduced with
an application in the manufacturing process of TCM. Section 14.3 provides
a review of several (isolated) successful clinical cases that indicated TCM
treatment work. Case studies for TCM development in cancer care, cardio-
vascular diseases (hypertension prescription), acupuncture in treating dia-
betes, and TCM treatment for multiple sclerosis are discussed in Section 14.4.
Some concluding remarks are given in Section 14.5.

14.2 Nonclinical Quality by Design
14.2.1 Concept of Quality by Design

In the pharmaceutical industry, it is recognized that a reasonable high-
quality product can only be achieved at a great effort and cost. In practice,
pharmaceutical companies mainly focus on development rather than put-
ting their emphasis on manufacturing. In many cases, the manufacturing
process is not only unable to meet pre-specified quality standard but also to
predict effects scale-up on final products. Quality by design (Qbd) is a con-
cept that assumes quality could be planned and that most quality crises and
problems relate to the way in which quality was planned. In recent years,
the FDA has considered quality by design as a vehicle for the transformation
of how drugs are discovered, developed, and commercially manufactured.
In the past few years, the FDA has implemented the concepts of QbD into
its premarket processes. The focus of this concept is that quality should be
built into a product with an understanding of the product and process by
which it is developed and manufactured along with a knowledge of the risks
involved in manufacturing the product and how best to mitigate those risks.
This is a successor to the “quality by QC” (or “quality after design”) approach
that the companies took up until the 1990s. Winkle (2007) provides a com-
prehensive comparison of the traditional approach with the systematic QbD
approach (see Table 14.1).

Winkle (2007) pointed out that the implementation of quality by design is
not only beneficial to industry but also to FDA. As an example, from the per-
spective of the pharmaceutical industry, quality by design ensures the pro-
duction of better products with fewer problems in manufacturing. The use
of quality by design not only reduces the number of manufacturing supple-
ments required for postmarket changes at the same time it allows for imple-
mentation of new technology to improve manufacturing without regulatory
scrutiny. In addition, it can also improve interaction with FDA reviewers
and consequently speed up the review/approval process. On the other hand,
from the perspective of FDA, the implementation of quality by design will,
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TABLE 14.1
A Comparison between Traditional Approach and QbD Systematic Approach

Aspects Traditional Quality by Design
Pharmaceutical Empirical Systematic
development Univariate experiments Multivariate experiments
Manufacturing process  Fixed Adjustable
Process control In-process testing for go/no-go PAT utilized for feedback and
Offline analysis with slow response feed forward at real time
Product specification Primary means of quality control Overall quality control
Based on batch data strategy

Based on desired product
performance (safety and

efficacy)
Control strategy Based on intermediate and end Risk-based
product testing Controls shifted upstream
Real-time release upstream
Lifecycle management  Reactive to problems Continual improvement
Scale-up and post-approval enabled within design space
changes

Source: Modified from Winkle, 2007. PDA /FDA Joint Regulatory Conference, September 24,
2007.
Note: PAT, process analytical technology.

first, not only enhance scientific foundation for review but also provide bet-
ter coordination across review, compliance, and inspection divisions within
the FDA. Second, it not only improves information in regulatory submis-
sions and quality of review but also provides for better consistency and for
more flexibility in decision making. Moreover, it ensures decisions are made
on science and not on empirical information. Quality by design not only
involves various disciplines in decision making but also allows the FDA to
use limited resources to address higher risks more efficiently.

14.2.2 Statistical Method for QbD

The concept of quality by design (QbD) has been widely accepted and
applied in the pharmaceutical manufacturing industry. There are still two
key issues to be addressed in the implementation of QbD for herbal drugs.
The first issue is the quality variation of herbal raw materials, and the sec-
ond issue is the difficulty in defining the acceptable ranges of critical quality
attributes (CQAs). Most recently, Yan et al. (2014) proposed a feedforward
control strategy and a method for defining the acceptable ranges of CQAs. To
introduce the methodology of feedforward control strategy proposed by Yan
et al. (2014), the following notations are helpful.

For simplicity, italic letters are used for scalars and lowercase letters denote
vectors. Data matrices are denoted with capital letters. For a batch process,
the data recorded in M batches of production are composed of three parts
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denoted by X, Z, and Y, i.e,, matrix X (M x K) comprises K attributes mea-
sured on raw materials; matrix Z (M x J) consists of ] process parameters;
and matrix Y (M x I) comprises I attributes measured on the intermediates
or products. x,,, (1 x K) is the vector consisting of the attributes of the new
input materials. Lo, , and Hi ; are the minimum and maximum of the kth
material attributes in historical batches. z.,, (1 x J) is the vector consisting of
the process parameters that will be used in the new batch of production and
Znew, 18 the jth process parameter. Lo, ; and Hi, ; are the lower limit and upper
limit of the jth process parameter. y,,; is the desired value of the ith CQA,
and Lo, ; and Hi,,; are the lower control limit and upper control limit of the
ith CQA. The predicted value of the ith CQA of the intermediate produced
with process parameters of z,,.,, is denoted by ;. Vector b, , (1 x K) comprises
the regression coefficients that describe the effects of input material attri-
butes on the ith CQA. Vector b, , (1 x J) comprises the regression coefficients
that describe the effects of process parameters on the ith CQA.

The feedforward control strategy for adjusting process parameters accord-
ing to input material attributes and the method for defining the acceptable
ranges of CQAs are described by the following steps.

Step 1: Modeling the effects of input material attributes and process param-
eters on the CQAs simultaneously. First, using the data (X, Z, Y) obtained
from industrial production or design of experiments (DOE), the quantitative
relationship that links input material attributes and process parameters to
CQAs is established in the form of Y = f (X, Z). As the number of input vari-
ables is usually large compared with the number of batches and the input
variables are usually intercorrelated, partial least squares (PLS) regression
(Eriksson et al. 2001) is commonly used for this situation, instead of mul-
tivariable linear regression. With the established model, the CQAs can be
predicted based on x,,,, and z,.,, before the process is conducted.

Step 2: Establishing the optimization model for calculating the best process
parameters. On the basis of the regression models in step 1, an optimiza-
tion model, see Equations 14.1 through 14.3 below, is built taking process
parameters z,,, as the decision variables. The input material attributes x,.,,
are included in the coefficients of the objective function and the constraint
functions. z,,, can be optimized to make the predicted CQAs as close to the
targeted values as possible and in the control limits of Lo,,; and Hi,,,; In
other words, minimize z,,,, with respect to the following objective function:

new

I ~ 2
w, [yz Yaes,i J , (14.1)
i=1 ydes,i
such that
Lo ; <¥; <Hiy,;, 1<i<I (14.2)
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and

Lo, <2y <Hi;, 1<j<]. (14.3)

new,j =

The objective function (Equation 14.1) is a weighted square of the error
between the predicted values and the desired values of CQAs. The weight
w; represents the importance of the ith CQA. Other terms relating to pro-
cess efficiency can be added into the objective function if needed, as in the
research of Muteki and MacGregor (2008). Equation 14.2 is the constraint of
the control range of each CQA, and Equation 14.3 is the constraint of the
adjustment range of each process parameter. A constraint based on the inter-
correlation of process parameters can be added. However, this constraint is
not used in the case study of this work because the process parameters in the
design of experiments are orthogonal.

Step 3: Defining the feasible material space. Some methods for defining
the specifications of input materials have been proposed in the literature
(Duchesne and Macgregor 2004; Garcia-Munoz 2009; Cui et al. 2012). A simple
way for defining the specifications of input materials is based only on the
quality of materials that produced products of acceptable quality in the his-
torical batches. The adjustment effects of process parameters are not included
in this way, however, which makes the acceptable ranges of input material
attributes small and, consequently, some materials will be misclassified as
unacceptable. Therefore, in this study the feasible material space (FMS) is
determined under the feedforward control circumstance, and it is the ranges
of material attributes that make the optimization model in step 2 produce
teasible solutions. The method for calculating the FMS is described as follows.
For simpler formula derivation, the ith CQA can be predicted using Equation
14.4 if the interaction terms between input material attributes and process
parameters were not included in the regression models established in step 1.

i =by Xl +b;. o2l 1<i<L (14.4)

new 1,z new

If some terms, such as square terms, were included in the regression mod-
els established in step 1, then these terms are included in x,., and z,.,, of
Equation 14.4 and the corresponding regression coefficients are included in
b, and b,,. The expression b, , - x,.,, represents the effect of input materials
on the CQAs, whereas b, . -z, represents the effect of process parameters
on the CQAs and its range is the adjustment capacity of process parameters.
Each 7; should be in the range of Lo,,; and Hi,,,; to make the intermediate

acceptable. This leads to

Loy, — max(b,., 2T ) <b;y X S Hig i — min(bi,Z -zzew) 1<i<I.  (14.5)

z new new —
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Thus, the adjustment range of each process parameter in z,.,, is given by

Lo,z j<Hi,; 1<j<]. (14.6)
The knowledge space of the input material is limited; that is, the ranges
of material attributes that have been studied are confined. Therefore, the
material attributes should be in the knowledge space to make the prediction
of CQAs reliable (Equation 14.7). A constraint based on the intercorrelation
structure of the material attributes can be added as shown by Duchesne and
Macgregor (2004); however, it is not used in this work for simplicity.

Lo, S Xpewr SHi, 1<k<K (14.7)

Then the feasible material space can be calculated from Equations 14.5
through 14.7. Moreover, if the interaction terms between input material attri-
butes and process parameters were included in the regression models estab-
lished in step 1, Equation 14.5 would be a little complicated. However, after
substituting the variables by numeric values, the FMS can still be defined by
numerical computation.

Step 4: Defining the acceptable ranges of CQAs for the previous process.
As the intermediate produced by the previous process is taken as the input
material for the current process being studied, the FMS for this current pro-
cess places limits on the acceptable ranges of CQAs for the previous process.
Therefore, the acceptable ranges of CQAs for the previous process can be
defined based on the FMS, or simply, are the same as the FMS.

14.2.3 Case Study of QbD

In the case study of the ethanol precipitation process of Danshen (Radix
Salvia miltiorrhiza) injection, regression models linking input material attri-
butes, and process parameters to CQAs were built first and an optimiza-
tion model for calculating the best process parameters according to the input
materials was established. Then, the feasible material space was defined and
the acceptable ranges of CQAs for the previous process were determined.
Ethanol precipitation is a commonly used purification process in the man-
ufacturing of herbal drugs (Gong et al. 2010, 2011; Huang and Qu 2011; Zhang
et al. 2013). The first three manufacturing processes of Danshen injection
are shown in Figure 14.1, including extraction, concentration, and ethanol
precipitation, which are the typical starting manufacturing processes for
many herbal drugs. The herbal raw materials are first extracted by hot water,
and then the extract is treated by a concentration process conducted under
reduced pressure and heating to obtain the concentrate. Then, in the etha-
nol precipitation process, with the addition of ethanol into the concentrate,
large amounts of impurities of poor solubility in ethanol are precipitated.
The quality variation of herbal raw materials has led to the batch-to-batch
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FIGURE 14.1
Flow chart of the first three manufacturing processes of Danshen injection. The manufacturing
processes are shown in rectangles. The raw materials and intermediates are shown in ellipses.

quality fluctuation of the concentrates. Therefore, a process control strat-
egy is needed that can adjust the process parameters to compensate for the
impact of the quality fluctuation of the concentrates. On the other hand, the
APIs are precipitated together with the impurities, and it is difficult to deter-
mine how many APIs should be retained in the supernatant. Therefore, for
many herbal drug manufacturing processes such as ethanol precipitation,
the acceptable ranges of CQAs are not well defined. The ethanol precipitation
process of Danshen injection was taken as an application example for the
methodology of the feedforward control strategy.

Ethanol precipitation experiments were conducted following Table 14.2 in
random order. During the process, the ethanol solution of designed concen-
tration was pumped the raw materials by the extraction and concentration
processes (Figure 14.1). In the extraction process, the Danshen crude drug
is extracted with boiling water at a temperature of about 100°C. Then in the
concentration process, the extract is concentrated under reduced pressure at
a temperature of about 80°C to obtain the concentrate. The analytical-grade
ethanol was purchased from Lingfeng Chemical Reagent Co., Ltd. (Shanghai,
China). Deionized water was produced using a Mili-Q academic water puri-
fication system (Milford, Massachusetts, USA). The ethanol solutions of dif-
ferent ethanol concentrations used in the experiments were prepared by
ethanol and deionized water. The HPLC-grade acetonitrile and trifluoro-
acetic acid were purchased from Merck (Darmstadt, Germany). Standard
substances of four phenolic acids, including danshensu (DSS), protocate-
chuic aldehyde (PA), rosmarinic acid (RA), and salvianolic acid B (SaB) were
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TABLE 14.2

Box-Behnken Design for Ethanol Precipitation with Four Factors Including Two
Material Attributes and Two Process Parameters

Water Content Ethanol Ethanol
in Concentrate Concentration Ethanol Flow Consumption
Standard Order (g/g) (v/v) Rate (mL/min) (mL/g)
DOE 1 0.44 0.92 20 2.1
DOE 2 0.50 0.92 20 2.1
DOE 3 0.44 0.98 20 2.1
DOE 4 0.50 0.98 20 2.1
DOE 5 0.47 0.95 16 1.7
DOE 6 0.47 0.95 24 1.7
DOE 7 0.47 0.95 16 2.5
DOE 8 0.47 0.95 20 25
DOE 9 0.44 0.95 20 1.7
DOE 10 0.50 0.95 20 1.7
DOE 11 0.44 0.95 20 2.5
DOE 12 0.50 0.95 20 2.5
DOE 13 0.47 0.92 16 2.1
DOE 14 0.47 0.98 16 2.1
DOE 15 0.47 0.92 24 2.1
DOE 16 047 0.98 24 2.1
DOE 17 0.44 0.95 16 2.1
DOE 18 0.50 0.95 16 2.1
DOE 19 0.44 0.95 24 2.1
DOE 20 0.50 0.95 24 2.1
DOE 21 0.47 0.92 20 1.7
DOE 22 0.47 0.98 20 1.7
DOE 23 0.47 0.92 20 25
DOE 24 0.47 0.98 20 25
DOE 25 0.47 0.95 20 2.1
DOE 26 047 0.95 20 2.1
DOE 27 0.47 0.95 20 2.1

Source: Yan, B. et al., Phytochemical Analysis, 25, 59-65, 2014.

purchased from the National Institute for the Control of Pharmaceutical and
Biological Products (Beijing, China).

Design of experiments was conducted to evaluate the effects of input mate-
rial attributes and process parameters on the CQAs as shown in Figure 14.2.
A four-factor Box-Behnken design with three central points (Table 14.2) was
conducted. As the water content in the concentrate was considered as an
important material attribute (Gong et al. 2010), it was taken as a factor in the
DOE. Three batches of concentrate were adjusted to different water content
(respectively 0.44, 0.47, and 0.50 g/g) by mixing them with certain amounts
of deionized water, and then taken as different input materials in the DOE.
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FIGURE 14.2

Ishikawa diagram showing the input material attributes, process parameters and the output
CQA of the ethanol precipitation process. DSS, danshensu; PA, protocatechuic aldehyde; RA,
rosmarinic acid; SaB, salvianolic acid B.

Ethanol concentration is another important material attribute that fluctuates
in industrial production; therefore, it was taken as another factor in the DOE.
The ranges of the four DOE factors were set based on historical produc-
tion experience. Ethanol precipitation experiments were conducted follow-
ing Table 14.2 in random order. During the process, the ethanol solution of
designed concentration was pumped into 150 g of concentrate at a designed
flow rate under continuous stirring. The ethanol addition was stopped when
the ethanol consumption reached the designed amount. Then the mixture
was refrigerated at 5°C for 15 h. Finally, the supernatant was collected. The
three batches of concentrates and 27 batches of supernatants were analyzed
for determining the concentrations of the phenolic acids and the total solid.
The four phenolic acids were determined by high performance liquid chro-
matography (HPLC) analysis according to the method in the state drug stan-
dards (SFDA 2012) with the HPLC system HP1100 series. The concentration
of total solid was determined by hot air drying at 105°C for 3 h.

The optimization model for calculating the best process parameters accord-
ing to the input material attributes was established. The desired values of the
CQAs were set as the averages of the CQAs of the three central points in
DOE (i.e, DOE 25-27) and the control ranges of the CQAs were set as 90 to
110 percent of the desired values of the CQAs (Table 14.3). The control ranges
could be better defined based on the input material requirements of the pro-
cess following the ethanol precipitation process, or based on the CQAs of
historical good batches. However, for the explanatory purpose of this case
study, the setting of control ranges was not considered as an important issue.
Therefore, the control ranges were set simply as described above. All the w;
in Equation 14.1 were set to 1 because the CQAs were considered as equally
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TABLE 14.3

Desired Values and Control Limits of the Critical Quality Attributes
for Ethanol Precipitation

Yrs (%) ypss (mglg)  ypa (mglg)  yrs (mg/g)  ys,p (mglg)

Yaes 6.360 2.950 0.755 0.646 4.640
Hi,, 6.996 3.245 0.831 0.711 5.104
Loy 5.724 2.655 0.680 0.581 4.760

Source: Yan, B. et al., Phytochemical Analysis, 25, 59-65, 2014.

important. Lo,; and H,,; in Equation 14.3 were set as the minimum and the

maximum of the process parameters used in the DOE.

14.3 Successful TCM Clinical Cases

As indicated earlier, one of major criticisms during TCM development is that
relevant clinical data are not scientifically evaluated and documented, espe-
cially for those negative outcomes or failures. Thus, the reported relevant
clinical data may be biased and hence misleading. In addition, the observed
positive results may not reach statistical significance in the sense that they
may occur purely by chance alone and hence may not reproducible. In this
section, for illustrative purposes, several clinical cases, which indicate that
TCM work, as described in the website of http://www.chinese-medicine-work
.com/herbal-formula, are briefly discussed below.

14.3.1 Case 1: Power of Chinese Herbal Medicine

This case is a story regarding an infant who experiences seizures treated
with Chinese herbal medicine. A baby boy was born at 42 weeks. The baby
boy experienced a seizure within his first 24 hours of birth. On his second
day of life, he had another seizure. The baby boy was hospitalized for two
weeks following his birth. During his hospital stay, an EEG showed edema
of the brain, and an MRI revealed moderate damage to the cortex and brain
stem. Upon returning home with his parents, The baby boy was unable to
nurse after discharge from the hospital. He has become accustomed to a
plastic feeding tube. His mother was advised to use a nipple shield, and
after one week, the baby was breastfeeding. At the stage of his development,
the baby boy was unable to hold up his head longer than a few minutes while
resting on his belly, and, if tired, he could not hold his head up for more than
a minute. After a few months he gained some strength and was able to lift
his head for up to three or four minutes at a time, but his seizures continued
to occur at the rate of 6 to 12 a day.
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After having consulted a Chinese doctor, the baby’s parent decided to
adopt Chinese herbal medicine in conjunction with weekly acupuncture
treatments. The Chinese herbal medicine consists of herbs that themselves
are nutritive and also nourish digestive capacity. They stimulate the appetite,
enhance nutrient absorption, and may be a helpful adjunct to some nursing
babies, giving them greater strength and stamina. Within one week after
beginning treatment of Chinese herbal medicine, the infant’s seizures com-
pletely ceased. He continued taking the Chinese herbal medicine (formula)
and ingested a total of 28 ounces of the formula over the course of one month
as the baby seems to tolerate the dose (almost an ounce, or 30 ml per day)
well. Over the next three months, the baby boy appeared fine, with good
reflexes, muscle tone, and a bright spirit. But he began to have petit mal sei-
zures, with 10 recorded during a 24-hour EEG. The results, however, were
deemed inconclusive because there was no clearly defined locus of abnormal
brain activity to account for the seizures. However, at the end of the sec-
ond month, he stopped taking the herbs and has not had a single episode of
seizure since then. According to the Chinese doctor, the nutritive value of
formula is provided by tonic herbs for the Kidney, Spleen and Stomach, Qi
and Blood (see medical theory of TCM as described in Chapter 1). The herbs
in the formula are themselves nutritive and also nourish digestive capac-
ity. They stimulate the appetite, enhance nutrient absorption, and may be
a helpful adjunct to some nursing babies, giving them greater strength and
stamina. The formula also regulates fluids and strengthens the Wei or defen-
sive Qi. For children who are vulnerable to frequent colds, flus, allergies, or
asthma, prescribing Grow and Thrive when they are well will bolster their
resistance to invasions of Wind, Damp, and Cold.

The story of the baby boy born with seizures is a nearly miraculous anec-
dote that dramatically attests to the power of TCM. That is, the power of an
infant to adapt to a severe trauma and developmental challenge; the power
of the Chinese medicine mind to recognize the root of a problem and iden-
tify a coherent solution; the power of a simple remedy that enables a very
small person to overcome a serious and complex malady. Unfortunately, this
power is not confirmed by scientific and rigorous clinical evaluation based
on conducting an adequate and well-controlled clinical trial.

14.3.2 Case 2: Chinese Herbal Medicine Alleviates
Eczema, Allergies, and Stress

This case involves a 36-year-old man with chronic eczema who complained of
ared, peeling rash on his neck, forehead, and scalp that had been recurring for
many years. His childhood health history revealed many rashes as an infant,
asthma treated with bronchodilators and inhaled steroids, and frequent infec-
tions treated with antibiotics. In the preceding year, he had received a course
of antibiotics for skin infection. However, the stress from work has exacer-
bated his skin problems, which have a negative impact on his daily life.
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The diagnosis from a Chinese doctor indicated that his tongue appeared
pale and flabby with thin, yellow fur, which suggests insufficiency of Blood
and Qi and Heat in the Stomach. Moreover, his pulse did not appear to faith-
fully reflect Heat signs other than a quality of Blood Heat at the Liver posi-
tion and a slight pounding quality of the dramatic quality of his symptoms
and physical appearance. The Heart position along with frequent changes
in intensity (force) indicates possible underlying nervousness and anxiety.
The Chinese doctor suspected that this man’s early health problems might
be due to his chronic dermatitis. His recurrent rash is a signal of an accu-
mulation of Heat and Toxins seeking an exit through the skin. However,
his repeated use of antibiotics and inhaled steroids for asthma inhibited his
body’s efforts to release Heat and Toxins, engendering recurring outbreaks
of rashes. Although the course of antibiotics treatment could clear the acute
infection, it perpetuated the same pattern of accumulation and unsuccessful
elimination of the underlying pathogenic factors.

Asindicated by the Chinese doctor, the systemic deficiencies of Qi and Blood,
the presence of Heat, Blood Heat and Toxins, the notable pounding and chang-
ing intensity of the Heart pulse, and the exacerbation of his rash under stress
all represented a pattern not only of accumulation of pathogenic factors, but of
Yang uprising due to deficiency as well as an instability of the Heart and Mind.
Thus, the Chinese doctor prescribed herbal remedies (the reader may want
to consult with http://www.chinese-medicine-work.com/herbal-formula for
more details) for achieving dynamic balances among the affected organs.

Because eczema can be expressed by the Blood-Heat-Toxin, the above herbs
were chosen as the primary formula. That is, Tonify Blood will replenish the
Blood and Yin as the Heat and Toxins are dispelled. In addition, since the man’s
nervous and excitable nature predisposes him to generate excess Heat, Comfort
Shen will help to soothe his hyperactive nerves, relax his mind and repress the
flaring of Fire. After several weeks of treatment, the man’s condition greatly
improved and he was experiencing only rare episodes of overheating, sweat-
ing, or over excitement. At this point his prescription was modified by deleting
Comfort Shen and equalizing the proportions of Fire Fighter and Tonify Blood.

In conclusion, not only did the herbal remedies remarkably improve the
man’s skin, but he also seemed more able to modulate his energy, activity,
and excitability. This clinical case indicates the importance of global dynamic
balance among organs (the fundamental medical theory of TCM). The signs
and symptoms observed are the indications that there are off-balance in cer-
tain organs. The use of TCM can help to return to and hopefully maintain
global dynamic balance (i.e., health status) of the man.

14.3.3 Case 3: Chinese Herbal Medicine Helps Upper
Respiratory Infection with Vertigo

This case is related to a 45-year-old woman who sought treatment for a lin-
gering cough, dyspepsia with gas and bloating, fatigue, and vertigo. The
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lady complained that these symptoms had persisted for two months. In addi-
tion, she indicated that she had been rather stressful in the past few months
owing to her recent career move. During clinical evaluation, the Chinese
doctor noted that there was a slightly pale tongue with some red papillae at
the front quarter, and a thickened, somewhat damp, yellowish-white coat-
ing that is an indication that the pathogenic factors were still present in the
Lung, Stomach and Intestines. Her pulse had slightly pounding and inflated
qualities at the Lung position along with tense, pounding, and slippery qual-
ities at the Stomach position. Thus, the Chinese doctor concluded that her
condition was a manifestation of a Wind invasion that had penetrated into
the Lung and Stomach because of an insufficiency of Qi and Wei, resulting in
the accumulation of Dampness and Phlegm.

Note that in Chinese medical theory, Wind is an adverse climate that will
definitely affect the body like a sudden gust of wind affects the trees, shak-
ing the leaves and branches, wreaking temporary havoc. When a Wind inva-
sion occurs, symptoms of the common cold or flu will present including
dizziness and migratory pains in the joints, muscles, and head. Vertigo or
respiratory congestion can happen when Wind obstructs circulation.

In order to evict the pathogenic factors, it would be necessary to strengthen
the Stomach so that she could generate more Qi, which in turn would augment
the Wei and strengthen the Lung. Thus, the Chinese doctor gave her initial pre-
scription (the reader may want to consult with http://www.chinese-medicine
-work.com/herbal-formula for more details) in order to fix the problem.

After returning for a follow-up appointment the next week, the lady
reported complete recovery from her symptoms within four days with no
recurrence. The Chinese doctor indicated that this was because Grow and
Thrive rectifies Qi deficiency, harmonizes the Stomach and Spleen, and aug-
ments the Defensive Wei Qi. Windbreaker clears Wind, Heat, and Phlegm,
relieving sniffles, sore throat, earache, fever, and the signs of cold, flu, ear
inflammation, or allergic congestion. Along with subduing cough, Chest
relief soothes the throat and chest, gently dispels Phlegm, aids expectora-
tion, replenishes moisture, rectifies the Qi of the Lung, purges Wind and
Heat, and bolsters the Nutritive Ying and Defensive Wei Qi.

This clinical case indicates that the understanding of medical theory and/
or mechanism behind TCM is extremely important in order to ensure the
success of TCM. In practice, rater-to-rater or Chinese doctor-to-Chinese doc-
tor variability is anticipated owing to differences in experience and knowl-
edge of medical theory and mechanism of TCM.

14.3.4 Case 4: Chinese Herbal Medicine Cures Acute Constipation

This case involves a 63-year-old woman who was seeking help with a left-
sided abdominal ache and constipation that occurred after eating at a res-
taurant the day before. This woman previously suffered bouts of intestinal
complaints, including diarrhea, following the surgical removal of her thyroid
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gland due to Graves’ Disease. As a result, it is prudent to select a remedy
that would be effective without aggravating her gastrointestinal (GI) tract.
During the clinical evaluation, the Chinese doctor found that her tongue
had a slightly thickened, yellow-white coating consistent with many forms
of indigestion. It was also reddened at the lateral edges. The redness of the
edges of the tongue was a diagnostically consistent feature that, along with
characteristics of her personality and history, distinguished her as a Wood
Type with a constitutional pattern of Liver-Spleen and Liver-Lung dishar-
mony. In view of these factors and her acute symptoms, the following for-
mula was given to harmonize Liver and Stomach (Wood and Earth), regulate
the Qi of the Stomach, and gently activate the bowel.

On the basis of the above observations and diagnosis, the Chinese doctor
prescribed herbal remedies (the reader may want to consult with http://www
.chinese-medicine-work.com/herbal-formula for more details) in order to fix
the problem. After receiving the Chinese herbal medicine, the patient’s indi-
cated that she had recovered within 48 hours without any signs, symptoms,
and adverse reactions. At that point, the patient was instructed to stop tak-
ing the herbal medicine. Under the medical theory/mechanism, harmonize
Liver-Spleen disperses Qi, Moisture, and Blood, Tonifies Blood, dispels Wind
and Heat, activates digestion, and relieves tension. Tummy Tamer relieves
indigestion, gas, and bloating due to food accumulation and stagnation of Qi
and Moisture. Easy going activates the bowels, overcoming constipation due
to food stagnation and accumulation.

14.3.5 Remarks

The above isolated successful clinical cases indeed provide evidence that
TCM works in certain disease areas. In practice, however, it is not clear how
many cases failed in treating similar diseases. Thus, the effects of the pre-
scriptions (doses) need to be scientifically evaluated through conducting
adequate and well-controlled clinical trials with target patient population
(patient population with the diseases under study) for achieving the ultimate
goal of modernization and/or Westernization of TCMs. In other words, the
development of TCM should switch from experience-based (subjective) clini-
cal evaluation to evidence-based (objective) clinical evaluation for scientific
validity of the TCM under investigation.

14.4 Case Studies of Chinese Herbal Medicines

As cancers (solid tumors), cardiovascular diseases, and diabetes are consid-
ered the top three life-threatening diseases in China, the search for alterna-
tive treatments such as Chinese herbal medicines has become the center of
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attention in public health in China. In this section, we will focus on case
studies for these disease areas.

14.4.1 TCM in Cancer Care

TCM has been widely applied for cancer care in China. TCM plays an impor-
tant role in minimizing disability, protecting cancer patients against suffer-
ing from complications, and helping patients to live well (see, e.g., Yoder 2005).
Ernst (2009) indicated that TCM may also assist in supportive and palliative
care by reducing side effects of conventional treatment or improving qual-
ity of life. In the West, there is an increasing trend towards complementary/
alternative medicine (TCM) use by breast cancer survivors (Boon et al. 2007).

In their review of controlled clinical studies published in Chinese, Li et al.
(2013) revealed that the earliest clinical trial in China started at the end of
the 1970s, and the first clinical trial in the TCM area was a study of Chinese
herbal injection for angina published in 1983 (see also, Wu et al. 2004). In the
past few years, several researchers have conducted systematic reviews on
case reports (Liu et al. 2011) and case series (Yang et al. 2012). Although there
have been a large number of controlled clinical studies published in Chinese
literature since 1984, no systematic searching and analysis has been done
until the comprehensive review on controlled clinical studies published in
Chinese conducted by Li et al. (2013). Their review is briefly summarized
below.

14.4.1.1 Study Selection and Data Extraction

Randomized controlled trials (RCTs) or nonrandomized (clinical) clinical
studies (CCSs) with at least one group involving TCM treatment for all types
of cancer-related patients including malignant tumor, malignant hemato-
logic disease, and patients with precancerous condition were included. A
structured data extraction form was designed to capture bibliometric infor-
mation, including citation information, publication types, and funding infor-
mation if available. All the extraction was verified by an independent PI,
and any discrepancies were discussed with the other PIs for consensus. As
a result, about 2964 controlled clinical studies of TCM for cancer from 1984
to 2011 were systematically identified and analyzed for current evidence of
clinical benefits of controlled clinical studies of TCM for cancer care.

14.4.1.2 TCM Intervention

As indicated in the work of Li et al. (2013), TCM interventions reported in the
total 2964 studies were classified into herbal medicine, acupoint stimulation,
dietary therapy, massage, TCM psychological intervention, TCM five ele-
ment music therapy and gigong. Herbal medicine, including oral decoction,
injection, external usage, perfusion, aerosol inhalation, mouth rinsing, and
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nasal feeding, were the most frequently applied interventions in both treat-
ment group (2667 studies, 89.98 percent) and control group (327 studies, 11.03
percent). Among all the types of herbal medicine, more than half (1145 out
of 1720, 66.57 percent) of decoctions were individualized in most of the stud-
ies. On the other hand, conventional treatment reported, in the 2964 studies
included chemotherapy, Western medicine as routine treatment, radiother-
apy, interventional therapy, and surgery. Chemotherapy was the dominating
conventional treatment in both treatment group (1170 studies, 54.98 percent
in the 2128 studies reporting TCM plus conventional medicine) and control
group (1328 studies, 47.87 percent in the 2774 studies reporting TCM plus
conventional medicine or conventional medicine only), followed by Western
medicine or other routine treatments.

14.4.1.3 Randomization

Li et al. (2013) pointed out that among the 2385 RCTs, about 16.5 percent (394
out of 2385) employed randomization methods, such as random table, com-
puter software randomization, drawing lots, and tossing a coin. There were
33 studies used traditional envelope method (or random envelop) as the ran-
domization method. These methods may not be rigorous; however, Li et al.
(2013) considered them adequate randomization methods. In this case study,
an interesting finding is that conference proceedings and dissertations had a
higher rate of reporting randomization methods among those studies men-
tioning randomization.

14.4.1.4 Blinding

Blinding seems to be an issue in clinical trials for TCM. In this case study,
only a small portion of studies (63 studies) reported the use of blinding with
the participants. Among these 63 studies, only 40 studies (63.5 percent) indi-
cated that participants who were blinded including patients, physicians,
raters (outcome measurers) and biostatisticians. The other 23 studies just
mentioned blinding, single blinding, or double blinding without providing
any detailed information regarding how the blinding were done. Similar to
randomization, conference proceedings and dissertations reported partici-
pants who were blinded more frequently when blinding was mentioned.

14.4.1.5 Outcome Measurement

The most frequently reported outcome measurement in this case study was
clinical symptom (1667 studies, 56.2 percent), followed by laboratory indices
or test results (1270 studies, 42.9 percent), quality of life (1129 studies, 38.1
percent), chemo/radiotherapy induced side effects (1094, 36.9 percent), tumor
size (869 studies, 29.3 percent), and safety (547 studies, 18.5 percent). These
outcome measures, however, are different from Western well-established
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endpoints such as response rate, time to disease progression, and overall sur-
vival. In this case study, survival was reported in 433 (14.6 percent) studies
while metastasis and relapse were reported in 109 (3.9 percent) studies and
101 (3.4 percent) studies, respectively. Among the total 1129 studies reporting
quality of life as the outcome measurement, Karnofsky score was applied in
most of the studies (942 studies, 83.4 percent). There were 41 studies reported
quality of life measured by QOL score without providing detailed informa-
tion regarding what instruments for QOL assessment were used and their
validation. In addition, about 174 percent (a total of 516 studies) reported
clinical effectiveness levels graded by combined several outcomes without
giving adequate information for each of the original outcome.

14.4.1.6 Significant Evidence

As far as Li et al. (2013) are concerned, in this case study, there were only
five well-designed randomized clinical trials with positive survival find-
ings using Chinese herbal medicine. One study used herbal extract gran-
ules, another used a herbal capsule, and three used conventional Chinese
herbal decoctions. Two of the studies reported TCM alone as the treatment
intervention and the other three involved integrative TCM and conventional
medicine.

14.4.1.7 Overall Conclusion/Recommendation

Among the 2964 studies, Li et al. (2013) summarized the conclusions/recom-
mendations as described in the individual studies. They found that 756 (25.5
percent) studies recommended the test treatment under study to a broader
community based on the observed treatment effectiveness. The most com-
monly seen conclusion and/or recommendation is that the test treatment
is very effective with good safety and is very suitable for generalization to
clinical applications.

14.4.1.8 Remarks

This case study reveals the following issues for TCM in cancer care. First,
clinical studies still focused on experience based rather than evidence based.
Second, the outcome measurements are not objective and not validated. Third,
most clinical studies are not considered adequate and well-controlled clini-
cal studies. For example, randomization and blinding were not employed to
minimize possible bias. As indicated earlier, substantial evidence regarding
effectiveness and safety can only be provided through conducting adequate
and well-controlled clinical studies. However, there is an indication that TCM
in cancer care is moving toward the right direction such as from experience-
based clinical investigation to evidence-based clinical investigation. Most cli-
nicians begin to receive good clinical practice (GCP) training for conducting

© 2016 by Taylor & Francis Group, LLC



344 Quantitative Methods for Traditional Chinese Medicine Development

randomized clinical trials for assessment of effectiveness and safety of Chinese
herbal medicines. For example, Peking University Clinical Research Institute
(PUCRI) offers clinical trial training to clinicians at least twice a year in the
area of the City of Beijing.

14.4.2 Case Study: Modeling of Hypertension Prescriptions

Like TCM in cancer care discussed in the previous section, similar issues,
drawbacks, and problems are seen in most clinical studies conducted for
assessment of effectiveness and safety of Chinese herbal medicines for
treating cardiovascular diseases such as hypertension. Hypertension is a
complex chronic disorder in which the patient’s blood pressure is elevated
abnormally. Although many Western medicines are available for treating
hypertension, the results are not satisfactory with some undesirable effects
due to the limitations caused by their complex pathogeneses. As a result,
many patients seek alternative treatments such as TCM. As indicated by Shi
et al. (2004) and Wang (2008), various TCM treatments for treating hyper-
tension have been developed and proved to be effective. Thus, in this sec-
tion, we will focus on a case study conducted by Xu et al. (2011) regarding
the development, validation, and demonstration of the usefulness of some
formula descriptors for hypertension prescriptions through so-called quan-
titative formula—-activity relationship (QFAR) model. To introduce the QFAR
model for hypertension prescriptions, we need to have a good understand-
ing of herb properties in terms of their natures and actions for achieving
global dynamic balance among the organs in the body.

14.4.2.1 Herb Properties and Medical Practice

As indicated earlier, in TCM theory and practice, the basic properties of an
herb include four natures and five flavors, the lifting, lowering, floating, and
sinking (LLFS), meridian affinity, and toxicity (see also, Xu et al. 2011). The
four natures refer to Cold, Hot, Warm, and Cool, which are derived from the
effects of herbal actions on the organic body. For example, an herb that acts
to eliminate or reduce Heat nature is Cold or Cool nature, where the cool
nature is weaker than the Cold nature. The five flavors in TCM are acrid,
sweet, sour, bitter, and salty. Herbs with similar flavors tend to have simi-
lar actions. Xu et al. (2011) indicated that many illnesses have a tendency
for movement upward (e.g., vomiting and cough), downward (e.g., diarrhea
and rectal prolapse), outward (e.g., spontaneous sweating), or inward (e.g.,
unresolved exterior symptoms extending to the interior). LLES properties
reflect an herb’s ability to reverse or eliminate such tendencies. For example,
lifting is opposite to lowing, while floating is opposite to sinking. Meridian
affinity refers to which meridian is associated with each visceral organ and
its branches. For example, for all herbs of Cold nature that can eliminate or
reduce Heat, herbs that are more effective at reducing Heat from the lung/
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liver are said to have a lung/live affinity. Toxicity of an herb, on the other
hand, is referred to as its undesirable effects on the human body. Table 14.4
provides 24 features concerning the properties of single herbs.

In practice, prescribing an herbal formula is the most commonly used
method in TCM for treating patients with various diseases. A formula usu-
ally consists of various selected herbs with suitable doses based on syn-
drome diagnosis for etiology and the composition of therapies according to
the principles of herb combination. In recent years, herb formulas for treat-
ing various diseases have been designed, reported, and validated. These
herb formulas are then improved or adjusted by subsequent Chinese doctors
based on their own clinical judgment/experience. As a result, there exist tens
of thousands of effective herbal formulas for treating various diseases pro-
posed in Chinese literatures, which are considered validated by both TCM
theory and successful clinical cases.

TABLE 14.4
Basic Herbal Properties by Features
Properties  No. Features Extents
Natures 1 Cold Strongly /moderately /mildly /not
2 Hot Strongly /moderately /mildly /not
3 Warm Moderately /mildly /not
4 Cool Moderately /mildly /not
5 Neutral Moderately/not
Flavors 6 Sour Moderately/mildly /not
7 Bitter Moderately /mildly /not
8 Sweet Moderately /mildly /not
9 Acrid Moderately /mildly /not
10 Salty Moderately/mildly /not
Meridian 11 Spleen affinity Yes/no
affinity 12 Stomach affinity Yes/no
13 Lung affinity Yes/no
14 Kidney affinity Yes/no
15 Heart affinity Yes/no
16 Pericardium affinity Yes/no
17 Large intestine affinity Yes/no
18 Small intestine affinity Yes/no
19 Bladder affinity Yes/no
20 Gallbladder affinity
21 Sanjian affinity Yes/no
22 Liver affinity Yes/no
Toxicity 23 Toxicity Strongly /moderately /mildly /not
LLFS 24 LLFS Sinking and lowering/lifting and

floating /not obvious

Source: Reproduced from Xu, L. et al., Chemometrics and Intelligent Laboratory Systems,
109, 186-191, 2011.
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14.4.2.2 Least Squares Support Vector Machine

Xu et al. (2011) proposed to study these formulas by examining the relation-
ships between the formulas and their corresponding activities. For the pur-
pose of illustration, Table 14.5 lists possible principal actions or effects of
single herbs. As a result, Xu et al. (2011) proposed the concept of quantitative
formula-activity relationship (QFAR) to model formula activities by consid-
ering different information at various levels contained in a formula. Under
the QFAR model, a least squares support vector machine (LS-SVM) pro-
posed by Suykens and Vandewalle (1999) is employed to not only to classify
effective/negative formulas (based on some pre-specified criteria on herbal
properties and principal actions or effects of herbs) but also to minimize risk.
The LS-SVM is briefly summarized below.

Xu et al. (2011) considered the following the simplest method to generate
formula descriptors:

X =CST,

where C and S are dose matrix and feature matrix of single herbs, whose
columns contain the doses of an herb in different formulas and the features
(e.g., properties and principal actions) of the herb, respectively. Suppose that
we are interested in discriminating the effective formulas from the nega-
tive ones. Under the equality type of constraints in the formulas, we denote
one class (effective formulas) as +1 and the other class (negative formulas) as
-1, then the support vector machine (SVM) classifier can be constructed as
follows

wdx)+b21 if y=+41, k=1,...n
w@x)+b<1 if y=-1 k=1..n

where x; and y, are the kth input vector and the kth output value, respec-
tively, w and b are the model parameters to be estimated and 7 is the
number of objects, ¢ is a function that maps the input space into another
high-dimensional space. Thus, LS-SVM can be formulated as follows:

. _l . l n ,
rul;’ll];/l;lf(w,b,e)—zw w+’Y2;ek

subject to the following equality constraints:

vl o) +bl=1-¢, k=1...n

© 2016 by Taylor & Francis Group, LLC



Case Studies

TABLE 14.5

List of Possible Principal Actions of Single Herbs

z
e

Features

Action Values
(Yes =1/No =0)

O 0 N O U B W N -

B W W W W W W W W W WNDNNINNNDNRNDNDDDRERR = 2 2 = =
O O 0 NN O Uk WD P O VXN UG R WDNRPR O WYWOWNO O s W= o

Warme-acrid herbs, release exterior
Cool-acrid herbs, release exterior

Cool heat and purge fire

Cool heat and dry dampness

Cool heat and detoxify position

Cool heat and cool blood

Cool endogenous heat

Offensive purgative effect

Lubricant laxation

Drastic water-expelling

Dispel wind-dampness and cold

Dispel wind-dampness and clear heat
Dispel wind-dampness, strength sinew-bone
Aromatic herbs, dissipate dampness
Drain water and disperse swelling
Diuretics, dredge stranguria

Dispel dampness, retire icterus

Warm interior

Regulate Qi

Relieve food retention

Expel parasites

Cool blood, stop bleeding

Stop bleeding, resolve stasis

Astringing hemostasis

Warm meridian, stop bleeding
Stimulate blood circulation, analgesic herbs
Stimulate blood circulation, regulate menstruation
Stimulate blood circulation, cure wound
Remove blood stasis, eliminate masses
Warm herbs, dissolve phlegm

Clear and resolve heat-phlegm

Stop cough, relieve asthma

Tranquilizer mind

Nourish heart, calm mind

Calm liver, repress Yang
Anticonvulsants, extinguish wind
Aromatic herbs, open orifices

Reinforce Qi

Tonify Yang

Enrich the blood
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TABLE 14.5 (CONTINUED)
List of Possible Principal Actions of Single Herbs

Action Values

No. Features (Yes =1/No =0)
41  Tonify Yin 1/0
42 Secure exterior, stop sweating 1/0
43 Astringe the lung and the intestine 1/0
44 Control nocturnal emission, polyuria and leukorrhagia 1/0
45 Induce vomiting 1/0
46 Detoxify, expel parasite, relieve itching 1/0
47 Draw out toxin and suppuration, promote granulation 1/0

Source: Reproduced from Xu, L. et al., Chemometrics and Intelligent Laboratory Systems,
109, 186-191, 2011.

Thus, the Lagrangian cane be defined as
L(w,b,e;0)= f(w,b,e)— Zak {yk [wT(])(xk)+b]— 1+ek}
k=1
where o, are Lagrangian multipliers. The optimal conditions can be deduced

by taking derivatives with respect to w, b, ¢, and o, and set them be equal to
0, which result in the following equations:

w= Zakykq)(xk )r
k=1

iakyk =0,
k=1

o =ve, k=12,...n,
Yl d () +0]-1+¢=0, k=12,...n

As a result, the solution of LS-SVM can be obtained by solving the follow-
ing equations:
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where = [p(x )y Y- . 50Dy, I =[11;..51], e = [eye,.. se,), and a = [og;00,,. .
a,]. Now, consider Gaussian nonlinear transformation (i.e.,, radical basis
function). The input matrix X is then replaced by an n x n kernel matrix K
given below

kll e kln
knl e knn

where k; (k = 1,...,n) is defined by the radical basis function as

2
—I%i ‘fo
k;=exp = .

Note that when training the LS-SVM classification model based on the rad-
ical basis function transformation, only two parameters (i.e., y and c) need to
be optimized. The kernel width parameter (i.e,, 6) is related to the confidence
in the data as the magnitude of ¢ also influences the nonlinear nature of
the regression. In other words, as ¢ decreases, the kernel becomes narrower,
which forces the model toward a more complex solution. The regularization
parameter v, on the other hand, controls the trade-off between maximizing
the margin and minimizing the training error. Too small a value of y will
result in an underfitted model, while too large a value of y will lead to an
overfit of the training data and the model will have poor prediction perfor-
mance. Therefore, it is suggested that y should be optimized together with
the kernel width parameter o at the same time.

14.4.2.3 An Example

Xu et al. (2011) conducted a case study by collecting 235 TCM formulas for
treating hypertension. These 235 formulas composed of 1 to 18 individual
herbs have been collected from official databases and literature, see, e.g,
http://www.tcm120.com/Iw2k or http://www.cintcm/opencms/index.html.
As indicated by Xu et al. (2011), these formulas have been shown to be effective
in treating hypertension and the data sources are reliable. On the basis of prop-
erties of single herbs (Table 14.4) and principal actions or effects of single herbs
(Table 14.5), the data were analyzed using the LS-SVM model. The purpose is
not only to discriminate the effective formulas from the negative ones but also
to optimize the two parameters in LS-SVM and avoid overfitting. To build a
robust and reliable classification model, detection of outliers in the effective
formulas was performed using robust principal component analysis (Hubert
etal. 2009). After removal of outliers, the remaining 229 effective formulas split
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to form a test set (containing 200 formulas) and a validation set (containing 29
most active formulas). For a robust and reliable model, the optimal parameters
are determined to be ¢ = 0.55 and y = 10. With the optimized parameters,
LS-SVM model is built to predict the classes of test samples. The results indi-
cate that samples 1 through 29 are effective formulas while 30 through 229 are
negative formulas. The analysis results also indicate that 2 out of 29 (6.9 per-
cent) effective formulas are misclassified and 7 out of 200 (3.5 percent) negative
formulas are wrongly predicted. The prediction accuracy for positive and neg-
ative formulas are 93.1 percent (27/29) and 96.5 percent (193/2000), respectively.

14.4.2.4 Remarks

In the case study by Xu et al. (2011), it was shown that QFAR model for hyper-
tension formulas through the application of LS-SVM model with the new
formula descriptors can discriminate effective formulas from negative for-
mulas with a high accuracy. However, not much detail regarding the inter-
pretation of the model is provided.

14.4.3 Case Study: Acupuncture for Treating Diabetes
14.4.3.1 TCM Classification of Diabetes

In Chinese, diabetes is known as Xiao-ke (wasting and thirsting) or Tang-
niao-bing (sugar urine illness). According to TCM theory and practices,
diabetes is classically divided into three types: upper, middle, and lower
Xiao-ke. Each has characteristic symptoms. The upper type is characterized
by excessive thirst, the middle by excessive hunger, and the lower by exces-
sive urination. These types are closely associated with the lungs, stomach,
and kidneys, respectively (see also, Covington 2001).

14.4.3.2 Diagnosis and Treatment

For evaluation of patients with a chronic illness of diabetes, Chinese doc-
tors often take a detailed, multisystem case history with observations by the
Chinese four diagnostic techniques that give information about the state of
the patient’s health. These observations include the shape, color, and coating
of the tongue, the color and expression of the face, the odor of the breath and
body, and the strength, rhythm, and quality of the pulse. One of the most com-
mon ways of differentiating symptoms and syndromes in TCM is according
to the eight principles: Yin and Yang, Interior and Exterior, Cold and Heat,
and Deficiency and Excess. These characteristics are summarized in Table 14.6
(Heat/Cold, Excess/Deficiency) and Table 14.7 (Yin and Yang), respectively.
Unlike Western medicine, TCM is not concerned with measuring and
monitoring blood glucose levels in diabetic patients. TCM focuses on treat-
ment of individual patient’s deficiency and disharmony (among related
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TABLE 14.6

Summary of Heat/Cold and Excess/Deficiency Signs

General Signs

Description

Tongue

Pulse

Heat patterns

Cold patterns

Excess patterns

Deficiency patterns

Red face

High fever

Dislike of heat

Cold reduces discomfort
Rapid movement

Outgoing manner

Thirst or desire for cold drinks
Dark urine

Constipation

Pale

White face

Limbs cold

Fear of cold

Heat reduces discomfort

Slow movement

Withdrawn manner

No thirst or a desire for hot drinks
Clear urine

Watery stool

Ponderous

Heavy movement

Heavy, coarse respiration

Pressure and touch increase
discomfort

Frail, weak movement

Tiredness

Shortness of breath

Pressure relieves discomfort

Inactive

Passive appearance

Low voice

Dizziness

Little appetite

Red material
Yellow moss

Pale material
White moss

Thick moss

Pale material
Thin moss

Rapid

Slow

Strong

Weak

Source: Reproduced from Covington, M.B., Diabetes Spectrum, 14, 154-159, 2001.
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organs). Acupuncture and moxibustion have been used in treating diabetic
patients to reduce blood glucose levels and normalize endocrine function.
In practice, many clinical studies have demonstrated that acupuncture has
a beneficial effect on lowering serum glucose levels (see, e.g., Mao 1984;

Chen et al. 1994).

14.4.3.3 Successful Examples

Covington (2001) presented two successful examples concerning using
acupuncture in the treatment of diabetes. As indicated in the work of
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TABLE 14.7

Signs of Yin and Yang Patterns

Quantitative Methods for Traditional Chinese Medicine Development

Examination Signs of Yin Signs of Yang
Looking Quiet Agitated, restless, active manner
Withdrawn Rapid, forceful movement

Listening and

Slow, frail manner

Patient is tired and weak, like to
lie down curled up

No spirit

Excretions and secretions are
watery and thin

Tongue materials is pale, puffy
and moist

Tongue moss is think and white

Voice is low and without strength

Red face

Patient likes to stretch when lying down

Tongue material is red or scarlet, and
dry

Tongue moss is yellow and thick

Voice is coarse, rough, and strong

smelling Few words Patient is talkative

Respiration is shallow and weak Respiration is full and deep
Shortness of breath Putrid odor
Acrid odor

Asking Feels cold Patient feels hot
Reduced appetite Dislike heat or touch
No taste in mouth Constipation
Desires warmth and touch Scanty, dark urine
Copious and clear urine Dry mouth
Pressure relieves discomfort Thirst
Scanty pale menses

Touching Frail, minute, thin, empty, or Full, rapid, slippery, wiry, floating, or

otherwise week pulse

otherwise strong pulse

Source: Reproduced from Covington, M.B., Diabetes Spectrum, 14, 154-159, 2001.

Covington (2001), the first successful example concerning a study of 46
patients with painful peripheral neuropathy evaluated acupuncture
analgesia to determine its short- and long-term efficacy (Abuaisha et al.
1998). For the short-term efficacy, the results indicated that about 77 per-
cent (34 out of 46) patients experienced significant improvement in their
symptoms. For the long-term efficacy, after a follow-up period of up to
52 weeks, 67 percent were able to stop or significantly reduce their pain
medication. About 21 percent (7 out of 46 subjects) indicated that their
symptoms had disappeared completely. The second successful example is
related to a randomized, sham-controlled, crossover study of 50 subjects
with type 2 diabetes for evaluation of the effectiveness of percutaneous
nerve stimulation (PENS) therapy for treating neuropathic pain (Hamza
et al. 2000). The results showed that active PENS treatment improved neu-
ropathic pain symptoms in all patients. In addition to reducing pain, the
treatment helps in improving physical activity levels, sense of well-being,
and quality of life.
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14.4.4 Case Study: Treatment for Multiple Sclerosis
14.4.4.1 Diseases

As described in Wikipedia (http://www.en.wikipedia.org), multiple sclerosis
(MS) is an inflammatory disease in which the insulating covers of nerve cells
in the brain and spinal cord are damaged. This damage disrupts the ability
of parts of the nervous system to communicate, resulting in a wide range of
signs and symptoms including physical, mental, and sometimes psychiatric
problems. Thus, MS, sometimes, is also known as disseminated sclerosis or
encephalomyelitis disseminate. MS takes several forms, with new symptoms
either occurring in isolated attacks (relapsing forms) or building up over
time (progressive forms). Between attacks, symptoms may disappear com-
pletely; however, permanent neurological problems often occur, especially
as the disease advances.

Multiple sclerosis is the most common autoimmune disorder affecting the
central nervous system. While the cause is not clear, a number of new treat-
ments and diagnostic methods are under development (e.g., Venditti et al.
1956; Vickers and Dharmananda 1996). The underlying mechanism is thought
to be either destruction by the immune system or failure of the myelin-
producing cells. Proposed causes for this include genetics and environmental
factors such as infections. MS is usually diagnosed based on the presenting
signs and symptoms and the results of supporting medical tests. There is no
known cure for multiple sclerosis. Treatments attempt to improve function
after an attack and prevent new attacks. Medications used to treat MS while
modestly effective can have adverse effects and be poorly tolerated. Many
people pursue alternative treatments, despite a lack of evidence. The long-
term outcome is difficult to predict, with good outcomes more often seen in
women, those who develop the disease early in life, those with a relapsing
course, and those who initially experienced few attacks. Life expectancy is on
average 5 to 10 years lower than that of an unaffected population.

14.4.4.2 Chinese Herbal Therapy

The recommended traditional herb formula for treatment of the liver/kidney
deficiency type Wei syndrome is Hu Qian Wan (Huang and Wang 1993). The
Chinese name may be roughly translated as Pill of Tiger’s Walk; it refers to
the well-controlled movements a tiger makes from a place of hiding while
stalking a prey. The tiger also represents the yin: a tiger in hiding has great
potential for expressing its power, and that hidden potential is yin. The
herb formula has the therapeutic action of nourishing yin. As with other
traditional treatments, the formula may be modified somewhat according
to clinical presentation, especially at the initiation of therapy. For long-term
applications, it is considered a well-balanced prescription.
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Hu Qian Wan is a formula devised by Zhu Danxi (1280-1358 A.D.) that was
recorded in his book Dan Xi Xin Fa (Dan Xi’s Theories). Zhu Danxi was origi-
nally known as Zhu Zhenheng, and he lived in Danxi (Zhejiang Province).
He became known as the renowned physician of Danxi and was thus given
the name Zhu Danxi thereafter. Zhu is known as leader of one of the four
schools of Chinese medical disease etiology and treatment that evolved dur-
ing the period of 1150-1350 A.D.; Zhu's was the last of these schools and one
of the most influential in subsequent centuries (see, e.g., Yakazu 1985a,b). The
four schools of thought were labeled according to the type of therapy that
was predominantly advocated: cooling, purgation, spleen/stomach tonifica-
tion, and yin nourishing. In modern practice, the latter two tonification-based
schools remain dominant forces, joined by the late 19th century “school” of
vitalizing blood circulation.

14.4.4.3 Multiple Sclerosis Clinical Trial

The largest study of Chinese medical treatment for multiple sclerosis was car-
ried out by Lu and Wang (1990) at the Departments of Neurology and Traditional
Chinese Medicine in Fujian. Patients were first divided into four groups for dif-
ferential treatment, two groups with deficiency-type syndrome and two groups
with excess-type syndrome. The categories and treatments were:

1. Liver/kidney yin deficiency: raw and cooked rehmannia, lycium
fruit, anemarrhena, salvia, peony, cornus, ligustrum, deer horn
glue, tortoise plastron glue, achyranthes (chuanniuxi), tang-kuei, and
licorice. This is a modification of the traditional Left Restoring Pill
(Zuo Gui Wan) with the addition of anemarrhena, ligustrum, sal-
via, tang-kuei, and peony; it is somewhat similar to Hu Qian Wan.
Each herb is used in a dosage of 10-12 grams per day, except licorice
(5 grams).

2. Spleen-stomach weakness: astragalus, salvia, codonopsis, atracty-
lodes, hoelen, pinellia, citrus, jujube, and licorice. This is a modifica-
tion of the traditional Major Six Herbs Combination (Liu Junzi Tang)
with astragalus and salvia added. Each herb is used in a dosage of
8-15 grams per day, except jujube (12 pieces) and licorice (4 grams).

3. Qi and blood stasis syndrome: astragalus, codonopsis, salvia,
rehmannia (raw), peony (red and white), bupleurum, tang-kuei,
scute, cnidium, pinellia, and licorice. This formula combines Minor
Bupleurum Combination (Xiao Chaihu Tang) with three herbs for
promoting blood circulation—salvia, peony (red and white), and
cnidium—plus astragalus. Each herb is present in the amount of
9-15 grams per day, except licorice (4 grams).

4. Damp-heat syndrome: ching-hao, talc, peony, scute, bupleurum, bam-
boo, akebia, hoelen, chih-shih, pinellia, rhubarb, jujube. This formula
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is similar to treatments for febrile diseases described in previous
centuries, such as the Ching-hao and Scute Combination (Hao Jin
Qingtan Tang). Each herb is present in the amount of 8-12 grams,
except jujube (12 pieces).

The formulas would be modified for certain presenting symptoms. For
example, for urinary incontinence, add cuscuta, alpinia, and rose fruit; for
constipation, add ho-shou-wu, persica, cistanche, and rhubarb; for mental
fogginess, add schizandra; for abdominal distention, add magnolia bark and
chih-shih; for muscular atrophy, add tang-kuei, gelatin, and dipsacus.

The decoctions were consumed as a cooling drink (rather than hot; because
many MS patients have an aversion to heat), once per day. Anti-inflammatory
Western drugs (dexamethasone or prednisone) were given during acute
active periods. Thirty-five patients were treated and except for three that dis-
continued treatment within the first ten days, some improvement was found.
Two cases were deemed basically cured after taking 45 and 68 doses; 15 were
markedly improved and another 15 somewhat improved, most of them tak-
ing 20 to 40 doses. Eleven of the patients had tried corticosteroids unsuccess-
fully before switching to the traditional herb combinations; of these, seven
were markedly improved, three improved, and only one failed to respond.

These researchers followed up their work with an attempt to prevent
exacerbations (Lu et al. 1995). They prescribed Ping Fu Tang (Pacify Relapse
Decoction) to 30 patients over a period of 3 to 13 years (average of 6 years).
The formula contained astragalus, codonopsis, hoelen, atractylodes, pinellia,
licorice, jujube, bupleurum, scute, tortoise shell, ligustrum, tang-kuei, peony,
ophiopogon, rehmannia, lycium, and anemarrhena. The prescription basi-
cally has the effect of tonifying qi, yin, and blood, and clearing deficiency
heat. It can be seen that this prescription is derived from the first two for-
mulas listed in the previous article for treatment of multiple sclerosis, based
on deficiencies of liver, kidney, and spleen (it also has some herbs of Minor
Bupleurum Combination, as mentioned below). The preventive therapy was
basically a tonic formula. It was prescribed in the form of a decoction, taken
in 2 to 3 daily doses, using 8 to 15 grams of each herb (except smaller amounts
of licorice and jujube). According to the researchers, relapses were prevented
except for two patients who each experienced only one minor exacerbation,
each event following a viral infection (common cold). A control group of MS
patients not treated by this remedy was monitored for three years: they suf-
fered from exacerbations at the rate of 1 to 4 times per year.

Ping Fu Tang included rehmannia, tortoise shell, peony, and anemar-
rhena, ingredients of Hu Qian Wan, which have the functions of nourishing
yin and blood and cleansing deficiency fire. In addition, they added ligus-
trum, lycium fruit, and ophiopogon to nourish yin. A strategy for nourish-
ing blood and essence is to tonify the qi so that more nutrients are obtained
from the food. The formula included astragalus, codonopsis, hoelen, atracty-
lodes, licorice, and jujube toward this end (these herbs also enhance immune
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functions to aid resistance to infections that induce exacerbations). Because
the point of the treatment was not to rectify flaccidity but rather to prevent
flaccidity by preventing exacerbations, the herbs for treating flaccidity in
the legs, such as tiger bone and cynomorium found in Hu Qian Wan were
not included. Also, as the patients are being treated continuously with the
yin-nourishing tonics, it is not necessary to strongly inhibit deficiency fire,
so phellodendron is not essential to the prescription (anemarrhena, unlike
phellodendron, has the secondary property of being a yin tonic). Thus, the
treatment largely reflects the principles of Zhu Danxi in relation to under-
standing the cause of a flaccidity syndrome. The doctors explained that part
of their thinking in developing the formula was based on the current under-
standing of autoimmunity, which explains the presence of so many qi tonics
and the herbs of Minor Bupleurum Combination (Xiao Chaihu Tang), such as
pinellia, bupleurum, and scute, which is believed to be helpful in chronic
inflammatory diseases.

If a T-cell attack against myelin sheaths is initiated by influenza, common
cold, sinusitis, or other infections, ability to prevent such infections or halt
their progress would be one obvious key step in preventing damage due to the
usual sequence of events in an exacerbation. Protection from transmissible
viral infections, such as staying away from those who are currently suffering
from the infection, is one method of prevention. Enhancing the immune sys-
tem functions with tonic herbs is another method. Many Westerners are led
to believe, by poorly written articles on immune disorders, that enhancing
immune system vigilance would worsen any autoimmune disease; however,
this would only be a potential problem during an exacerbation; even then,
other components of the immune system that help to shut down the auto-
immune attack may be coaxed into activity with proper immune-regulating
herbal treatment strategies.

14.4.4.4 Amyotrophic Lateral Sclerosis and Progressive
Spinal Muscular Atrophy Studies

Case studies of ALS were reported by Lin (1983). In one case, the primary
formula combined tonic herbs: astragalus, tang-kuei, peony, rehmannia, aco-
nite, cinnamon bark, and lycium fruit, with several herbs used to promote
circulation of blood and relieve spasms (the spasms being a significant prob-
lem in many cases of ALS): centipede, scorpion, persica, carthamus, morus
twig, and clematis. These herbs were made as a decoction taken in divided
doses 3 times daily for several days. In addition, a small amount of pow-
der made from strychnos and musk (0.25 grams of each, 3 times daily) was
given. As follow-up, the decoction formula was modified (cnidium, platy-
codon, chih-ko, tiger bone, deer antler, and zaocys were added; morus twig
and clematis were deleted) and made into pills instead of decoction, to be
taken 18 grams per day—the musk and strychnos powders were included in
the pills. The pills were taken for two years until the disease was resolved. A
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follow-up after three years with no further medication showed that the dis-
ease had remitted. A similar approach was used with a second patient who
consumed a decoction made with astragalus, atractylodes, cinnamon twig,
tang-kuei, persica, carthamus, centipede, eupolyphaga, fenugreek, aconite
(chuanwu), licorice, and zaocys. After using this decoction for several days,
the pill described above was used for long-term medication and a clinical
cure was obtained, with a follow-up after five years confirming the satisfac-
tory result.

The third case emphasized treatment of yin deficiency fire, using a decoc-
tion with phellodendron, raw rehmannia, moutan, alisma, anemarrhena,
hoelen, stephania, coix, chin-chiu, dipsacus, achyranthes, centipede, and
scorpion. This decoction was given for more than two months and then
modified, taking out stephania, coix, and chin-chiu, and adding dipsacus,
deer antler, epimedium, tang-kuei, cnidium, and carthamus. This formula
was then used for more than three months. Finally, the above mentioned
pill was again used for long-term therapy, and a cure was obtained, with no
relapse by the end of two years without the medication.

Kang (1985) reported two cases of progressive spinal myoatrophy where
the main prescriptions given were variations of Shengji Yisui Tang (Decoction
for Generating Muscles and Benefiting Marrow). One such prescription con-
tained tang-kuei, lycium fruit, atractylodes, ophiopogon, tortoise shell, achy-
ranthes, phellodendron, alisma, chaenomeles, and licorice for a yin deficiency
case and deer antler, eucommia, atractylodes, astragalus, psoralea, malt, cra-
taegus, pinellia, codonopsis, sinapis, hoelen, alisma, chaenomeles, achyran-
thes, and cinnamon twig for a yang deficiency case with weak digestion and
phlegm accumulation. Treatment time was six months and included acu-
puncture and massage therapy. Long-term follow-up showed persisting ben-
efits of the treatment, with normal nerve conduction and physical activities.

In a study of 15 patients with progressive ALS, a significantly expanded
version of Hu Qian Wan was employed (Xie 1985). This contained astraga-
lus, epimedium, deer antler, syngnathus, sea horse, ginseng, tortoise shell
glue, tang-kuei, peony, rehmannia, lycium fruit, eucommia, dipsacus, cus-
cuta, cynamorium, atractylodes, coix, citrus, achyranthes, chaenomeles,
chin-chiu, agkistrodon, tiger bone, psoralea, anemarrhena, phellodendron,
cinnamon twig, chiang-huo, tu-huo, and siler. The formula was based on the
traditional prescription Jian Bu Hu Qian Wan (Step Reinforcing Tiger’s Walk
Pill). The pills were taken in a dosage of 3 to 9 grams at a time, 2 to 3 times
per day depending on the person’s constitution and severity of the disease,
but were not to be used by patients showing yin deficiency fire syndrome.
Two of the patients were said to be cured and five improved. The pills were
to be used on a regular basis over a period of several years.

Strychnos is sometimes mentioned as part of ALS treatments. A muscle-
invigorating combination known as Mobilizing Powder may produce tem-
porary alleviation of flaccidity. The combination includes strychnos, musk,
and centipede. Strychnos in small doses tones the muscles and in large doses
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paralyzes them. It is used in the treatment of other autoimmune disorders,
including MG and rheumatoid arthritis. Unfortunately, this herb cannot
enter into Western treatments for autoimmune diseases because of concerns
over the toxicity of strychnine, one of the main active components.

A large-scale study of progressive spinal muscular atrophy (80 cases) and
ALS (30 cases) was described by Huo (1985). The primary formula used for
treatment was Yisui Tang, made with codonopsis, atractylodes, astragalus,
rehmannia, psoralea, dipsacus, cuscuta, achyranthes, cibotium, tang-kuei,
peony, millettia, tortoise shell, deer antler gelatin (each herb 9 to 15 grams
in decoction), with 5 grams each phellodendron and anemarrhena. This for-
mula is a substantial modification of Hu Qian Wan, utilizing several yang
tonic herbs to replace the tiger’s bone of the ancient prescription. According
to the report, 59 cases were considered cured (symptoms alleviated, muscles
regenerated, and muscular function restored), 18 markedly improved, 25
improved, and 8 showed no improvement.

14.4.4.5 Case Study for Myasthenia Gravis

Yakazu (1985a,b) reported that formulas containing ma-huang, such as
Pueraria Combination (Gegen Tang) and Minor Blue Dragon Combination
(Xiao Qinglong Tang), were repeatedly found to improve symptoms, at least
for short-term treatment, in patients with MG. He attributes this effect to
the active component ephedrine, which was previously reported to be effec-
tive for myasthenia by Dr. Nabi Ryoken in his book The Revised Practical
Medical Service. Ma-huang is traditionally used in the treatment of mus-
cular aching and ephedrine is known to promote circulation through the
striated muscles. Yakazu also recommended the use of peony and licorice,
stating that this combination “adjusts the tenseness” of the muscles. Licorice
also has cortisone-like action. These two herbs are frequently used to relieve
muscle spasms, perhaps with better effect in patients suffering from defi-
ciency syndromes. In like manner, he thought that pueraria, traditionally
used to relax tense muscles in the neck and shoulders, might help to treat
flaccidity of these same muscles when given to patients with MG. In the case
study of early MG presented by Shao Nianfang, pueraria was included.

In a study of treatments for MG, Qiu (1986) reported that eight patients
received capsules containing strychnos (0.2 grams per capsule), gradually
increasing the daily dosage to reach seven capsules each time, three times
daily. In addition, the patients were treated with decoctions according to
the classification of underlying syndrome. For those with spleen deficiency,
Ginseng and Astragalus Combination (Buzhong Yigi Tang) plus epimedium
were given. For spleen and kidney deficiency, a decoction of astragalus,
epimedium, tang-kuei, atractylodes, codonopsis, rehmannia, dioscorea,
curculigo, anemarrhena, and morinda was given; in cases of more severe
yang deficiency and cold, cinnamon twig, aconite, and deer antler glue were
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added. As a result of these therapies, 5 of the 8 patients noted significant
improvements.

Li (1986) reported on the cumulative results of treating 250 patients over a
period of five years. He claimed that long-term ingestion of herbs that tonify
the spleen and kidney could lead to a clinical cure in nearly half the patients.
The duration of therapy necessary was 3 to 5 months for the eye-muscle type
(which was easier to cure) and 6 to 8 months for the general type. Domei
Yakazu believed that those not cured by tonification therapies might benefit
from the ma-huang formulas.

14.4.4.6 Remarks

Formal clinical trials involving several patients rather than individual case
studies began in 1975 and have included only few hundred patients. Because
the Western medical knowledge of the diseases was limited and advanced
equipment often not available, the early research was based almost entirely
on traditional analysis of treating flaccidity syndrome and guesses as to the
treatment of autoimmunity. The claimed positive results, ranging from a high
proportion of persons with marked improvements to a substantial number
of cases declared cured, were often a consequence of treating patients with
different formulas according to diagnostic categories and with changes in
prescription during the first few weeks or months of therapy. Tonification of
spleen, kidney, and liver are the prominent methods of therapy. It was com-
mon to combine decoctions and pills and to use pills as long-term therapy,
which sometimes lasted for two years. In some cases, acupuncture, Western
medicine, and other therapies were said to be used: undoubtedly, in most tri-
als the patients received the therapeutic interventions that the physicians felt
were necessary within the limitations of what could be offered.

14.5 Concluding Remarks

In this chapter, several individual successful cases and case studies for can-
cer care, hypertension prescriptions, acupuncture treatment for diabetes,
and TCM treatment for multiple sclerosis are presented. These case stud-
ies do provide evidence that TCM is effective for treating various critical
diseases. However, it is a concern whether the observed cases are isolated
cases that may have selection bias (i.e., only successful cases are reported)
and/or may not have any statistical meaning (i.e.,, the observed treatment
effects may be due to chance and hence may not be reproducible). In other
words, the successful cases may not constitute so-called substantial evidence
for efficacy and safety of TCM under investigation, especially when majority
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of clinical studies were not randomized clinical trials and did not employ
randomization and/or blinding for preventing bias. Most importantly, the
majority of clinical studies are not in compliance with good clinical practices
for clinical investigation.

In recent years, however, the majority of clinical studies for clinical inves-
tigation of TCM in treating various diseases conducted in China have begun
to adopt the concept of randomized clinical trials including valid study
design, power analysis for sample size calculation, randomization/blinding,
appropriate statistical methods for data analysis, and valid statistical/clinical
interpretation of clinical results in order to provide substantial evidence of
effectiveness and safety of the TCM under investigation.
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Current Issues and Recent Developments

15.1 Introduction

In recent years, as more and more innovative drug products have gone
off patents, the search for new or alternative medicines such as botani-
cal drug products that can treat critical and/or life-threatening diseases
has become the center of attention of many pharmaceutical companies
and research organizations such as the US NIH. Botanical drug prod-
ucts are often referred to as TCM. This leads to the development of TCM,
especially for those intended for treating critical and/or life-threatening
diseases such as cancer. The use of TCM in humans for treating various
diseases has a history of a few thousand years, although not much con-
vincing scientific evidence (documentation) regarding clinical safety and
efficacy is available. Thus, how to effectively and scientifically develop a
promising TCM the Western way has become an important issue in public
health.

A Western medicine (WM) (e.g., a small molecular chemical drug product)
often contains a single active ingredient, while a TCM (e.g., a botanical drug
product) usually consists of multiple active and inactive components. These
multiple active and inactive components may not be characterized, and their
relationships are usually unknown. Thus, in practice, it is of great concern
whether a TCM can be scientifically evaluated the Western way owing to
some fundamental differences between a WM and a TCM. These fundamen-
tal differences include differences in medical theory, mechanism and prac-
tice, techniques of diagnostic procedure (i.e., inspection, auscultation and
olfaction, interrogation, and pulse taking and palpation), criteria for evalua-
tion of safety and efficacy in clinical trials, and treatment (i.e., fixed dose for
a Western medicine versus a flexible dose for a TCM).

The purpose of this chapter is multifold. First, it is to provide a compari-
son between a WM (e.g., chemical drug product) and a traditional TCM (e.g.,
botanical drug product) in terms of the fundamental differences. Second,
it is to provide an overview of regulatory requirements for botanical drug
product development based on a guidance published in 2004 (FDA 2004).
Finally, it is to discuss critical scientific and/or regulatory issues that are

361

© 2016 by Taylor & Francis Group, LLC



362 Quantitative Methods for Traditional Chinese Medicine Development

commonly encountered during the development of a botanical drug product
or TCM. These issues include, but are not limited to, intellectual property
(IP), variation (or consistency) in raw materials, component-to-component
interactions, animal studies, matching placebo and calibration of study end-
points in clinical trials, packaging insert, and transition from experience-
based to evidence-based clinical practice.

The remainder of this chapter is organized as follows. In Section 15.2,
critical issues that are commonly encountered during the development of a
TCM will be briefly described. Section 15.3 provides frequently asked ques-
tions (from regulatory perspectives) for development of a TCM in the United
States. Recent development of TCMs is discussed in Section 15.4. Concluding
remarks are provided in Section 15.5.

15.2 Critical Issues in TCM Development

In this section, a number of critical issues that are often encountered during
the development of a TCM are briefly discussed.

15.2.1 Intellectual Property

Song (2011) indicated that innovation of TCM can be divided into two catego-
ries: one is the self-innovation of TCM and the other is innovation based on
knowledge and techniques of TCM. Both innovations have been presented
with different questions of intellectual property (IP) derived from past
events. As Song (2011) pointed out, under market economy conditions where
private rights are legitimate and interests must be maximized, a proper intel-
lectual property legal system should be established for the protection of the
innovation of TCM. Hence, not only rules of market economy but also intel-
lectual property law must be complied with. However, the majority of people
involved in self-innovation of TCM generally do not seek the protection of
IP due to the nature of conservativeness of Chinese people and most impor-
tantly lack of confidence in the current patent system for IP protection.

15.2.1.1 Patentability Requirements

Hsiao (2007) pointed out that in the current patent system, an invention has
to satisfy the examiner in many aspects including its novelty, inventive steps,
industrial applicability, and enablement. An invention has to pass the novelty
test before proceeding to other steps. Failure to satisfy the novelty require-
ment will render the invention nonpatentable. In the past several decades,
novelty has barred many Chinese herbal medicines (products) from patent-
ability because they are either based on traditional formulas or have the same
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medicinal use and are already available to the public. In practice, some inter-
ventions are considered non-novel and hence not patentable. These situations
include (1) when the claimed medical uses can be deduced from prior work
based on a common mode of action, and (2) when the claimed medical uses can
be ascribed to pharmacological effects closely related to those in prior work.

As indicated by the Taiwan Intellectual Property Office (TIPO) Guidelines
for Patent Examination, an invention is referred to as any creation of techni-
cal concepts by utilizing the rules of nature. Thus, inventions that are mere
discovery, against the rule of nature, not using the rule of nature, or nontech-
nical in character are not considered as inventions. TIPO adopts the standard
of absolute novelty in the sense that an invention has to be new and noth-
ing similar to those that have appeared before the date of filing, for those
are available to the public are considered as prior work. Note that in patent
law, novelty reflects the basic principle in property law that ownership of an
intervention is acquired by being the first in time to possess it. In order to
transform something belonging to nature or the public domain, the discov-
erer has to transform the discovery into an invention to demonstrate pos-
session. To assist examiners to search for prior work in relation to Chinese
herbal medicines, TIPO has established a database of classics and traditional
formulas that are in the public domain. Along this line, there are several
possible types of end products of traditional Chinese medicine deriving
from traditional knowledge, methods of treatments, products, and processes
are patentable (Koon et al. 1999). The first two, however, are not considered
inventions under the current Taiwan Patent Law. In Taiwan, invention refers
to the creation of technical concepts by utilizing the rule of nature; therefore,
it needs to have some degree of technical characteristic. Despite the contro-
versies of patenting traditional medicines, the patenting of products and pro-
cesses of Chinese herbal inventions is not a novel idea.

15.2.1.2 Complexities of Patent Application

In current practice, the dominant Western drug discovery process from nat-
ural products has the following goals that (1) it is to isolate bioactive com-
pounds for direct use as drugs, (2) it is to produce bioactive compounds of
novel or known structures as lead compounds for semi-synthesis to pro-
duce patentable entities of higher activity and/or lower toxicity, (3) it is to
use agents as pharmacologic tools, and (4) it is to use the whole plant or
part of the plant as a herbal remedy (Fabricant and Farnsworth 2001). In
practice, if the Chinese herbal invention is not a pure compound, then there
are some complexities in filing a patent application. The first complexity is
the difference in the names used in the classics. Many plants have different
names especially they are from different sources. The lack of uniformity has
not only create confusion but also result in inconsistency for the develop-
ment of TCM. For example, Smallanthus Sonchifloius in the folk medicine and
Saussyrea Lanicep Hand-Mazz in the classics are two different types of plants
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with very different pharmacological uses, but their names are similar in
terms of Chinese language. The second complexity relates to the crude mate-
rials and the difficulties in allocating the effective active ingredients. The
third complexity is that unlike chemical compounds (which could be identi-
cally reproduced), plants are living organisms that vary in characteristics
even within the same variety of plants. Another complexity is that impure
substances are abundant in plants. Last, it is difficult to prove the pharmaco-
logical efficacy of Chinese herbal medicine.

15.2.2 Variation in Raw Materials

One of the critical issues in TCM manufacturing is variation in raw materials.
The variation in raw materials, which may be due to the fact that they come
from different regions, climates, and time of harvest, could have a negative
impact on the quality of the TCM and consequently the safety and efficacy of
the TCM. Yan and Qu (2013) indicated that the efficacy of a TCM depends on
the combined effects of its components. Variation in chemical composition
between batches of TCM has been always the deterring factor of achieving
consistency in efficacy. These components, however, may or may not be cor-
related and may have component-to-component interaction that will have
an impact on achieving the optimal therapeutic effect of the TCM. In prac-
tice, unfortunately, the correlations among the components and their relative
ratios for achieving the optimal therapeutic effect are often unknown.

15.2.2.1 Utilization Ratio of Extracts

Yan and Qu (2013) indicated that batch mixing process can significantly
reduce the batch-to-batch variation in TCM extracts by mixing them in a well-
designed proportion, which is referred to as utilization ratio of the extracts
(URE). Yan and Qu (2013) suggested an innovative and practical batch mix-
ing method for achieving an acceptable efficiency for manufacturing of TCM
products by using a minimum number of batches of extracts to meet the con-
tent limits under an acceptable URE. Yan and Qu (2013) indicated that URE is
affected by the correlation between the contents of components. In practice,
URE decreases with the increase in the number of targets and the relative
standard deviations of the contents. URE could be increased by increasing
the number of storage tanks. Thus, to achieve an acceptable URE, it is desir-
able to use up some batches of extracts in one mixing to reduce the number
of residual batches. These findings provide reference standards for design-
ing the batch mixing process.

15.2.2.2 Batch Mixing Optimization Model

Yan and Qu (2013) proposed a batch mixing optimization model to reduce
variation in raw materials and improve the quality of the TCM under
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development. Their method is briefly described below. Suppose that there
are t (target) components with controlled contents in the mixture. Let s be
the number of storage tanks, i.e., the maximum number of batches of extracts
that can be stored. Also let x = (x;, x,, ..., x,) be the amounts of each stored
batch of extract used for mixing and u = (4, u,, ..., u,), the amounts of each
batch of extract stored. Define a, = (ay, a,, ..., 44), the contents of the con-
stituents in the kth batch of extract stored. For unidentified constituents, test
values such as peak areas on the chromatographic fingerprint obtained by
certain analytical methods can be used. Thus, we have A = (@, a,, ..., 4,
a t x s matrix that consists of the contents of the components in the batches
of extracts stored. Now, let b be the amount of mixture needed in each batch
and (L; U;) be the minimum and maximum content limits of the ith compo-
nent. Yan and Qu (2013) proposed to maximize

S

maxzxf, (15.1)

i=1

which maximizes the sum of squares of the used amounts of each batch.
Therefore, the optimization model in this study is to maximize the value of
Equation 15.1 under the following constraints:

S

D x=b, (152)

i=1

where Equation 15.2 determines the amount of mixture needed for the follow-
up process. The contents of the constituents in the mixture are assumed to
be the weighted average of the contents in the extracts, where the weights are
the amounts of each batch used for mixing;

’

min L’ < ATx <maxU’, (15.3)

where maxU = (maxU;, maxU,, ..., maxU,), the maximum content limits for
the components in the mixtures and minL = (minL,, minL,, ..., minL)), the
minimum content limits for the constituents in the mixtures. Equation 15.3
ensures that the contents are in the range of their limits, and,

0<x'<u, (154)
where Equation 15.4 is the maximum amount of each batch that can be used

for mixing. Note that the above optimization model can be solved by qua-
dratic programming algorithm. In TCM manufacturing, batch mixing can
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be conducted with the extracts obtained from previous processes like decoc-
tion, concentration, and purification. The extracts created are first stored in
the storage tanks. Batch mixing ratios are calculated according to the optimi-
zation model and mixtures are created for the follow-up process.

15.2.2.3 Remarks

The batch mixing process can significantly reduce the variation in the quality
of TCM extracts among different batches by mixing them in a well-designed
URE. The batch mixing method proposed in this work uses a minimum
number of batches of extracts to meet the content limits, which is more prac-
tical in industrial production. The impacts of the important factors on URE
were studied by simulations, which provide a reference for designing the
batch mixing process. The results of the study have demonstrated that batch
mixing is a valuable method to improve the batch-to-batch quality consis-
tency of TCM and may contribute to the increase in consistency of the effi-
cacy of TCM.

15.2.3 Component-to-Component Interactions

Unlike most Western medicines, TCM often consists of a number of com-
ponents whose pharmacological activities may or may not be quantitatively
characterized. Besides, the relative proportions (ratios) of the components
for achieving optimal therapeutic effect are also unknown in addition to
possible component-to-component (drug-to-drug) interaction among these
components. Thus, the study to determine the relative ratios of components
for achieving the optimal therapeutic effect has become the key to the suc-
cess of TCM development. To study the main effects and interactions of these
components, some commonly employed designs are briefly described below.

15.2.3.1 Factorial Design

A full factorial design is a design that consists of all possible different combi-
nations of one level from each factor. If there are J, levels for the kth factor X,
the corresponding full factorial design is called a general I,/,,...,[ factorial
design. For example, when [; = 2 (or 3) for all i, the general factorial design is
called a 2% (or 3X) factorial design. A 2K (or 3X) factorial design denotes a full
factorial design at two levels (or at three levels). In practice, a factorial design
is expressed in terms of a number of arrays (or runs) that indicate the levels
of each factor. For example, for a typical 2* factorial design, the arrangement
of the arrays is given in the following standard order (see Table 15.1). The first
column of the design matrix consists of successive minus (-) and plus (+) signs,
the second column of successive pairs of () and (+) signs, the third column
of four (-) signs followed by four (+) signs, and so on. In general, the Kth
column consists of 257 (-) signs followed by 2% (+) signs. In this 2* factorial
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TABLE 15.1
A Full 24 Factorial Design

Design Matrix

Run X, X, X, X, Y

1 - - - - Y,
2 + - - - Y,
3 - + - Y,
4 + + - - Y,
5 - - + - Ys
6 + - + Y,
7 - + + - Y,
8 + + + Y,
9 - - + Y,
10 + - - + Yo
11 - + - + Y
12 + + + Y.,
13 - - + + Y5
14 + - + + Yy,
15 - + + Y5
16 + + + Yie

design, there are four factors at two levels, with a total of N = 2¢ = 16 runs.
The two levels of each factor are conventionally denoted by (+) and (-) (they
are sometimes denoted by 1 and -1). If a variable is continuous, the two lev-
els, (+) and (-), denoted the high and low levels. If a variable is qualitative, the
two levels may denote two different types or the presence and absence of the
variable. Each row represents a different combination of one level from each
factor. A full factorial design provides estimates not only for main effects but
also for interactions with maximum precision. The main effects and interac-
tion effects can easily be obtained using a table of contrast coefficients and/
or Yate’s algorithm (see, e.g., Myers 1976; Hicks 1982).

15.2.3.2 Fractional Factorial Design

A fractional factorial design is a design that consists of s fraction of a full
factorial experiment. For example, a (1/2)" fraction of a 2K factorial design
is called a 2% fractional factorial design. When P =1, a full factorial design
reduces to a one-half factorial design. For a full 2 factorial design, there are
16 effects, including grand average, four main effects, six two-factor inter-
actions, four three-factor interactions, and a single four-factor interaction.
The full 2* factorial design contains 16 observations, which provide inde-
pendent estimates for each of these 16 effects. However, if we consider only
a one-half fraction (i.e., only eight observations available), due to limited
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TABLE 15.2

A 21 Fractional Factorial Design

Design Matrix

Run X, X, X, X,=XXX, Y

1 - - - - Y,
2 + - - + Y,
3 - + + Y,
4 + + - - Y,
5 - - + + Ys
6 + - + Y,
7 - + + - Y,
8 + + + + Y,

resources available, it is impossible to obtain 16 independent estimates.
For a 27! fractional factorial design, the eight observations cannot provide
independent estimates for the 16 effects alone but for some confounding
effects, such as the sum of a main effect and a three-factor interaction that
are confounded with each other. In practice, however, the three-factor or
higher-factor interactions are usually negligible (see Table 15.2). In this
case, a fractional factorial design is useful in estimating the main effects.
In practice, a fractional factorial design is useful when there are many fac-
tors to be studied because it is almost impossible to perform a full factorial
design even at two levels.

15.2.3.3 Central Composite Design

A central composite design is a full factorial design or a fractional factorial
design augmented by a + a level at each of the K factors and # central points.
The central composite design consists of one center point, eight points on
the cube (a 2° factorial arrangement), and six star points. It should be noted
that a central composite design with K =2, « = 1, and n = 1 reduces to a 3
factorial design (see Table 15.3). For a full 2K factorial design, although the
design provides independent estimates for the 2K — 1 effects, it does not give
an estimate of the experimental error unless some runs are repeated. Unlike
the full 2X factorial design, the central composite design provides an estimate
of the experimental error. The experimental error is usually estimated based
on 1 observations at the central point.

15.2.3.4 Remarks

In addition to the factorial design, the fractional factorial design, and the
central composite design, other designs such as the classical Plackett and
Burman design (Plackett and Burman 1946) and the factorial or fractional
factorial in randomized block design are also useful.
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TABLE 15.3

Central Composite Design for K = 3
andn=1

Run X; X, X,
1 -1 -1 -1
2 1 -1 -1
3 -1 1 -1
4 1 1 -1
5 -1 -1 1
6 1 -1 1
7 -1 1 1
8 1 1 1
9 0 0
10 o 0 0
1 —a 0 0
12 0 o 0
13 0 - 0
14 0 0 o
15 0 0 -

15.2.4 Animal Studies

As indicated earlier, the use of TCM in treating critical and life-threatening
diseases has had a long and noble history. It has been actively practiced now-
adays in many parts of the world. Because TCM often consists of multiple
components, it is unquestionable that many components are successful in
suppressing different types of diseases in humans. However, there does not
appear to be any evidence (e.g., scientific documentation) that meets stringent
Western criteria for safely and efficacy to support their use in humans. Thus,
in pharmaceutical development, animal studies such as mice, rats, rabbits,
dogs, or monkeys for testing toxicity and evaluation of efficacy are required
for regulatory review and approval before they can be used in humans.

However, there are tremendous debates regarding whether animal stud-
ies are necessary for the development of TCM, especially for those that have
been used for thousands of years. Most Chinese doctors suggest that it would
be better to focus on clinical development, instead of going back to animal
studies to obtain evidence for a precise pharmacological profile. It would
be better to focus on safety and efficacy by starting with clinical trials. It is
also suggested that studies on mechanisms and active ingredients should be
conducted after safety and efficacy have been confirmed.

For development of Western medicines, animal studies (models) are often
used to screen experimental drugs before they enter human trials. Animal
models can provide pharmaceutical scientists insight into how the drugs
work in the living system and evaluate the toxicity at various doses assuming
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that the animal model is predictive of the human model. Although there
have been controversial debates over which diseased animal models should
be used to screen new drugs before they can proceed to the clinical trials,
certain animal models in different therapeutic areas maintain good stan-
dards for drug screening used in the pharmaceutical industry, for example,
the subcutaneous, xenografts in cancer drug screening. Although animal
models used in the preclinical test do provide valuable information (if they
are predictive of human models), one of the concerns is apparent physiologi-
cal and genetic differences between human and animals, which clearly indi-
cate that the diseased models are different from the human equivalent.

15.2.5 Matching Placebo in Clinical Trials

In recent years, randomized controlled trials (RCTs) have been recognized
as the gold standard in clinical trials for evaluation of safety and efficacy of
a test compound under investigation. One of the important components in
RCTs is blinding. The ultimate goal of clinical trials is to achieve a double-
blind design to avoid any possible operational bias due to the knowledge of
the treatment assignment. Qi et al. (2008) conducted a comprehensive review
on the validity of matching placebo used in blind clinical trials for Chinese
herbal medicine in recent years and related patents. The review was con-
ducted based on a database called the Wanfang Database, which contains a
total of 827 Chinese journals of medicine and/or pharmacy, from 1999 to 2005
and 598 full-length articles related to clinical trials utilizing matching pla-
cebo. A total of 77 blind clinical trials utilizing matching placebo for Chinese
medicine were extracted manually from the 598 articles. After reviewing the
77 full-length articles, it was found that nearly half of the clinical trials did
not pay attention to the physical quality of the testing drug and matching
placebo and whether they were comparable in terms of physical quality. The
rest provided very limited information regarding the preparation of match-
ing placebo. Thus, the integrity of blinding is questionable. Among the 598
articles, unfortunately, only two articles specifically validated the compara-
bility between the test drug and the matching placebo. On the basis of this
review, Qi et al. (2008) concluded that researchers in Chinese medicine com-
monly ignored the quality of the matching placebo in comparison to the test
drug. This may have led to substantial bias in clinical trials. As a result, Qi
et al. (2008) urged that quality specifications and evaluation of the matching
placebo must be developed and carefully evaluated in order to reduce pos-
sible bias in randomized controlled TCM trials.

As indicated by Qi et al. (2008), only a small number of randomized con-
trolled trials in traditional Chinese medicine have been reported, most of
them are of poor quality in methodology including placebo preparation and
verification. Fai et al. (2011) also pointed out that in many clinical trials of
Chinese herbal medicines, it is very difficult to make a quality matching pla-
cebo to achieve the purpose of blinding. Ideally, the characteristics of the test
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drug and matching placebo should be identical in color, appearance, smell
and taste. The quality matching placebo should be identical to the test drug
in physical form, sensory perception, packaging, and labeling, and it should
have no pharmaceutical activity. For this purpose, Fai et al. (2011) developed
a placebo capsule to match a herbal medicine in terms of its physical form,
chemical nature, appearance, packaging, and labeling. On the basis of the
assessment results, the developed placebo capsule assessment results sug-
gested that the placebo was found satisfactory in these aspects. Thus, Fai
et al. (2011) concluded that a matching placebo could be created for a RCT
involving herbal medicine. In addition, Fai et al. (2011) also discussed the
means to acquire a patent for a developed matching placebo.

It should be noted that the preparation of matching placebo is extremely
important to maintain the integrity of blinding to avoid any possible opera-
tional bias that may be introduced owing to the knowledge of the treatment
assignment. The oral dosage form of capsule is often considered for prepara-
tion of matching placebo for clinical trials involving Chinese herbal medi-
cines as it may remove the strong smell and taste of the herbal medicines.
However, one of the major challenges is that patients or clinicians will reveal
the treatment assignments if they break the capsules. Thus, standard oper-
ating procedures for preventing patients and clinicians from breaking the
capsules are necessary developed.

15.2.6 Calibration of Study Endpoints

Unlike WMs, the primary study endpoints for assessment of safety and effec-
tiveness of a TCM are usually assessed by a quantitative instrument or the
four diagnostic procedures (as discussed in Chapter 1) by experienced Chinese
doctors. The assessment by a quantitative instrument has been criticized in
many ways. First, it may not capture the true health of status of the patients
with diseases under study (e.g, by asking wrong questions). Second, it may
not detect the effect of the test treatment under investigation. As an example,
consider a quantitative instrument with possible scores from 0 (perfect health)
to 100 (worst possible disease status). Suppose the scores can be classified into
the following categories of health status: Health (0-25), Mild (26-50), Moderate
(561-75), and Severe (76-100). In this case, there is significant difference between
a patient with a score of 25 (Health) and a patient with a score of 26 (Mild)
despite they only differ by one point. On the other hand, a patient with a score
of 26 and a patient with a score of 50 are both considered having Mild dis-
ease status although they differ by 24 points. Thus, the assessment based on
a quantitative instrument by experienced Chinese doctors is not only subjec-
tive but also lack of validity. Consequently, the reliability of the assessment is
a concern, especially when there is evidence of large rater-to-rater variability.
Thus, although the quantitative instrument is developed by the community
of Chinese doctors and is considered a gold standard for assessment of safety
and effectiveness of the TCM under investigation, it may not be accepted by
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the Western clinicians not only due to the lack of validity and reliability, but
also the interpretation of the assessment (or translation of assessment to well-
established and widely accepted clinical endpoints). In practice, it is very dif-
ficult for a Western clinician to conceptually understand the clinical meaning
of the difference detected by the subjective Chinese quantitative instrument
due to fundamental differences in medical theory, perception and practice.
Thus, for modernization or Westernization of TCMs, whether the subjec-
tive quantitative instrument can accurately and reliably assess the safety and
effectiveness of the TCM is a concern for development of TCM. In practice, it
is then suggested that a clinical trial be conducted to calibrate the subjective
quantitative assessment against either life events or well-established clinical
endpoints that are commonly used in assessment of Western medicines. The
clinical trials should consist of two arms: one arm will include subjects with
diseases under study diagnosed by the subjective quantitative instrument and
the other arm will include subjects diagnosed by Western diagnostic or test-
ing procedures. Each subject post-treatment will be assessed by both Chinese
doctors using the quantitative instrument and Western clinicians based on the
well-established and widely accepted study endpoints (Hsiao et al. 2009).

15.2.7 Package Insert

One of questions that are commonly asked in the development of a TCM is
that the developed TCM is intended for use by Chinese doctors only, Western
doctors only, or both. The answer to this question has an impact on the prepa-
ration of package insert. As discussed in the previous section, the translation
between Chinese study endpoints and Western study endpoints is not clear. As
a result, it is difficult to conceptually determine the observed treatment effect
(based on Chinese study endpoints) is of clinically relevance or importance.
If the TCM is intended for use by Western doctors, it must be developed under
the review and approval pathway of Western medicines such as the pathway
of IND/NDA of US FDA. On the other hand, if the TCM is intended for use by
Chinese doctors, it will be developed under the review and approval pathway
of TCMs such as regulatory requirements set forth by Taiwan Food and Drug
Administration (TFDA) or China Food and Drug Administration (CFDA).
In this case, the preparation of package insert is very different from that of
Western medicines. If the TCM is intended for use by both Chinese doctors
and Western doctors, then the calibration between Chinese study endpoints
and Western study endpoints discussed in the previous section is essential.

15.2.8 Transition from Experience-Based
to Evidence-Based Clinical Practice

As indicated earlier, TCMs have been in practice for thousands of years. Many
of the commonly used TCMs were found safe and efficacious. However, evi-
dence of safety and efficacy of these TCM were not documented for scientific
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evaluation. Unlike evidence-based clinical data, the experience-based clinical
information has been criticized for lacking of scientific validity and reliability
for assessment of safety and efficacy of the TCMs (currently being used or
under development). As an example, Chinese patients are likely to report only
successful cases, while those patients who fail (which may be due to severe
adverse events or lack of efficacy) are likely seeking for alternatives and then
lost to follow-up. As a result, experience-based clinical information is consid-
ered not only subjective but also biased (due to selection bias) and misleading.

In practice, how to collect relevant and important clinical data from
experience-based clinical practice is then of particular interest to clinical scien-
tists for development of TCMs. Most Chinese doctors resist to (1) collect clinical
data that they are not familiar with and (2) cooperate with Western doctors to
collect further information from their patients owing to fundamental differ-
ences in culture and clinical theory, perception, and practice. Thus, the transi-
tion from experience-based clinical practice to evidence-based clinical practice
requires careful communication and planning. This transition is essential for
achieving the ultimate goal of modernization and/or Westernization of TCMs.

15.2.9 Prescription versus Dietary Supplement

One of the most controversial issues in the development of TCMs is that the
pharmaceutical development of a TCM which has been available in the mar-
ket place as a lawful dietary supplement. As is well recognized, the TCM will
become a prescription drug once it is approved by the regulatory agency. In
other words, the TCM (in the form of dietary supplement) needs to be with-
drawn from the market place. This may have created problems for those sub-
jects who have used the TCM as a dietary supplement for years.

15.3 Frequently Asked Questions from a Regulatory Perspective

The following is a list of some selected questions and answers from the FDA
guidance on botanical drug products (FDA 2014). Some comments from the
author are included whenever appropriate.

15.3.1 Are INDs Required for Clinical Studies of Botanical
Products That Are Lawfully Marketed as Dietary
Supplements in the United States?

FDA'’s Response: It depends on what the botanical product is being studied.
If a lawfully marketed botanical dietary supplement is studied for dietary
supplement use, i.e., effect on the structure and/or a function of the body,
an IND is not required (see final rule on “Structure and Function Claims
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for Dietary Supplements,” 65 FR 1000, January 6, 2000). Although an IND is
not legally required for such a study, CDER encourages sponsors to submit
one. If you have questions on how to design such a study, FDA would be
willing to review and provide advice on protocols. You may contact CDER’s
Botanical Review Team at 301-827-2250 or botanicalteam@cder.fda.gov. If a
botanical preparation is being studied for its effects on a disease in the pro-
posed investigation (i.e., to cure, treat, mitigate, prevent, or diagnose disease,
including its associated symptoms), it is considered a new drug and will
need to be studied under an IND (see section 312.2).

Author’s Comments: A controversial issue is encountered. Suppose that an
IND of a TCM (botanical product) is also a lawfully marketed product as a
dietary supplement in the United States. In this case, it is very controversial
that a drug product under investigation be available to the general public.
Moreover, it will become unavailable to the general public after it is approved
(i.e., it becomes a prescription drug product) by the regulatory agency.

15.3.2 Are INDs Required for Clinical Studies on Marketed
Dietary Supplements for Research Purposes Only?

FDA'’s Response: It depends on the use. If the intent is to study the effect
of the product on the structure and/or a function of the body, no IND is
needed. If the study is to assess the effects on disease, an IND is needed.

15.3.3 Is There Any Other Setting in Which an IND
Is Not Required for the Botanical Study?

FDA’s Response: When a nonmarketed botanical preparation is studied in
the United States for a dietary supplement use, an IND is not required. In
addition, clinical studies conducted in foreign countries require no IND.
However, FDA will accept an IND for either kind of study. In the absence of
an IND, an investigational new drug intended for export for the purpose of
clinical investigation must comply with the requirements set forth in section
312.110(b)(2) unless the new drug has been approved or authorized for export
under section 802 of the Act (21 U.S.C. 382).

15.3.4 May a Sponsor Submit an IND for a Phase 3 Study
of a Botanical Product Not Previously Studied under an IND?

FDA'’s Response: Yes. Clinical data collected from phase 1 and phase 2 stud-
ies conducted without an IND can be used to support a phase 3 study involv-
ing the same drug substance if they are adequately designed and conducted.
The formulation/dosage form of the botanical product used in the proposed
phase 3 study ideally would be the same as that of the product used in phase
1 and 2 studies as well as in the preclinical (nonclinical) studies. If the prod-
uct is different, additional studies may be appropriate.
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Author’s Comments: FDA seems to accept clinical data collected from
previous studies not under an IND provided that they are adequately
designed and conducted. Although it is always a good idea to collect more
relevant clinical data to support a phase 3 study, there are potential risks of
(1) selection bias, (2) study-by-study variability, and (3) possible treatment-
by-study interaction. Thus, it is suggested that a meta-analysis of clinical
data collected from previous studies not under an IND be conducted to
summarize similarities and dissimilarities of these studies for a systematic
review of these relevant data to determine whether these clinical data are
relevant and can be used to support the proposed phase 3 study.

15.3.5 For NDA Approvals of Botanical Drug Products,
Must All Studies Be Carried Out under INDs?

FDA'’s Response: No. FDA does not require that all studies submitted in
an NDA be conducted under an IND. Clinical studies need not necessar-
ily be conducted under an IND (i.e, if they are carried out abroad). The
clinical data generated from these studies conducted without an IND can
be used to support an NDA if the studies were adequately designed and
conducted under good clinical practices. Although an IND is not required
by law in all cases, the sponsor is encouraged to go through the IND pro-
cess. Compliance with the IND requirements will help to ensure that an
adequate pharmaceutical product development program is in place so that
the material will meet the quality standards not only for various phases of
clinical trials but also for eventual marketing. It will also help to ensure
that the clinical trials will be well designed so that data generated can be
persuasive.

Author’s Comments: FDA will only accept clinical data generated from these
studies conducted abroad without an IND to support an NDA if the stud-
ies were adequately designed and conducted under good clinical practices.
Most clinical data collected abroad (especially China) were not adequately
designed and in compliance with good clinical practices according to FDA
standards. Some of these data may be accepted and some not if data quality
and integrity of the studies are in serious doubt. It will be very helpful if a set
of acceptance criteria for clinical data generated abroad can be developed to
avoid subjective judgment and unnecessary argument regarding the accep-
tance of these relevant clinical data.

15.3.6 It Appears That the Changes in Regulatory Approaches
Described in the Guidance on Botanical Drug Products
Concern Only IND Applications. How Will These Changes
Be Applied to the NDA Requirements for Botanical Drugs?

FDA'’s Response: To facilitate the clinical development of botanical drugs,
FDA decided to focus initially on guidance for INDs, especially the early
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phases of clinical study. The standards for the safety and efficacy required
for marketing approval of a botanical drug are the same as those required
for a conventional chemical drug for the same indication. However, the prod-
uct quality standards for a botanical drug can be different from those for
a purified chemical drug. The Botanical Drug Products guidance contains
recommendations for establishing appropriate quality standards for botani-
cal drugs.

15.3.7 Some Botanical Preparations Are Not Administered Orally,
e.g., Intravenous, Topical, and Inhalation Products. How Are
These Non-Oral Formulations Considered in the Guidance?

FDA’s Response: The guidance applies to all dosage forms of botanical
products. All parenteral, topical, inhalation, or other non-orally adminis-
tered botanical products are considered to be drugs, not dietary supple-
ments, and must be studied under an IND for any use (see section 201(ff)
of the Act). Just as for purified chemical drugs, the type of quality testing
varies from dosage form to dosage form. For example, all injectables are
required to be sterile and pyrogen-free (211.165(b) and 211.167 and 314.50(d)
(1)@i)(b)); oral tablets are not. In addition, dietary supplements are orally
ingested and the human experience of an orally administered botanical
dietary supplement may not be applicable to the same botanical product
given through other routes.

15.3.8 In Terms of IND Requirements and Regulatory Review
by the Agency, Is There Any Difference between a Commercial
Development Program and an Academic Research Project?

FDA’s Response: No. The Agency applies the same standards to both com-
mercial and academic sponsors when evaluating the safety and quality of
human studies proposed in INDs.

15.3.9 Intellectual Property Rights Are a Difficult Issue
for Developing New Drugs from Well Known Botanical
Preparations. How Does FDA Protect the Confidentiality
of a Sponsor’s Submission? What Kind of IND/NDA Data May
FDA Release without Prior Permission from the Sponsor?

FDA’s Response: IND information generally is not publicly available (see
sections 312.130 and 314.430). Once an NDA is approved, FDA may release
certain safety and efficacy information (section 314.430(e)). Manufacturing
information (including information related to growers and suppliers) pro-
vided in an NDA or a Drug Master File (DMF) is considered proprietary and
may not be released (21 U.S.C. 331(j); 21 CFR 20.61).
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15.3.10 How Does FDA Ensure That the New Botanical Drug
Products Guidance Will Be Implemented Consistently
across the Different New Drug Review Divisions?

FDA’s Response: FDA will provide reviewers in all divisions with training
on how to implement the guidance.

15.3.11 One of the Major Premises of the New Guidance Is That
Because Many Botanical Products Have Been Used by a Large
Population for a Long Period of Time, They Are Presumed
to Be Safe Enough to Be Studied in Clinical Trials without First
Undergoing Conventional Nonclinical Studies. What Kind
of Documentation Should a Sponsor Submit to Demonstrate
Prior Human Experience with the Sponsor’s Product?

FDA'’s Response: The Agency recognizes that prior human experience with
a botanical product can be documented in many different forms and sources,
some of which may not meet the quality standards of modern scientific test-
ing. The sponsor is encouraged to provide as much data as possible, and
the review team for the botanical drug IND generally will accept all avail-
able information for regulatory consideration. FDA will assess the quality of
the submitted data on a case-by-case basis. It should be emphasized that, in
reviewing botanical drugs, the Agency does not lower or raise the safety and
efficacy standards for marketing approval that apply to purified chemical
drugs. The guidance simply recommends the use of different types of data
for preliminary safety consideration of human trials (e.g., large quantities of
mostly anecdotal human data instead of animal studies).

15.3.12 In Many Cases, Botanical Therapies Are Highly Individualized
with Variations in Relative Contents of Multiple Plant
Ingredients Tailored for Each Patient. Must a Sponsor Submit
a Separate IND for Every Change in Composition, If Similar
Patients Are Being Treated for the Same Indication?

FDA'’s Response: Studies can be designed to take into account individual-
ized treatments. Multiple formulations can be included in one IND if they
are being studied under a single clinical trial. It is important that the IND
provide the rationale for using multiple formulations and the criteria used to
assign patients to different treatment regimens.

15.3.13 Many Medicinal Plants with Therapeutical Potential
Are Quite Toxic. Does the New Guidance Address
the Study of Such Botanicals?

FDA'’s Response: The guidance discusses this issue in the sections address-
ing botanical drug products with known safety issues (e.g., section VLA).
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Well-known examples of safety issues concerning botanicals include the
nephrotoxicity associated with herbal preparations containing aristolochic
acid and the hepatotoxicity associated with comfrey products containing
pyrrolizidine alkaloid. Other examples include the cardiovascular and cen-
tral nervous system effects associated with yohimbe and the hepatotoxicity
associated with germander and chaparral. In such cases, FDA will evaluate
the known risk and the potential benefit of an investigational drug for its
intended use. When the potential benefit of an investigational drug outweighs
its risk in the intended patient population, clinical trials may be allowed to
proceed under an IND (see section 312.42). For example, FDA will accept a
relatively higher level of toxicity of an investigational drug when studied to
treat terminally ill cancer patients. However, additional nonclinical studies
may be appropriate to adequately characterize the toxicity (e.g., can a dose be
identified that would not be expected to produce toxicity?) and /or additional
monitoring may be appropriate during the clinical trial. Also, FDA may rec-
ommend against human studies (e.g., bioavailability, clinical pharmacology)
in healthy volunteers.

15.3.14 There Is a Concern That If a Botanical Is Being Studied under
an IND or Is Approved as a New Drug in an NDA, Its Subsequent
Status as a Dietary Supplement May Be Jeopardized. Is This True?

FDA’s Response: No, it is generally not true for products already on the
market before approval of an NDA. It is also generally not true for prod-
ucts marketed before authorization of an IND for which substantial clinical
investigations have been instituted and the existence of such investigations
has been made public (see section 201(ff)(3) of the Act).

Author’s Comments: FDA's response on this question is somewhat confus-
ing if the botanical being studied under an NDA is identical to the dietary
supplement in the marketplace. There must be a distinction between an
approved botanical drug product and a dietary supplement with identical
components (ingredients). See also author’s comments on question described
in the first question in this FAQ.

15.3.15 What Is FDA’s Advice on the Initial Approach for Sponsors Not
Familiar with New Drug Development and Regulatory Processes?

FDA'’s Response: A sponsor should first consult the guidance. If there are
questions concerning the guidance document or other questions about the
submission of INDs for botanical drugs, consult the appropriate CDER
review division for the therapeutic class of the sponsor’s product. CDER also
grants pre-IND meetings with sponsors.

Author’s Comments: The current guidance is similar to the guidances for
chemical drug products with single active ingredient. It should be noted that
most botanical drug products consist of multiple components. Thus, some of
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the guidances for chemical drug products with single active ingredients can-
not be applied directly. For example, for stability testing for establishment of
drug expiration dating period (or shelf life), it is not clear how to determine
the shelf life of botanical drug products with multiple components.

15.3.16 The Guidance States That the Submission of an NDA for a Drug
Derived From Plants Taken from the Wild Is an Extraordinary
Circumstance Requiring the Submission of an Environmental
Assessment (EA) under Section 25.21. Are Plants Maintained
in Their Native Setting on Private Land Considered Wild?

FDA’s Response: Yes. Plants that are obtained from their native setting
on either public or private land are considered to be taken from the wild.
Cultivated plants are considered those that are grown collectively in con-
trolled settings such as plantations, farms, or greenhouses, i.e., purposely
segregated from wildlife to the extent practicable.

Author’s Comments: Should the wildness be judged based on their variabil-
ity associated with the measurement? Variation in raw (source) materials has
a great impact on the development of botanical products.

15.3.17 Is a Drug Made with a Commercially Available Crude Extract
Viewed the Same as a Drug Derived from Plants Taken from
the Wild for Purposes of Determining the Need for an EA?

FDA’s Response: Yes. If an NDA is submitted for a drug made from a crude
extract or intermediate from a plant taken from the wild, an EA is required
under section 25.21. This is true whether or not the extract or intermediate is
commercially available. As for an IND for a drug made from a crude extract
or intermediate from a plant taken from the wild, the FDA will decide on a
case-by-case whether an EA is required.

Author’s Comments: Case-by-case often indicates that there are no stan-
dards but based on reviewers’ preferences. Thus, it is suggested an objective
guideline or guidance be developed so that the sponsors can follow without
any arguments.

15.3.18 What Is the GMP Status of Botanical Raw Materials
(Starting Materials) in Terms of Compliance and Inspection?

FDA'’s Response: Starting materials of botanical origin that are used to pro-
duce a botanical drug substance should be evaluated for quality. The use of
appropriate starting materials and the drug substance manufacturer’s ability
to control the source depend on appropriate specifications (tests, analytical
procedures, and acceptance criteria). In addition to establishing specifica-
tions, manufacturers can achieve adequate quality control of starting mate-
rials by applying the principles outlined in FDA’s botanical guidance and
by following good agricultural and good collection practice for starting
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materials of herbal origin (e.g, European Medicines Evaluation Agency
HMPWP/31/99). Upon receipt of the starting materials at a processing facil-
ity, it is the responsibility of the drug substance manufacturer to determine
the suitability of these raw materials before use. This can be accomplished
by examining and/or testing to ensure that the acceptance criteria are met
and by documenting the quality control for the processing of the starting
materials. FDA will review the inspection and examination of starting mate-
rials upon receipt when conducting a current good manufacturing practice
(CGMP) inspection of a drug substance manufacturer.

Author’s Comments: In addition the quality and consistency of starting
(raw) materials, the quality and consistency of in-process materials and end-
products should also be considered. Because botanical drug products often
consist of multiple components. The pharmacological activities of some of
these components are usually unknown and their relative relationships
(proportions) are not clear. In other words, appropriate (acceptable) specifi-
cations for quality assurance and control may not be available. Thus, studies
for establishment of reference standards (specifications) for each components
are recommended. Without well-established specifications, content unifor-
mity testing, disintegration testing, dissolution testing, and stability testing
as described in the U.S. Pharmacopeia (USP) cannot be performed.

15.3.19 Will FDA Assign the Same Level of Priority to Botanical
Drug Products as to Other Drug with Respect to Meeting
with IND Sponsors and NDA Applicants?

FDA'’s Response: Yes, FDA treats botanical and purified chemical drugs the
same.

Author’s Comments: Because there are not too many regulatory submis-
sions for botanical drug products at this time, one of the major concerns
is that whether FDA has sufficient man power (e.g., medical and statistical
reviewers) who are familiar with botanical drug products to meet the need if
the volume of submissions grows substantially in the near future. More data
need to be collected in order to confirm FDA’s response.

15.4 Recent Developments
15.4.1 Development of Diagnostic Checklist
15.4.1.1 Criticisms of Chinese Diagnostic Procedures

As indicated in Chapter 1, the Chinese diagnostic procedure for patients
with certain diseases consists of four major techniques, namely, inspection,
auscultation and olfaction, interrogation, and pulse taking and palpation.
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One of the major criticisms of Chinese diagnostic procedures is subjectivity.
The accuracy and reliability of the diagnosis rely on the experience of the
Chinese doctor who conducts the diagnosis. These experience-based diag-
nostic procedures are considered subjective and not scientifically valid in
rigorous clinical research. In addition, we may expect a relatively high
doctor-to-doctor variability, which definitely will have a negative impact on
the evaluation of the safety and efficacy of TCM under investigation. These
are obstacles for the modernization of TCM. Thus, there is need for a search
for objective diagnostic procedures in TCM clinical research.

15.4.1.2 Objective Diagnostic Checklist

Without loss of generality, consider the disease of psoriasis. Psoriasis is a
chronic inflammatory skin disease with a genetic basis. Its ill-defined causes
make it difficult to diagnose. According to modern TCM diagnosis, it is rec-
ognized that psoriasis is due to (1) the invasion of pathogenic wind that incu-
bates in the yin and blood, or (2) the accumulation and stagnation of gi (vital
energy) and blood caused by emotional upset. It may also be caused by
impairment or disharmony in the functioning or other organs and energy
pathway channel (see, e.g., Jiang et al. 2012). Yang et al. (2013) indicated that
generally topical treatment, oral medication, and advice on lifestyle and envi-
ronment are prescribed to relieve the lesions and the impairment or dishar-
mony of the body. TCM treatment is based on Zheng composition rather than
disease definition (Lu et al. 2004; Xu and Jiao 2005). Thus, for the same dis-
ease, there are varieties of syndromes related to different climates and geo-
graphical locations. As a result, developing a consensual checklist of TCM
symptoms and signs to assist identifying and classifying psoriasis would be
useful for TCM clinical practice and scientific research.

For illustrative purposes, consider the example given by Yang et al. (2013)
for development of a diagnostic checklist of traditional Chinese medicine
signs and symptoms for psoriasis. As indicated by Yang et al. (2013), a Delphi
study was conducted with three rounds to develop a checklist from a con-
sensus of well-recognized experts in psoriasis in China. The Delphi method
attempts to assess the extent of agreement (consensus development) and
to resolve disagreement (consensus development) in medical and health-
related research. The Delphi technique can be performed in three steps.
First, the opinions of a group of experts are sought based on an anonymous
self-administered questionnaire to eliminate the influence of peer pressure.
Second, a feedback system is used to allow the respondents to compare their
opinion against a statistical summary of the whole group. Finally, this pro-
cess is repeated until the opinions are stable. Thus, using the Delphi method,
experts can participate without geographic limitations, offer their opinions
independently and confidentially without face-to-face meetings and change
their assessment based on the systematic feedback from the results of the
previous rounds in consecutive stages of the process.
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The Delphi study started with the formation of a selection committee, which
consisted of four key opinion leaders of the TCM Dermatology Association
in psoriasis research: two from Beijing area (representing northern China)
and two from Yunnan province (representing southern China). The selection
committee is responsible for formulating the panel and item selection crite-
ria. The initial checklist was derived from the literature review. Each item in
the checklist has one of the following scores: (1) strongly agree, (2) disagree,
(3) neutral, (4) agree, and (5) strongly disagree. The items covered eight
domains including color, characteristic, and shape of the skin lesions, associ-
ated factors, physical expression, tongue and its coating, pulse, and living
environment.

A survey was then conducted in three rounds to obtain consensus from an
expert panel which consisted of 16 experts on psoriasis who were selected
from the Beijing area and Yunnan province. Experts were asked to rate each
item. Additional items may be added if deemed appropriate by the experts.
At each round, mean and standard deviation of each item were calculated.
Items with a mean score below three were removed from the checklist. These
removed items and the newly added items were then sent to the experts for
reevaluation at the next round. The process was repeated until the final
round. At the final run, a checklist containing 96 items of eight domains
was developed for classifying psoriasis with TCM signs and symptoms (see
Table 15.4). The developed checklist was validated using intraclass correla-
tion coefficient (ICC) to test its agreement and consistency among the experts
across rounds.

15.4.1.3 Remarks

The development of a checklist from a consensus of experts has significant
impact on TCM research and modernization. First, it allows further research
studies and clinical practice to be standardized. On the basis of a standard
list of signs and symptoms, diagnosis, and treatment of patients with certain
diseases (such as psoriatic patients) may be unified. In addition, variations
in clinical practice among Chinese doctors can be minimized. Most impor-
tantly, the development of a diagnostic checklist helps move experience-
based (subjective) research toward evidence-based (objective) research to
achieve the ultimate goal of the modernization of TCM.

15.4.2 Unified Approach for Assessing Health Profile

As pointed out in the preface of this book, in recent years, as more and more
innovative drug products have gone off patent, the search for new medicines
that treat critical and/or life-threatening diseases such as cardiovascular dis-
eases and cancer has become the center of attention of many pharmaceutical
companies and governmental research organizations such as US NIH. This
leads to the study of promising TCM. Chinese doctors believe that all of the
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TABLE 15.4

Checklist of Signs and Symptoms for Psoriasis

Domain Signs and Symptoms

Skin lesion color Full red, red, garnet, pink, darker skinned

Type of skin lesion Papule, scaling, crust, pustule, cracking, erythema

Shape of skin lesion Scattered, guttate, ostaceous, plaque, map, shape, generalized lesion,

annular, thickness, hyperpigmentation, depigmentation, rough
surface, infiltration, thin scale, thick scale, easy scaly exfoliation,
dry scale

Associate factors Trigger factors: overexertion, depression, stirring

Aggravating factors: smoking, drinking alcohol, hot water, stimulating
medicine, infection, during menstruation, postpartum

Predilection diet: heavy and greasy, pungent, cold and raw

Stool: less stool, constipation

Mental irritation: sense of distress in the chest, anxiety and irritability

Itching degree: severe, mild, slight, absent

Itching frequency: continuous, intermittent

Fever: fever, hot palms, soles and heart

Urine: scanty dark urine

Muscle and joint: muscles and joint pain, stiffness with bending
limitation

Mouth: dry mouth and thirsty, dry mouth and not thirsty, bitter taste,
fetid breath, sticky taste

Sleep: insomnia, frequent dreams

Complexion: flushed

Nail manifestation: nails not lustrous

Menstruation: scanty menstruation, crimson color, blood clot

Throat: sore throat, redness of pharyngeal portion, tonsil suppuration

Tongue and its coating  Substance: pale, red, maroon, dark purple tongue or tongue with
petechiae, thin delicate, enlarged tongue fissured
Coating: white, yellow, greasy, glossy, rough, less, peeling, sublingual
varicose veins and bluish purple
Pulse Moderate, slippery, rapid, string, deep, thread, hesitant
Living environment Humid, dry, hot, cold

Source:  Modified from Yang, X. et al., Chinese Medicine, 8, 10. Table 2, 2013.

organs within a healthy subject should reach the so-called global dynamic
balance or harmony among organs to maintain health. Once the global bal-
ance is broken at certain sites such as heart, liver, or kidney, some signs and
symptoms will then appear to reflect the imbalance at these sites. An expe-
rienced Chinese doctor usually assess the causes of global imbalance before
a TCM with flexible doses is prescribed to fix the problem. This approach
is sometimes referred to as a personalized (or individualized) medicine
approach. In practice, TCM consider inspection, auscultation and olfaction,
interrogation, and pulse taking and palpation as the primary diagnostic pro-
cedure. The scientific validity of these subjective and experience-based diag-
nostic procedures has been criticized due to (1) lack of reference standards
and (2) anticipated large doctor-to-doctor variability
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Cheng and Chow (2015) proposed a unified approach for developing a
composite health index for diagnosis of illness based on a number of indices
collected from a given subject under the concept of global dynamic balance
among organs. Dynamic balance among organs can be defined as follows.
Following the concept of testing bioequivalence or biosimilarity, if the 95
percent confidence of a given index is totally within some balance limits,
e.g., (6;, 8;), we conclude that there is dynamic balance among organs of
the subject. If we fail to reject the null hypothesis, we conclude that there
is a signal of illness. In practice, these signals of illness can be grouped to
diagnose specific diseases based on some pre-specified reference standards
for diseases status of specific diseases which are developed based on indi-
ces related to specific organs (or diseases). Statistical validity of Cheng and
Chow’s (2015) unified approach, however, requires further research.

15.4.3 Bridging Traditional Chinese Medicine

As indicated by Wang et al. (2005), the introduction of the concept of systems
biology, enables the study of living systems from a holistic perspective based
on the profiling of a multitude of biochemical components. It opens up a
unique and novel opportunity to reinvestigate natural products. In the study
of their bioactivity, the necessary reductionistic approach on single active
components has been successful in the discovery of new medicines, but at
the same time the synergetic effects of components were lost.

Systems biology, and especially metabolomics, is the ultimate phenol-typing.
It opens up the possibility of studying the effect of complex mixtures, such as
those used in TCM, in complex biological systems; abridging it with molec-
ular pharmacology. This approach is considered to have the potential to
revolutionize natural product research and to advance the development of
scientific based herbal medicine.

15.5 Concluding Remarks

As indicated in the preface of this book, as more and more innovative drug
products are going off patent, the search for new medicines that treat criti-
cal and/or life-threatening diseases has become the center of attention of
many pharmaceutical companies and research organizations such as the
NIH. This leads to the study of promising traditional Chinese (herbal)
medicines (TCM), especially for those intended for treating critical and/or
life-threatening diseases such as cardiovascular, diabetes, and cancer. The
development of promising TCMs will benefit patients with critical or life-
threatening diseases by providing an alternative for treatment and hopefully
for cure. The development of promising TCMs will also enhance the search
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for personalized medicine since it focuses the minimization of intrasubject
variability for achieving the optimal therapeutic effect. The development of
new treatments (focusing on efficacy) in conjunction with TCMs (focusing on
the reduction of toxicity) will be the direction of future clinical research for
treating critical or life-threatening diseases of many pharmaceutical compa-
nies and clinical research organizations.

The process for pharmaceutical/clinical research and development of
Western medicines (WM) is well established, and yet it is a lengthy and costly
process. This lengthy and costly process is necessary to ensure the efficacy,
safety, quality, stability and reproducibility of the drug product under inves-
tigation. For pharmaceutical/clinical research and development of a TCM
the Western way, one may consider directly applying this well-established
process to the TCM under investigation. However, this process may not be
feasible due to some fundamental differences between a TCM and a WM.
These fundamental differences include (1) medical theory/mechanism, and
practice, (2) techniques of diagnosis, and (3) treatments are briefly described
in the subsequent subsections (see also Table 1.2).

As a result, FDA has similar but different review and approval processes
for regulatory submission of TCM. The FDA draft guidance on botanical
drug products is a milestone for modernization (Westernization) of TCM
development. Owing to fundamental differences between Western medi-
cines and TCMs, practical (controversial) issues in the process of evaluation,
review, and approval inevitably arise. Some of these issues are related to
statistical methods for assessment of (1) quality and consistency of raw, in-
process, and end-product, (2) analytical method development and validation
for quantitative assessment of individual components, (3) the establishment
of reference standards or specifications for individual components, (4) vali-
dation and QA/QC of a manufacturing process for TCM, (5) stability testing
for determination of drug shelf-life, and (6) issues (e.g., preparation of match-
ing placebo, calibration of study endpoint, and interpretation of results)
in conducting randomized controlled clinical trials. Many of these issues
remain unsolved. More methodology research is needed in order to address
these issues.

One of the key issues in botanical drug product or TCM development is
to clarify the difference between Westernization of TCM and moderniza-
tion of TCM. For Westernization of TCM, we follow regulatory requirements
at critical stages of the process for pharmaceutical development including
drug discovery, formulation, laboratory development, animal studies, clini-
cal development, manufacturing process validation and quality control,
regulatory submission, review, and process despite the fundamental differ-
ences between WM and TCM. For modernization of TCM, it is suggested
that regulatory requirements should be modified in order to account for the
fundamental differences between WM and TCM. In other words, we still
ought to be able to see if TCM is really working with modified regulatory
requirements using Western clinical trials as a standard for comparison.
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In practice, it is recognized that WMs tend to achieve the therapeutic effect
sooner than that of TCMs for critical and/or life-threatening diseases. TCMs
are found to be useful for patients with chronic diseases or non-life-
threatening diseases. In many cases, TCMs have been shown to be effective
in reducing toxicities or improving safety profile for patients with critical
and/or life-threatening diseases. As a strategy for TCM research and devel-
opment, it is suggested that (1) TCM be used in conjunction with a well-
established WM as a supplement to improve its safety profile and/or enhance
therapeutic effect whenever possible, and (2) TCM should be considered as
the second line or third line treatment for patients who fail to respond to the
available treatments. However, some sponsors are interested in focusing on
the development of TCM as a dietary supplement due to (1) the lack or ambi-
guity of regulatory requirements, (2) the lack of understanding of the medi-
cal theory/mechanism of TCM, (3) the confidentiality of nondisclosure of the
multiple components, and (4) the lack of understanding of pharmacological
activities of the multiple components of TCM.

Because TCM consists of multiple components which may be manufac-
tured from different sites or locations, the post-approval consistency in qual-
ity of the final product is both a challenge to the sponsor and a concern to the
regulatory authority. As a result, some post-approval tests, such as tests for
content uniformity, weight variation, and/or dissolution and (manufactur-
ing) process validation, must be performed for quality assurance before the
approved TCM can be released for use.
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for disintegration testing, 81
for dissolution testing, 80
quality control for consistency, 176;
see also Statistical quality
control for consistency
Acetonitrile, HPLC-grade, 333
Active control agent, 44
Acupuncture, 3; see also Traditional
Chinese medicine (TCM)
for stroke patients, 162
Acupuncture for diabetes treatment; see
also Chinese herbal medicines,
case studies of
diagnosis and treatment, 350-351,
351t, 352t
successful examples, 351-352
TCM classification of diabetes, 350
Acute constipation, cure of, 339-340
Adaptive design methods in clinical
trials, 41-42; see also Drug
development
Adverse event, 70, 71, 94
Aggregated criteria for IBE assessment,
230
Alcohol soluble substances, 19
Allergies, alleviation of, 337-338
Allopathic medicine, 5
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Alternative medicine, 5, 49

Amyotrophic lateral sclerosis (ALS), 356;
see also Multiple sclerosis (MS),
treatment of

Analysis of variance (ANOVA), 90, 161,
167t, 279, 281t

Analytical method, 29

Animal studies for TCM, 20-21

Animal studies for WM/TCM, 369-370;
see also Traditional Chinese
medicine (TCM) development,
critical issues in

Anti-inflammatory Western drugs, 355

Approval pathway of biosimilars,
244-245; see also Follow-on
biologics (FOB)

Area under plasma concentration-time
curve (AUC), 220, 222, 236,
239-240, 287

Aristolochic acid, 68

Artificial imitations of TCM herbs, 52t

Asia-Pacific Economic Cooperation
(APEC), 36

Association of American Retired People
(AARP), 219

Association of Southeast Asian Nations
(ASEAN), 36

Astringent, 76

Auscultation, 10, 152

Autocorrelation, 110, 115

Autoimmunity, 356

Autoregressive time series model, 109

Average bioequivalence (ABE)

based on fasting studies, 278
limitations of, 226; see also

Bioequivalence assessment for
generic approval

AVE test, 90
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B

Balaam design, 284, 285t
Barthel index
defined, 16
for stroke, 17t
Basic matrix 2/3 on time design, 312, 313t
Batch-by-strength-by-package
combinations, matrix on,
314-315, 314t, 315t
Batches for stability testing, minimum
number of, 300
Batch mixing optimization model,
364-366; see also Raw materials
(TCM), variation in
Batch sampling, 296-297; see also FDA
stability guidelines
Bayesian approach, 260-261; see also
Population pharmacokinetics
Bayesian methods, 225
Benign prostatic hyperplasia (BPH),
treatment of, 95
Bias, 157
Binary responses, 321, 324
Bioavailability and bioequivalence
bioequivalence assessment for
generic approval
blood sampling, 223224
IR product vs. CR product, 224
limitations of average
bioequivalence, 226
sample size, 222-223, 222t
statistical methods, 225
study design, 224-225
subject selection, 223
washout, 223
controversial issues
fundamental bioequivalence
assumption, 233-234
log transformation, 235-238, 238t
one-size-fits-all criterion, 234-235,
235t
defined, 220221, 221t
drug interchangeability
about, 226, 227f
drug prescribability/switchability,
227
FDA guidance on PBE/IBE,
229-233
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individual bioequivalence (IBE),
227-229
population bioequivalence (PBE),
227
follow-on biologics (FOB)
approval pathway of biosimilars,
244-245
biosimilarity, 245
fundamental differences, 243-244,
243t
interchangeability, 245
scientific factors/practical issues,
246
frequently asked questions
on AUC/C,,,., (maximum
concentration), 239-240
on failure of BE testing by small
margin, 240
on failure to meet bioequivalence
criterion, 241
on power/sample size calculation,
241-242
on raw data model/log-
transformed data model,
238-239
on significant sequence effect,
240-241
for medical devices, 242-243
multiplicity, adjustment for, 242
overview, 219-220
in vitro BE testing/in vivo BE
testing/biosimilarity testing,
comparison, 248t
Bioavailability of botanical drug, 67
Bioequivalence
decomposition of, 225
and generic drugs, 226
test failure by small margin, 240
Bioequivalence assessment for
generic approval; see
also Bioavailability and
bioequivalence
blood sampling, 223224
generic drugs, 226
IR product vs. CR product, 224
limitations of average
bioequivalence, 226
sample size, 222-223, 222t
statistical methods, 225
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study design, 224-225
subject selection, 223
washout, 223
Biological product, defined in 1944
Biologics Act, 34
Biologics Price Competition and Innovation
(BPCI) Act, 245, 246
Biosimilarity
about, 245
testing, comparison with BE testing,
248t
Biosimilars; see also Follow-on biologics
(FOB)
approval pathway of, 244-245
and generic drugs, fundamental
differences, 243, 243t
Bivariate joint distribution, 125
Bivariate normal distribution, 192
Blinding, 342; see also Cancer care,
TCM in
Blood-Heat-Toxin, eczema by, 338
Blood sampling, 223-224; see also
Bioequivalence assessment for
generic approval
Bonferroni adjustment, 106
Bootstrap, 225, 252
Botanical drug products/substance, 4, 62;
see also Herbal products as drug
products in US; Traditional
Chinese medicine (TCM)
about, 61-62
CMC requirements for IND for, 63t
defined, 62
information for IND, 64f
investigational new drug (IND) for,
63t
marketing for, 66f
regulations on, 62-63, 63t, 64f
review process for, 63, 65, 66f
vs. chemical drugs
individualized treatments, 67
prior human experience, 68
priority, 68
purification and identification, 65
test and control, 65-67
toxicity, 68
Botanical review team (BRT), 65, 69
CDER, 374
Botanical substance for medical use, 204
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Box-Behnken design for ethanol
precipitation, 334t

Box-Cox transformation, 239

Bridging study, 384

Bundesinstitut fiir Arzneimittel und
Medizinprodukte (BfArM), 58

Bureau of Pharmaceutical Affairs, 38

Buzhong Yiqi Tang, 358

C

Calibration, 117-118; see also Quality of
life (QOL)-like quantitative
instrument

of CDP, 156-157; see also Chinese
diagnostic procedures (CDP),
statistical validation of

of study endpoints, 371-372

Cancer care, TCM in; see also Chinese
herbal medicines, case studies
of

blinding, 342

outcome measurement, 342-343

overall conclusion/recommendation,
343

randomization, 342

remarks, 343-344

significant evidence, 343

study selection and data extraction,
341

TCM intervention, 341-342

Cancer clinical trials, 101

Capsules, 321

Case studies

of Chinese herbal medicines
acupuncture for diabetes
treatment, 350-352, 351t, 352t
in cancer care, 341-344
hypertension prescriptions,
modeling of, 344-350, 345t,
347t-348t
multiple sclerosis (MS), treatment
of, 353-359
nonclinical quality by design
QbD, case study of, 332-336, 333f,
334t, 335f, 336t
quality by design (QbD), concept
of, 328-329, 329t
statistical method for QbD, 329-332
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TCM clinical cases, success of
acute constipation, cure of,
339-340
eczema/allergies/stress,
alleviation of, 337-338
power of Chinese herbal
medicine, 336-337
remarks on, 340
upper respiratory infection with
vertigo, 338-339
for TCM development, overview,
327-328
Catechins, 69, 70
CDP, see Chinese diagnostic procedures
(CDP)
Center for Biologics Evaluation and
Research (CBER), 33, 35
Center for Devices and Radiological
Health (CDRH), 33
Center for Drug Evaluation and
Research (CDER), 33, 35, 62
Central composite design, 368, 369t; see
also Component-to-component
interactions
Chemical drugs vs. botanical products,
see Botanical drug products
Chemistry, manufacturing, and control
(CMQ), 62
China Food and Drug Administration
(CFDA), 25,72, 372
Chinese diagnostic procedures, 1, 2t;
see also Traditional Chinese
medicine (TCM)
about, 10-11
objective vs. subjective criteria for
evaluability, 11
Chinese diagnostic procedures (CDP),
statistical validation of
about CDP, 152-154
calibration of, 156-157
numerical example, 161-167,
163t-164t, 165t, 166f, 167t
overview, 151-152
study design, proposed, 154-155, 155f
validation of
reliability, 159-160
ruggedness, 160-161
validity of TCM instrument,
157-159
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Chinese doctor’s rating, 124-125, 128
Chinese herbal medicine, see Traditional
Chinese medicine (TCM)
Chinese herbal medicines, case studies
of
acupuncture for diabetes treatment
diagnosis and treatment, 350-351,
351t, 352t
successful examples, 351-352
TCM classification of diabetes,
350
in cancer care
blinding, 342
outcome measurement, 342-343
overall conclusion/
recommendation, 343
randomization, 342
remarks, 343-344
significant evidence, 343
study selection and data
extraction, 341
TCM intervention, 341-342
hypertension prescriptions,
modeling of
example, 349-350
herb properties and medical
practice, 344, 345t
least squares support vector
machine, 346-349, 347t-348t
remarks, 350
multiple sclerosis (MS), treatment of
amyotrophic lateral sclerosis, 356
Chinese herbal therapy, 353-354
diseases, 353
multiple sclerosis clinical trial,
354-356
myasthenia gravis, case study for,
358-359
progressive spinal muscular
atrophy studies, 356-358
remarks, 359
Chinese herbal therapy, 353-354
Chinese massage, 4
Chinese Materia, 51
Chinese material medica, 73
Chinese Materia Medica, 3
Chinese medicinal herbal injections, 52t
Chinese Pharmacopoeia
stability analysis of new drug, 319
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Chinese Pharmacopoeia (CP), 21, 51,
72-74, 73t; see also Reference
standards

Ching-hao and Scute Combination, 355

Chi-square distribution, 107, 159, 184

Cholesky-root parameterization, 271

Citizen petition, 234

Clinical development, pharmaceutical
entity, 30-33

Clinical trials, regulations on TCM,
54-55

Clinical trials, TCM; see also Traditional
Chinese medicine (TCM)

clinical endpoint, 15-16, 17t

matching placebo, 16-17

sample size calculation, 18

study design, 14

validation of quantitative
instrument, 14-15

Code of Federal Regulations (CFR), 31,
220

Cold patterns, signs, 351t

Combinational treatment, 44-45

Combination drug, global superiority
of, 91-95, 91t, 92-97, 93t, 94t; see
also Product characterization

Combination treatments

for cancer, 87
2 x 2 factorial design for, 87t
multilevel factorial design for, 89t

Commission E, 21, 75

Committee on Herbal Medicinal
Products, 57

Committee on Proprietary Medicinal
Products (CPMP), 59

Common factor analysis, 132, 149-150

Common slope model, 307

Complementary and alternative
medicine (CAM), 4-5; see also
Traditional Chinese medicine
(TCM)

Complete disintegration, defined, 81

Complexity of patent application,
363-364

Component-to-component interactions;
see also Traditional Chinese
medicine (TCM) development,
critical issues in

central composite design, 368, 369t
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factorial design, 366367, 367t
fractional factorial design, 367-368,
368t
remarks, 368
Composite health index, 384
Composite score, 142, 143t
Computer simulation, 275; see also
Population pharmacokinetics
Concurrent validity, 106
Confidence interval approach, 225
Confidentiality protection by FDA, 376
Confirmatory approach to factor
analysis, 133
Conjugated estrogens, 316, 324
tablets, 277-278
Consistency, statistical test for,
see Statistical test for
consistency
Consistency assessment for QC/QA; see
also Quality control/quality
assurance (QC/QA)
hypotheses testing, 197, 204,
205t-206t
sample size determination, 195-197,
198t-200t, 201t—203t
Consistency index; see also Statistical
test for consistency
about, 172-175, 189
critical values of proposed test for,
180t, 205t—206t
defined, 19
hypotheses testing of, 179
of TCM, 192-193, 208
theorem, 173-175
Consistency of new drug, 377
Constipation (acute), cure of, see
Traditional Chinese medicine
(TCM) clinical cases,
successful
Container (closure) and drug product
sampling, 297; see also FDA
stability guidelines
Content uniformity testing, 79-80, 79t;
see also Sampling plan and
acceptance criteria
Controlled release (CR) product, 223,
224
Conventional medicine, 5
Correlation coefficient, 125, 127
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Correlation matrix of QOL subscales,
145t
Covariance matrix, 125, 127
factor analysis and, 133
of QOL subscales, 144t
of QOL subscales, PCA on, 146t
CQA, see Critical quality attributes
(CQA)
Critical path opportunities list, 37-38
Critical quality attributes (CQA), 329,
330, 335f, 336t
Cronbach’s o, 107
Crossover clinical trial, 14
Crossover designs
higher-order, 224, 285t
CR product, see Controlled release (CR)
product
Cupping, 4
Current good manufacturing practice
(cGMP), 60, 380

D

Damp-heat syndrome, 354-355
Decoctions, 355, 357
Deficiency patterns, 351t
Degradation curve, 302
Deionized water, 333
Delphi method, 381-382
Delta’s method, 211
Department of Health (DOH), 38
Dermatology life quality index (DLQI),
119, 121
Design of experiments (DOE), 330
Diabetes, TCM classification of, 350
Diabetes treatment, acupuncture for,
see Acupuncture for diabetes
treatment
Diagnostic checklist development;
see also Traditional Chinese
medicine (TCM), recent
developments in
criticisms of Chinese diagnostic
procedures, 380-381
objective diagnostic checklist,
381-382, 383t
remarks, 382
Dietary Supplement and Health Education
Act of 1994, 74
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Dietary supplements, herbal products
as (in US); see also Traditional
Chinese medicine (TCM),
regulations on
quality issue, 60-61
regulations for dietary supplements,
59-60
remarks on, 61
safety concern, 61
Dietary therapy, 4; see also Traditional
Chinese medicine (TCM)
Disaggregated criteria for IBE
assessment, 230
Disintegration testing, 80-81, 81t; see also
Sampling plan and acceptance
criteria
Disseminated sclerosis, 353
Dissolution curves of drug products,
290
Dissolution testing, 80, 80t; see also
Sampling plan and
acceptance criteria
DLQY, see Dermatology life quality
index (DLQI)
Doctor of osteopathic medicine (DOM)
degrees, 5
Documentation on prior human
experience of botanical drug,
377
D-optimality criterion, 251, 263
Dosage determination, 54
Dose-effect information, 87, 89
Dose-effect relationship, 91, 92
Drug(s)
absorption, 233-234
categories, 52, 52t; see also
Regulations on TCM in China
classification of, 235t
defined in FD&C Act (21 U.S.C. 321), 34
discovery, 29
expiration dating period, 29, 83
made with commercially available
crude extract, 379
prescribability, defined, 227
screening phase, 29
switchability, defined, 227
testing on animals/humans, 12
Drug Administration Law of the People’s
Republic of China, 49, 51-52



Index

Drug development; see also Global
pharmaceutical development
about, 37-38
adaptive design methods in clinical
trials, 41-42
bridging studies, 4041
microdosing approach, 42-43
remarks on, 42
Drug interchangeability; see
also Bioavailability and
bioequivalence
about, 226, 227f
drug prescribability/switchability,
227
FDA guidance on PBE/IBE, 229-233
individual bioequivalence (IBE),
227-229
population bioequivalence (PBE), 227
Drug Price Competition and Patent Term
Restoration Act, 219, 221
Drug product sampling, container
(closure) and, 297; see also FDA
stability guidelines
Drug products with multiple components,
stability analysis for
overview, 295
regulatory requirements
extension of shelf life, 301
FDA stability guidelines, 296297
ICH guidelines for stability,
297-299, 298t
least protective packaging, 301
least stable batch, 301
minimum duration of stability
testing, 299-300
minimum number of batches for
stability testing, 300
remarks on, 299-302
replicates, 301-302
room temperature, definition of,
300
stability evaluation, general
principles for, 302
stability analysis
basic concept, 316-317
discussion, 320-321
example, 319-320, 320t
models/assumptions, 317-318
shelf-life determination, 318-319
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stability analysis with discrete
responses
about, 321-324
remarks on, 324
stability designs
basic matrix 2/3 on time design,
312, 313t
comparison of designs, 315-316
matrix on batch-by-strength-by-
package combinations, 314-315,
314t, 315t
matrix 1/3 on time design, 314, 314t
matrix 2/3 on time design with
multiple packages, 313, 313t
matrix 2/3 on time design with
multiple packages/multiple
strengths, 313-314, 314t
uniform matrix design, 315
statistical methods
fixed batches approach, 303-304
random batches approach,
304-305
remarks, 306
statistical model, 302-303
two-phase shelf-life estimation
about, 306-307
equal second phase slopes, case
of, 309-310
first-phase shelf life, 307-309
single two-phase shelf-life label,
determination of, 310-311
unequal second-phase slopes,
general case of, 311-312
Drug shelf-life
determination of, 318-319; see also
Stability analysis for drug
products with multiple
components
extension of, 301; see also
International Conference
on Harmonization (ICH)
guidelines for stability
Drug-to-drug interaction, see
Component-to-component
interactions
Dual design
analysis of variance for, 281t
bioequivalence in conjugated
estrogen, 291
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Duration of stability testing, minimum,
299-300
Dynamic balance, 384

E

Eczema, alleviation of, 337-338
Effective dose, 30
Eigenvalues, 134, 135f, 136f
Eigenvectors, 139
Eight principles, 153, 350
TCM function, 7t, 9
Electronic common technical document
(eCTD) specifications, 36, 37
Emotional factors, 9t
Encephalomyelitis disseminate, 353
Envelope method, 342
Ephedrine, 358
Equal second phase slopes, 309-310;
see also Two-phase shelf-life
estimation
Equamanx rotation, 134
Equilin sulfate, 278
Establishment license application (ELA),
34t, 35
Estrogen deficiency, 277
Estrone sulfate, 278
Ethanol precipitation
Box-Behnken design for, 334t
CQA of, 335f, 336t
experiment of, 335
objective of, 332
European Commission of European
Union, 35
European Federation of Pharmaceutical
Industries” Associations
(EFPIA), 35
European Free Trade Area (EFTA), 36
European Health Authorities, 301
European Medicines Agency (EMA),
243, 244, 380
European Pharmacopoeia, 76—77; see also
Reference standards
European scientific cooperative on
phytotherapy (ESCOP), 59
European Union Directives, 76
Excess patterns, 351t
Exercise (Qi Gong), 3,4, 6
Exogenous factors, 9t
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Experience-based to evidence-based
clinical practice, transition
from, 372-373

Expiration dating period of drug
product, 312, 318

Exploratory approach to factor analysis,
133

External Affairs and Industrial Liaison
Working Group, CGCM, 23

Extraction process, 333

Extra-reference design, 225

F

Factor analysis; see also Principal
component analysis (PCA);
Quality of life (QOL) in
hypertensive patients
defined, 131-132
example, 135-136, 135f, 136f, 137t, 138t
goal of, 132-133
number of factors, 134
parameter estimation, 133-134
QOL in hypertensive patients and,
146, 147t, 148t
statistical model, 133
types of, 132
Factorial design, 366-367, 367t; see also
Component-to-component
interactions
Factor loadings
correlations among factors and, 136,
138t
mixed outcome types, 138t
under normality assumption, 135, 137t
varimax rotation on, 147, 149t
Factor scores, 140, 141
FDA conjugated estrogen bioequivalence
guidance, 290-292; see also
Generic drug products with
multiple components
FDA guidance on botanical drug
products, questions/answers
from; see also Traditional
Chinese medicine (TCM),
recent developments in;
Traditional Chinese medicine
(TCM) development, critical
issues in
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commercial development program/
academic research project, 376

confidentiality protection by FDA, 376

consistency of new drug, 377

documentation on prior human
experience of botanical drug,
377

drug made with commercially
available crude extract, 379

GMP status of botanical raw
materials, 379-380

IND and lawfully marketed
botanical dietary supplement,
373-374

IND for botanical study, 374

individualized treatments, 377

level of priority, 380

NDA approval of botanical drug
products, 375

NDA requirements for botanical
drugs, 375-376

non-oral formulations for botanical
drug products, 376

phase 3 study of botanical product,
374-375

plants from native setting, 379

sponsors unfamiliar with new drug
development/regulatory
processes, 378-379

studies under IND/approval in
NDA, 378

toxic medicinal plants, 377-378

FDA guidance on PBE/IBE; see also Drug

interchangeability

about, 229-230

aggregated criteria vs.disaggregated
criteria, 230

masking effect, 231

outlier detection, 232-233

power/sample size determination, 231

replicated crossover design, 232

two-stage test procedure, 231-232

FDA guidance on population

pharmacokinetics; see also
Population pharmacokinetics

informative block randomized
approach, 263-264

missing data and outlier, 253

population PK analysis, 251
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population PK model development/
validation, 252-253
study design, 252
timing for application, 253254
FDA public hearings, 246
FDA stability guidelines; see also
Regulatory requirements for
stability testing
batch sampling consideration,
296-297
container (closure) and drug product
sampling, 297
purpose of, 296
sampling time considerations, 297
Feasible material space (FMS), 331, 332
Federal Food, Drug, and Cosmetic
(FD&C) Act, 33
Federal Institute for Drugs and Medical
Devices, 58
Federal Register, 224
Federal Trade Commission, 61
Feedforward control strategy, 329, 330
Fermentation products, 4
Fieller’s theorem, 225
Fire-heat syndromes, 162, 163t-164t,
166f
First-order carryover effect, 279, 280, 281
First-order (FO) method for estimation,
250
First-phase shelf life, 307-309; see also
Two-phase shelf-life estimation
First-phase stability study, 306
Fisher information matrix, 250, 261,
262-263; see also Population
pharmacokinetics
Fitting information, pharmacokinetics
model, 270, 271t
Five elements, TCM, 7t, 8f
Five element theory, 153
Five Zang/six Fu in English/Chinese, 7t
Fixed batches approach to drug shelf
life, 303-304
Fixed-dose combination of drugs,
87-89, 87t; see also Product
characterization
Fixed dose of medicine, 45
Fixed dose vs. flexible dose, TCM, 12
Flaccidity syndrome, 359
Flexible doses in TCM, 45
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Follow-on biologics (FOB); see
also Bioavailability and
bioequivalence
approval pathway of biosimilars,
244-245
biosimilarity, 245
fundamental differences, 243-244, 243t
interchangeability, 245
scientific factors/practical issues, 246
Food and Drug Administration (FDA),
50
Formosa Cancer Foundation, 38
FORTRAN program, 257
Fractional factorial design, 301, 367-368,
368t; see also Component-to-
component interactions
Frozen drug products, 306
Frozen study, 306-307
Fundamental Bioequivalence
Assumption, 233-234, 248,
277, see also Bioavailability and
bioequivalence

G

General Perceived Health (GPH), 147
Generic drug product and FDA
regulation, 226
Generic drug products with multiple
components
FDA conjugated estrogen
bioequivalence guidance,
290-292
overview, 277-278
in vivo drug release testing, 288-290
in vivo single fasting bioequivalence
study
baseline adjustment, 287-288
logarithmic transformation vs.
significant first-order carryover
effect, 288
multiplicity of studies and
ingredients, 286287
remarks on, 286
sample size, 281-286, 285t
study design, 279-281, 279t, 280t,
281t
Genomics, 27
Geometric mean ratio (GMR), 222
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German regulations on herbal products;
see also Herbal products in
Europe, regulations on
herbal medicines market, 57-58
legal status, 58
marketing authorizations for herbal
remedies, 58—-59
German Regulatory Authority, 21, 75
Ginseng and Astragalus Combination,
358
Global Cooperation Group (GCG), 36
Global drug development, see Global
pharmaceutical development
Global dynamic balance among organs,
10
Global F test for testing additivity, 90
Globalization of Chinese Medicine
(CGCM); see also Traditional
Chinese medicine (TCM)
consortium for, 22-23
remarks on, 23-24
Global pharmaceutical development
drug development
about, 37-38
adaptive design methods in
clinical trials, 41-42
bridging studies, 40-41
microdosing approach, 42-43
remarks on, 42
modernization of TCM development
about, 43-44
combinational treatment, 44-45
effective treatment, 45
individualized treatment, 44
multiregional clinical trials, 39-40
overview, 27-28
pharmaceutical development process
about, 28-29
clinical development, 30-33
nonclinical development, 29-30
preclinical development, 30
probability of success for, 46t
regulatory requirements
International Conference on
Harmonization (ICH), 35-36
regulatory process in US, 33-35,
34t
remarks on, 37
role in pharmaceutical research, 38
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GMP status of botanical raw materials,
379-380

Good agricultural practice (GAP),
379

Good clinical practices (GCP), 343

defined, 37

Good collection practice, 379

Good Laboratory Practice (GLP), 78

Good manufacturing practice (GMP)

FDA’s requirement for, 60

Good Statistics Practice (GSP), 36

Good Statistics Practice in drug
development, 36

Green tea, 69-70; see also Tea

Gruenwald, Joerg (botanist), 75

Guidance for Industry-Botanical Drug
Products, 5

Guidance for Industry Immediate Release
Solid Oral Dosage Forms
Scale-Up and Post-Approval
Changes, 291

Guidance for Statistical Procedures for
Bioequivalence Studies, 288

H

Hamilton-A (Hamilton scale for
anxiety), 101
Hamilton-D (Hamilton scale for
depression), 101
Hao Jin Qingtan Tang, 355
Health profile assessment, unified
approach for, 382-384
Health regulatory authority, 35
Heat patterns, signs, 351t
Hepatotoxicity, 68
Herba Epimedii (HE) extract, 181-182
Herbal medicines
manufacturing of, 55
market in German, 57-58
Herbal products as dietary supplements
in US; see also Traditional
Chinese medicine (TCM),
regulations on
quality issue, 60-61
regulations for dietary supplements,
59-60
remarks on, 61
safety concern, 61
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Herbal products as drug products in
US; see also Traditional Chinese
medicine (TCM), regulations on
botanical drug products, 61-62
botanical products vs. chemical drugs
individualized treatments, 67
prior human experience, 68
priority, 68
purification and identification, 65
test and control, 65-67
toxicity, 68
regulations on botanical drug
products, 62-63, 63t, 64f
review process for botanical
products, 63, 65, 66f
Herbal products in EU, harmonization
on, 59
Herbal products in Europe, regulations
on; see also Traditional Chinese
medicine (TCM), regulations on
about, 56-57
German regulations
herbal medicines market, 57-58
legal status, 58
marketing authorizations for
herbal remedies, 58—59
harmonization on herbal products in
EU, 59
Herbal raw materials, 332-333
Herbal remedies, 5
Herb properties and medical practice,
344, 345t; see also Hypertension
prescriptions, modeling of
Herbs (with Chinese/English name), 74t
Higher-order crossover design, 224, 285t
defined, 224
High performance liquid
chromatography (HPLC), 335
Hu Qian Wan, 353-354, 355, 356
Hypertension, defined, 344
Hypertension prescriptions, modeling
of; see also Chinese herbal
medicines, case studies of
example, 349-350
herb properties and medical practice,
344, 345t
least squares support vector
machine, 346-349, 347t-348t
remarks, 350
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Hypotheses testing for consistency
index, 179, 197, 204, 205t-206t;
see also Quality control/quality
assurance (QC/QA)

I

IBE, see Individual bioequivalence (IBE)
ICH guidelines for stability, see
International Conference
on Harmonization (ICH)
guidelines for stability
Immediate release (IR) product, 223,
224
Immunogenicity, 243t, 244, 246
Incomplete block design, 225
IND, see Investigational new drug (IND)
Individual bioequivalence (IBE),
227-229; see also Drug
interchangeability
Individual bioequivalence criterion
(IBC), 229
Individual difference ratio (IDR),
defined, 229
Individual flexible dose, 12
Individualized medicine approach, 10
Individualized treatments, 44
botanical products vs. chemical
drugs and, 67
Individual therapeutic window (ITW),
235
IND Rewrite, 31
Informatics Working Group, CGCM, 23
Informative block randomized
(IBR) approach, 251, 262,
263-264; see also Population
pharmacokinetics
In-house product specifications, 81-82;
see also Product specifications
Institut fiir Medizinische Statistik
(IMS), 57
Integrative/integrated medicine, 5
Intellectual property (IP); see also
Traditional Chinese medicine
(TCM) development, critical
issues in
complexities of patent application,
363-364
patentability requirements, 362-363
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