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CHAPTER OUTLINE
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When the first version of this book was published in 1996,' The International Conference on
Harmonization (ICH), which is an effort by the USA, the EU and Japan to harmonize new drug
applications, was still in its infancy. Since then, all the key ICH Quality Guidelines®>® covering
specification setting (e.g. ICH Q1,>® Q3-Q6)° ! and method validation (ICH Q2)° have been pub-
lished, and some have been revised at least once. The ICH Guidelines, together with some of the more
recent changes in regional guidelines and compendial requirements will form the general framework
for this book. Where the Quality (Q1-Q11) ICH Guidelines fit into the general drug development
framework is shown in Fig. 1.1.

The introduction of the earlier ICH Quality Guidelines (Q1-Q6),>>' which describe most of the
general requirements for the analytical content of the Common Technical Document (CTD, ICH
M4Q(R1))22 and its electronic counterpart (eCTD), was followed by a series of guidelines (Q7-Q10)
addressing some of the key approaches to drug development that are also to be included in the CTD.
Although there are some regional differences, the CTD is the generally harmonized document used in
the ICH regions for marketing authorization applications. The general framework of the CTD is also
used, with appropriate modifications, for clinical trials applications. The CTD is also accepted in many
non-ICH countries, such as Canada and Australia.

According to the ICH definition, the specification(s) for a new drug substance or a drug product
(Q6A and Q6B) contain three elements: (1) the quality attributes (or tests), (2) references to the asso-
ciated methods and (3) the acceptance criteria. The primary objective of this book is to provide a critical
and comprehensive assessment of the approaches used to identify what are the key quality attributes that
impact safety, efficacy, and manufacturability, select appropriate analytical methods based on the
accuracy and precision needed to adequately measure and control the identified quality attributes and
determine how the analytical methods are developed and validated for their intended use. The general
principles of the specification-setting process are surveyed in Chapter 2 and explored in greater detail in
Chapters 5—15. Chapter 16 deals with the development and validation of bioanalytical methods.

Specification of Drug Substances and Products. http://dx.doi.org/10.1016/B978-0-08-098350-9.00001-1 3
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FIGURE 1.1

Summary of the ICH Guidelines applicable to pharmaceutical analysis (see also Refs 2-25) and where they fit
into the drug development process.

The concept of Quality by Design (QbD) was introduced into the drug development process
through the more recent ICH Guidelines (Q8-Q10)>* with the primary aim of increasing the
understanding and the knowledge base of the processes for the manufacturing of drug substances and
products. However, the principles of QbD are equally applicable to pharmaceutical analysis. There-
fore, the concept of Analytical Quality by Design (AQbD) is introduced in Chapter 3 and expanded in
later chapters. Since the publication of the first version of this book, the key ICH Quality Guidelines
have matured and now form the general framework for the application of worldwide marketing
approvals of new drug products.

Whereas the guidelines dealing with specification setting (most notably ICH Q6A and Q6B)
and Method Validation (Q2) describe what information regulators expect to see in a new drug
application, they provide very little detail on how the guidelines are to be implemented at the
technical level. The absence of specific direction on the implementation of the ICH Quality
Guidelines allows for the application of new and improved analytical technologies targeted to the
critical quality attributes which impact product performance. The use of statistical approaches to
better correlate method performance with respect to control limits for critical quality attributes and
to monitor long-term analytical method performance is an area which is not discussed within the
guidances, but is critical to the development and maintenance of analytical methods. Whereas
Chapters 2 and 3 survey the general principles of specification setting and QbD, respectively,
Chapter 4 discusses conventional approaches to method validation. The ICH Guideline on Method
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Validation (Q2(R1)) was primarily developed with separation techniques in mind and the
following tests in particular:

* Identification tests

¢ Quantitative tests for impurities content

* Limit tests for the control of impurities

* Quantitative tests of the active moiety in samples of drug substance and drug product or other
selected components in the drug product (e.g. preservatives, antioxidants)

Subsequent chapters will discuss how the principles of method validation set forth in Q2(R1) have
been adapted to techniques as diverse as solid characterization and microbiological methods.

In keeping with the spirit of the first version of this book, this version is not intended as merely
a review of existing regulatory guidance and industry practices. Rather, in addition to discussing
conventional approaches, each chapter will address critical issues and novel approaches. The authors
have been carefully selected as being former members of the ICH Expert Working Groups charged
with developing the ICH guidelines, and/or subject-matter experts in the industry, academia and
government laboratories. Thus, the book will provide the reader with not only an understanding of
industry best practices and future directions, but also an insight into how international guidelines were
developed and the rationale behind them.

" Accuracy Analytical Method
Quality Method System .
Attributes and Method Develop Validation Suitability Trending
Precision ology ment

!

Monitor long-term performance of
methods and make
necessary adjustments

Select critical parameters
to assure reliability of data

Validate Methods to level
appropriate for phase of
development

Develop methods based
on principles of Analytical
Quality by Design (AQBD)

Select appropriate analytical
methods to assess CTQs

Define level of accuracy and
Precision necessary assure
reliability of results

Define Critical to Quality
Attributes (CTQs) necessary to
assure safety and efficacy of
product

FIGURE 1.2

The evolution of analytical technology for the control of pharmaceuticals through the life cycle of the development
process.
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In addition to providing the “what” but not the “how” to set specifications and validate analytical
methods, the ICH Quality Guidelines (Q1-Q6)>° only define what is to be provided in a new drug
application. They expressly exclude what is expected in the clinical stages of drug development (i.e. in
an Investigational New Drug Application, IND). Therefore, a common theme throughout the book is
how the methods are validated and specifications evolve over the drug development life cycle
(Fig. 1.2). The intention in writing the second version of the book is to capture the many regulatory and
technical advances that have occurred in the field since publication of the first version in 1996.

The “how” of the earlier Q1-Q6 Guidelines are to be applied is described in large part in subse-
quent guidelines (Q7-Q11). For example,”’ 16 attributes were identified for a polymeric excipient,
derived from a natural product, and used in sustained release product to control the potentially variable
performance of the excipient in the product. The only way to manage the 16 attributes and achieve
acceptable product performance was to understand the contributions of the various attributes and the
interactions between them—between each physical and chemical characteristic. By analytically
measuring each of the attributes and then using statistical/chemometric approaches, it was possible to
define a “design space” of all parameters which could deliver the overall desired effect of drug release.

Thus, this version is intended to be not only a review of the ICH Guidelines relating to the
specification and method validation of new drugs, but also to provide a critical analysis of the regu-
latory guidelines and a comprehensive treatment of how those guidelines are applied to the devel-
opment of new drugs. It is intended to be an educational tool and a reference source for those involved
in the development and regulation of new drug products.
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2.1 DEFINITIONS
2.1.1 International guidelines

The main guideline published by the International Conference on Harmonization (ICH) covering the
specification of new chemical entities (NCEs) is Q6A: Specifications: Test Procedures and Acceptance
Criteria for New Substances and Drug Products: Chemical Substances. The corresponding ICH
Guideline covering biologicals is Q6B: Test Procedures and Acceptance Criteria for Biotechnological/
Biological Products. Additional information on specification setting can be found in other original
ICH Guidelines in Q1 (Stability), Q3 (Impurities), and Q4 (Pharmacopeia). The more recent ICH

Specification of Drug Substances and Products. http://dx.doi.org/10.1016/B978-0-08-098350-9.00002-3 9
Copyright © 2014 Elsevier Ltd. All rights reserved.


http://dx.doi.org/10.1016/B978-0-08-098350-9.00002-3

10 CHAPTER 2 General principles and regulatory considerations: specifications

Guidelines, Q8, Q9 and Q10 also have important implications for specification setting, especially within
the context of the application of Quality by Design (QbD) to process optimization/validation and
formulation development; as well as to analytical method development and validation. The QbD
concepts (in Q8, Q9 and Q10) and their application to pharmaceutical analysis are discussed in detail in
Chapter 3. A full listing of all the ICH Quality Guidelines and relevant Multidisciplinary ICH
Guidelines is given in Table 2.1.

According to ICH Q6A, a specification (singular) contains three elements: a list of tests (or
attributes), references to test methods and acceptance criteria.’ Both guidelines (Q6A and Q6B)
distinguish between Universal Tests, which are required in any new specification for a new drug
substance or drug product, and Specific Tests, which should be determined, on a case-by-case basis,
depending on the nature of the drug substances or drug product. The Universal Tests for both new drug
substances and drug products are:

* Description

* Identification
e Assay

e Impurities

Representative drug substance and drug product specifications of the fictitious drug S-(4) xenplifir
mesylate (Exemplifi™), Exemplifi ER 200 mg tablets and Exemplifi 10 mg/mL oral solution are shown in
Tables 2.2-2.4, respectively. The relevant drug substance and drug product characteristics are as follows:

2.1.1.1 Drug substance

Salt form: mesylate (methanesulfonate)

Molecular weight: 275.55

Chirality: (S)-(4): single chiral center

Solid state: form III (five known polymorphs)
Aqueous solubility: 1 mg/mL (pH 3.2)

Moisture sorption: non-hygroscopic
Recrystallization solvent: ethanol: hexane (5:95, v/v)

2.1.1.1.1 Impurities

Process-related impurities: S1, S2, S3
Degradation products of xenplivir: S4

2.1.1.2 Drug product

Daily dose: 400 mg

Impurities: Degradation products of xenplivir: S4 and P1

Dosage form 1: extended release 200-mg tablet (Exemplifi™ ER)

Dosage form 2: aqueous oral pediatric solution (Exemplifi™ Oral solution 10 mg/mL), containing
0.1% each of methyl- and propyl parabens (as preservatives), fill volume 200 mL

The terms “acceptance criteria” and “specification” are often used Interchangeably. However, according to ICH Q6A and
Q6B they are different. Specification refers to the entire document. Acceptance criteria refers to a specific attribute.
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Table 2.1 Summary of the ICH Quality (Q) Guidelines and those Multidisciplinary Guidelines Relevant

to Specification Setting

Number* Title®

Q1A Stability Testing of New Substances and Products

Q1B Photostability of New Substances and Products

Q1C Stability Testing: New Dosage Forms

Q1D Bracketing and Matrixing Design for Stability Testing: New Substances and
Products

Q1E Evaluation of Stability Data

Q1F Stability Data Package for Registration Applications in Climatic Zones Ill and IV

Q2(R1) Validation of Analytical Procedures: Text and Methodology

QBA(R1) Impurities in New Drug Substances

QBB(R1) Impurities in New Drug Products

Q3C(Rb5) Impurities: Guideline for Residual Solvents

Q3D Impurities: Elemental Impurities

Q4A Pharmacopeial Harmonization

Q4B Evaluation and Recommendation of Pharmacopeial Texts for Use in ICH
Regions

Q5A Viral Safety Evaluation of Biotechnological Products from Cell Lines of Human or
Animal Origin

Q5B Analysis of the Expression Construct in Cells Used for Production of r-DNA
Derived Protein Products

Q5C Stability Testing of Biotechnological/Biological Products

Q5D Derivation and Characterization of Cell Substrates Used for Production of
Biotechnological/Biological Products

Q5E Comparability of Biotechnological/Biological Products Subject to Changes in
their Manufacturing Process

Q6A Specifications: Test Procedures and Acceptance Criteria for New Substances
and New Drug Products: Chemical Substances

Q6B Specifications: Test Procedures and Acceptance Criteria for Biotechnological/
Biological Products

Qr Good Manufacturing Practice Guide for Active Pharmaceutical Ingredients

Q8(R2) Pharmaceutical Development

Q9 Quiality Risk Management

Q10(R4) Pharmaceutical Quality System

Q11 Development and Manufacture of Drug Substances (Chemical Entities and
Biotechnological/Biological Entities)

M4 Common Technical Document

M7 Assessment and Control of DNA Reactive (Mutagenic) Impurities in
Pharmaceuticals to Limit Carcinogenic Risk (Step 2)

“The designation in parentheses refers to the most recent revision.

1See htto://www.ich.org/products/quidelines/quality/article/quality-guidelines. html for copies of the Guidelines and other

details.
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Xenplifir Mesylate Specification

Table 2.2 Suggested Drug Substance Specification of the Fictitious Drug, Xenplifir Mesylate*

Test (or attribute) Method Acceptance Criteria Chapter
Universal tests
Appearance SOP 001.03 White to off-white solid 5
Identification FTIR: T™M 002.00 Conforms to reference 5
spectrum
Assay HPLC: TM 003.03' 98.0—102.0% 6
Impurities
S HPLC: TM 003.03 NMT (<) 0.30% 6
S2 NMT (<) 0.25% 6
S3 NMT (<) 0.25% 6
S4 NMT (<) 0.20% 6
Unspecified* NMT (<) 0.10% 6
Total NMT (<) 1.50% 6
Specific tests
pH of 1% aqueous solution SOP 005.01 2.3-3.0
Chiral identity Optical rotation: —75.0° to +75.0° 10
TM 005.03
Chiral impurity HPLC: TM 007.03 NMT (<) 1.5% 10
R-xenplivir
Melting point USP <741> 9
Polymorphic form XRPD: TM 017.02 Conforms to 9
reference
diffractogram
Water content Karl Fisher titration NMT (<) 0.8% 11
USP <921>
Clarity of solution SOP 002.01 Conforms to SOP
002.01
Ethanol GC: T™M 009.01 20 ppm 6
Hexane™* USP <467> 290 ppm 7
Methanesulfonic acid GC: T™M 006.04 NMT (<) 4 ppm'T 6
Inorganic impurities* USP <231> Conforms to USP® 8
Microbial limits USP <61>, <62> <1111> Conforms to USP*** 15
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Table 2.2 Suggested Drug Substance Specification of the Fictitious Drug, Xenplifir
Mesylate* (continued)

Xenplifir Mesylate Specification

Test (or attribute) Method Acceptance Criteria Chapter

"Assumes US submission of application for clinical trials or marketing authorization application.

{Assumes assay and impurities are measured by the same HPLC method (see Chapter 6).

fAccording to ICH Q3A (R1), the limit for unspecified impurities is equal to the applicable identification threshold, which in turn is
determined by the daily dose (in this case 400 mg) (see Chapter 6).

YAccording to ICH Q3(R5), ethanol is a Class 3 solvent and special limits are required. However, in this fictitious example the
ethanol is controlled to 20 ppm to minimize reaction with methanesulfonic acid to produce ethane methanesulfonate (a known
mutagen) (see also Chapter 6).

“Hexane is a Class 2 solvent and the limit is dictated by ICH Q3C(R5).

The limit of methanesulfonic acid is limited by the maximum daily intake of not more than (<) 1.6 g/day; (see also Chapter 6).
HPreviously known as “heavy metals”.

%An acceptance criteria of “conforms to USP” is preferred to a listing of the actual limits because changes in USP general
chapter will require a change to the specification.

" Assumes assay and impurities are measured by different HPLC methods (see Chapter 6).

FTIR: Fourier-transform Infrared Spectroscopy

HPLC: High Performance Liquid Chromatography

A survey of the principal methods and technologies used for the Universal and Specific Test
Methods is discussed in detail in various chapters in Parts 2—6.

2.1.2 Pharmacopeial monographs and general chapters

The 1906 Pure Food and Drug Act defined the United States Pharmacopeia (USP) as the highest legal
authority for the quality control of pharmaceuticals in the US. The United States Pharmacopeia and
National Formulary (USP-NF) contain monographs for drug substances, drug products (USP) and
excipients (NF); and general chapters (designated by the parentheses < >). Similar legal authorities
exist for other regions such as the Japanese Pharmacopoeia (JP), the European Pharmacopoeia (PhEur
or EP) and the British Pharmacopoeia (BP). An interesting difference between the USP and most of the
other regional pharmacopeias is that, whereas the USP is independent of the Federal Government,
most other pharmacopeias are governmental organizations. Another important difference between the
USP and some of the other regional pharmacopeias is that the USP contains monographs on drug
products and the others, with the exception of the BP, do not.

The format of monographs in the pharmacopeias is somewhat different from the information in
regulatory documents such as the Common Technical Document” (CTD, ICH M4). For example, the
monographs in the USP contain information on Specific Test Methods unique to the drug substance,
drug product and excipient in question. Methods already in the general chapters are described outside
the monograph. The details of all analytical methods in the CTD are listed separately from the
specification elsewhere in the investigational or new drug application.

i The Common Technical Document (CTD) and its counterpart the Electronic Common Technical Document are the
harmonized documents used for New Drug Applications (NDAs) and Marketing Authorization Applications (MAAs) in the
ICH regions: US. EU and Japan.
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Table 2.3 Suggested Drug Product Specification of the Fictitious Drug, Xenplifir Mesylate* 200 mg
Oral Tablets (Exemplifi ER)

Xenplifir Mesylate 200 mg Oral Tablets

Test (or attribute) Method Acceptance Criteria Chapter

Universal tests

Appearance SOP 001.03 White caplets 5

Identification uv: TM 010.00 Conforms to reference spectrum
Retention time of main

HPLC: TM 010.00 peak within 5% of peak 5

in standard solution

Assay HPLC: TM 003.03' 90.0—110.0% 6

Impurities

P1 HPLC: TM 011.01 NMT (<) 0.4% 6

P2 NMT (<) 0.7% 6

sS4t NMT (<) 1.0% 6

Unspecified NMT (<) 0.2% 6

Total NMT (<) 2.5% 6

Specific tests

Drug release USP <724> Released at 1 h = NMT (<) 10% 12
Method: TM: 013.04 Released at 5 h = 45.0—55.0%
Released at 10 h NLT (>) 90.0%
Content uniformity HPLC: TM 003.03 Conforms to USP 6
Microbial limits USP <61>, Conforms to USPT 15

<62>, <1111>8

"Assumes US submission of application for clinical trials or marketing authorization application.

tAssumes assay and impurities are measured by different HPLC methods (see Chapter 6).

iS4 is a degradation product and should be monitored (if appropriate in the drug product and in the drug substance). S1, S2
and S3 are process impurities of the drug substance and need not be monitored in the drug product (see Chapter 6).
SMicrobial attributes of non-sterile pharmaceutical products.

YAn acceptance criteria of “conforms to USP” is preferred to a listing of the actual limits because changes in USP general
chapter will require a change to the specification.

Being the highest legal authority in the US, samples seized in the field by the authorities
such as the Food and Drug Administration (FDA) must meet the requirements of the pharmacopeial
monograph, if such a monograph exists.™ If such a monograph does not exist, the next highest legal
instrument is the specification in the appropriate regulatory filing (e.g. New Drug Application, NDA).
Further details of the pharmacopeias as they relate to specification setting, including Pharmacopeial
Harmonization, are discussed in more detail in Chapter 14.

i Whereas a seized sample must meet the relevant regional pharmacopeial requirements when tested by the regulatory
agency, it need not have been tested by the firm using the applicable USP pharmacopeial monograph or general chapters
(unless so stated in relevant regulatory filing).
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Table 2.4 Suggested Drug Product Specification of the Fictitious Drug, Xenplifir Mesylate*
10 mg/mL mg Oral Solution (Exemplifi Oral Solution)

Xenplifir Mesylate 10 mg/mL Oral Solution

Test (or attribute) Method Acceptance Criteria Chapter

Universal tests

Appearance SOP 001.03 Clear, colorless solution 5
Identification uv: T™M 010.00 Conforms to reference
spectrum
HPLC: T™M 010.00 Retention time of main 5

peak within 5% of peak
in standard solution

Assay HPLC: TM 003.03f 90.0—110.0% 6
Impurities

P1 HPLC: TM 011.01 NMT (<) 0.4% 6
P2 NMT (<) 0.7% 6
s4t NMT (<) 2.0% 6
Unspecified NMT (<) 0.2% 6
Total NMT (<) 3.5% 6

Specific tests

Deliverable volume USP <698> Conforms to USP

pH SOP 005.01 4.5-5.2

Methyl parabens (0.1%) HPLC: T™M 019.01 85.0—-115% 15
Propyl parabens (0.1%) 85.0-115%

Microbial limits USP <61>, <62>, <1111>%  Conforms to USPY 15

"Assumes US submission of application for clinical trials or marketing authorization application.

tAssumes assay and impurities are measured by different HPLC methods (see Chapter 6).

1S4 is a degradation product and should be monitored (if its concentration increases over time) in the drug product as well as in
the drug substances. S1, S2 and S3 are process impurities of the drug substance and need not be monitored in the drug
product (see Chapter 6).

SMicrobial attributes of non-sterile pharmaceutical products.

YAn acceptance criteria of “conforms to USP” is preferred to a listing of the actual limits because changes in USP general
chapter will require a change to the specification.

2.2 SPECIFICATION SETTING PROCESS
2.2.1 Selection of attributes and critical to quality attributes

The attributes (tests) in the specification for a new drug substance or a new drug product are selected on
the basis of the regulatory requirements prescribed in ICH Q6A or Q6B for chemicals or biologicals,
respectively (i.e. Universal and Specific Tests). The critical quality attributes (CQAs) are a subset of
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the attributes in a specification that if not tightly controlled may adversely affect the efficacy and/or
safety of the product. The emphasis on identifying the CQAs arose from the more recently published
ICH Guidelines, Q8, Q9 and Q10. For example, dissolution or dissolution rate can be a CQA for
a sustained release or controlled release oral formulation, particularly if the active drug substance is
a highly potent compound.

Once identified, the appropriate ranges for CQAs are defined (e.g. by design of experiments,
DOEs) as part of the QbD development program (see also Chapter 3). The CQAs can also form the
basis of a Comparability Protocol included in the CTD to define the filing requirements for any post-
approval changes to the Active Pharmaceutical Ingredient (API), formulation or manufacturing
processes. The selection of the regulatory (ICH) attributes and the CQAs will be discussed in more
detail in subsequent parts of this book.

2.2.2 Development of quantitative acceptance criteria

Although this is not a book on statistics, knowledge of the statistical principles involved is essential to
a more complete understanding of the process of specification setting and method validation. The basic
principles are summarized here and in Parts 2—6. Readers wishing to learn more on the subject are
referred to several useful texts.'™

2.2.2.1 Population mean, sample mean and the “target”

Data come from an underlying population of possible results. The distribution of the data in the
population may be known (e.g. a discrete distribution like the binomial or continuous like the normal)
or unknown. The underlying population distributions most common in analytical chemistry always
have an overall mean denoted by u which is the center (first moment) of the distribution and a standard
deviation denoted by ¢ which indicates the spread of the data about u. In almost all situations, u and o
are unknown so they need to be estimated from a sample taken from the distribution. Data are generally
collected to make a statement about u and/or ¢. For example, one may want to know the mean of
a batch (u) or the precision of an assay (¢) or want to compare two methods, that is the two method
population means (are u; and u, equal?).
The population mean is estimated by the sample mean, X given by:
2%
== 2.1
n
where n is the sample size.
The population standard deviation is estimated by sample standard deviation, s, is given by:

2.2)

Equation (2.2) uses n—1 instead of N so as not to derive a “biased” (overestimated) value of the
population standard deviation. One distribution that is commonly assumed is the normal or Gaussian
distribution. The distribution (y) of the measurements (x;), centered at u with standard deviation o, is

described by:
. (( - u)2>
202
_ (2.3)

r= oV2T
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FIGURE 2.1

Distribution of data (u—x) in units of a.

Figure 2.1 shows the distribution of the measured values about the population mean in standard
deviation units. The proportion of the data within u £+ 201, u + 301 and u + 607 are 95.5, 99.7
and 99.9999998%, respectively. Figure 2.1 shows that 95% of the measured values lie within the
range:

w—1.96(0) to u+ 1.96(0) (2.4)

In many analytical methodologies a skewed or non-normal distribution is seen when calculating the
reportable values. This is a common occurrence for methods for biopharmaceuticals, which are
calculated using a log scale for the underlying dose-response curves. It is a common practice to
perform a transformation to normalize the data. Such datasets are often said to be “log-normally
distributed”. Typical transformations include; log, In and Box—Cox transformations. Biological
potency assays, titer-based assays and many Enzyme-linked Immunosorbent Assay (ELISA) meth-
odologies require transformation prior to performing any of the following calculations. Therefore the
previous statistics discussed above are calculated utilizing a transformed data set.

The geometric mean (GM) for the In is calculated by:

GM — eAverage (25)

where Average equals the average of the natural log responses.
The geometric relative standard deviation (GRSD) is calculated by:

%GRSD = 100 x (¢’ — 1)% (2.6)
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Figure 2.1 also shows that the greater the spread in the data the (i.e. the larger the value of the
standard deviation), the lesser the fraction of the data that is contained within a specific range. For
example, suppose a potency assay has a mean of 100 with a standard deviation of 1. Then 95.5% of the
individual results would fall within two standard deviations of 100 (98—102). If the standard deviation
was doubled (2 instead of 1), then 95.5% of the individual results would lie between 96 and 104. Only
68% would lie between 98 and 102.

The statistics frequently used to describe the error associated with the repeated measurements of
the mean is the standard error of the mean (sem), which is given by:

sem — % 2.7)
It follows that 95.5% of sample means will fall between:
s s
—196(—=) <x<+1.96| — 2.8
e 15(77) <5< 19o( ) 9

As discussed previously, the population mean is the mean of all possible measurements. This
population mean can always be estimated by the sample results. However, this population mean may not
be equal to the “underlying” mean of what is being measured. In this case the measuring device results
are biased. One way to estimate this bias is to use a reference material where the true mean is known.

Within the last 15-20 years there has been a growing interest in the application of the principles of
“six sigma” originally developed by Motorola and implemented by most engineering-based compa-
nies, notably General Electric, to the pharmaceutical industry.*> Six Sigma is concerned with the
relationship between the rejection rate of a batch, the range of the upper and lower specification limits
(USL and LSL), respectively, and the standard deviation of the process. For processes defined by two-
sided specification limit (see Section 2.2.2.2), the rejection rate is 0.27% if the range of the LSL and
USL is p £ 30 (i.e. if the range of the normally distributed values are within 6¢). The rejection rate is
1.6 ppm if the range of the LSL and USL is u + 60.

The preceding discussion assumes that the product is manufactured at the ‘target value” (7)
specification, i.e. the measured mean value defined in the specification at product release is equal to 7.
There may be valid reasons to target a release value different than the value implied by the specifi-
cation. One valid reason is manufacturing excess to allow for losses during manufacturing. However,
the use of overages to allow for product degradation during storage or to allow for analytical bias is
unacceptable from a regulatory perspective in many pharmaceutical products. However an exception
to this is when determining the target potency for a vaccine product. In this case because of the broad
safety window single use syringes are often “overfilled” to ensure sufficient potency of the dose at the
end of the shelf life. These concepts of capability analysis are explored further in the following section.

2.2.2.2 Capability analysis
Capability analysis provides dimensionless (unitless) ratios or indices to allow comparison of the
process distribution with the width or size of the acceptance criteria in the specification. The two most
commonly used indices are C;, and Cpx (Eqns (2.10)—(2.14)). By convention, the capability index, C, is
given by”:

USL — LSL

Cp=—r 2.9)
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where USL and LSL are the upper and lower acceptance criteria in the specification, respectively. In
the cases of unilateral acceptance criteria (one side only), C}, values for USL and LSL are given below:

USL — u
C,=—— 2.10
b 30 (2.10)

u — LSL
Ch=——— 2.11
P 30 (2.11)

It should be noted that Eqns (2.10) and (2.11) assume that u is estimated by X and ¢ is estimated by s.
The capability index, Cpy, takes into account how far the target (T) is from the center of the specification
limits (w):

Cpk = minimum((USL — u) /30, (1 —LSL)/30) (2.12)

It is also noted that C,, = Cpx when the process is centered between limits in the specification (i.e.
T = w). As discussed earlier, the use of a target value that is different from the mean value (i.e. the
center of the specification limits) is inappropriate unless the specification limits are asymmetrical.
However, the use of capability indices can be useful in calculating the acceptance criteria at product
release that are necessary to give an acceptable level of assurance that the product will not go out of
specification during the shelf life (see Section 2.2.4). The biggest disadvantage of the use of capability
indices in this regard is the shortage of relevant data to accurately calculate the standard deviation of the
process since specifications are typically established during development on relatively few key batches.

Formulating off-center will influence the “effective” shelf life of the product. For example, Fig. 2.2
shows the effect of formulating at 95% or 92% of the target on the effective shelf life of the product.
The closer the assay value is to the LSL the sooner the assay value will go out of specification, reducing
the effective shelf life.

2.2.2.3 “Shift happens”

Despite the best efforts of process engineers and formulators, the mean of any commercial pharma-
ceutical product will shift over time. A trend (gradual or immediate) to lower or higher values of the
mean can, over time, reach values as high as u & 2¢. Therefore, the process must be monitored over
time (e.g. by the use of control charts) and the mean recentered, if possible. Shift in the mean by such
an amount can have significant effects on the “defect rate” or the rate of rejection of commercial
batches. The effect of mean offset is illustrated in Fig. 2.3(a) and (b).

Process variability can also increase over time, due to lack of process control or control of key
excipients, leading to an increase in the probability of the batch failing to meet the acceptance criteria
(Fig. 2.3(b)). Both those cases demonstrate the importance of monitoring the process closely using
control charts, (e.g. Fig. 2.3) and recentering the process and/or adjusting the process to eliminate
trends and/or maintain or reduce the variance (¢°).

2.2.3 Calculation of quantitative acceptance criteria

It is tempting to consider the use of capability analysis and the principles discussed above to set the
initial acceptance criteria for in-process and final product specifications. However, the lack of a robust
estimate of the standard deviation may make this approach unreliable. The lack of reliable estimate of
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Target = u = 100%

U =95%
U=92% Stability specification
limit = 90%
80 ‘ ‘ ‘ ‘
0 5 10 15 20
Time (months)
FIGURE 2.2

Effect on effective shelf life of formulating product at the mean assay value (u) and at the lower specification limits
(LSL) of either 95% or 92%, for a product with degradation rate of 0.4% per month.

the variance of the process or product arises from the fact that the standard deviation is estimated from
only a few critical batches (generally pivotal clinical batches and “registration” batches). ICH Q6A
and Q6B suggest that acceptance criteria be set on the basis of the three registration batches and other
representative batches, which may be a very small number. Additionally, the FDA seeks to establish
specifications based upon clinical experience. This represents a challenge for the industry, even with
the advent of QbD approaches which will increase the data set and understanding of process and
analytical variability, but will not necessarily impact the number of clinical lots. As the number of
batches and amount of stability data increase during commercial production, capability analysis
becomes increasingly more reliable in predicting the incidence of batch rejection and batch recall.

2.2.4 Release and stability specifications

The preceding limitations notwithstanding, capability analysis may have some utility when setting the
initial acceptance criteria for the finished product (and in-process samples) and the width of the target
values at product release to ensure that the product does not go out of specification prior to expiration.
The width of the USL and LSL (i.e. the Acceptance Criteria in the Release Specification) can influence
the potential shelf life of the product. Figure 2.4 shows that the tighter the range of USL and LSL, the
shorter the potential shelf life. By convention, the Acceptance Criteria for assay (potency) in the
release specification are typically 95-105% and the typical Acceptance Criteria in the stability
specification are 90-110%. Thus tightening the release specification decreases the likelihood that the
product will fail the stability specification during storage. However, too tight a release specification
will result in more batches failing at release. Conversely, too loose a release specification can result in
a greater number of batches failing the stability specification during storage.

The use of release and stability specifications is one area in [CH Q6A that is not harmonized. In the
US, a product must meet a single specification at release and throughout the shelf life (this is also
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FIGURE 2.3

Control chart showing the effect of (a) mean drift with constant standard deviation and (b) increasing standard
deviation (constant centered mean) during routine commercial production.

generally true for a pharmacopeial monograph). By contrast, in the EU, separate specifications are
required at release and on stability. However, in the absence of a regulatory release specification,
tighter “in-house” release specifications are generally used to ensure that the product will meet the
regulatory specification throughout its shelf life. If this is done, it should be noted that the US
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Alerts limits for the monitoring stability data (using assay as an example).

regulators may treat the “in-house” release specification just like any label specification when
determining if a reported value is an out-of-specification (OOS) and requires a thorough, formal OOS
investigation.

2.2.5 Shelf life

A shelf life between 18 and 24 months with storage at room temperature is preferred to ensure
manageable inventories and supply chains for traditional (small molecule) pharmaceuticals. Many
biopharmaceuticals have refrigerated or frozen storage requirements. Many of the newer bio-
pharmaceuticals, such as cell therapies have extremely short shelf lives, often shorter than 2 weeks.
Shorter shelf lives at refrigeration temperature are generally reserved for special cases or where the
stability of the product does not allow room temperature storage for 18—24 months.

Figure 2.5 shows simulated data designed to demonstrate the calculation of shelf life (in this
example: assay) for a product with a degradation rate of 0.5% per month and 1.5% per month at 25 °C/
60%RH and 40 °C/75%RH. Data were simulated for real time at 0, 1, 3, 6 and 9 months at 25 °C/60%
RH O, 1, 3 and 6 months at 40 °C/75%RH, and analyzed according to ICH Guideline Q1A(R2). Note:
this illustration uses one batch for the estimation of shelf life. In practice, several batches will be used.
The data obtained at 40 °C/75%RH are also shown for illustrative purposes. The values at 12, 18 and
24 months and 25 °C/60%RH were calculated by linear extrapolation of the 0-9 month data. It is
tempting to set the shelf life at 20 months (Fig. 2.5) based on the intersection of the extrapolated data
and the LSL of 90%. However, based on the previous discussion there will be determinate errors in the
estimation of the estimated value of the assay at the LSL. Therefore, a more statistically valid approach
to the estimation of the shelf is to calculate the value of the assay at the point where the lower 95%
confidence interval Clj g5 for the predicted assay value at a given time-point intersects the LSL (e.g.
Fig. 2.5) (see ICH QIE: Evaluation of Stability Data). Using the latter approach the shelf life is
estimated to be 16 months.
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FIGURE 2.5

Calculation of shelf life (based on assay) for a product with a degradation rate of 0.5% per month and 1.5% per
month at 25 °C/60%RH (circles) and 40 °C/75%RH (squares), calculated by linear extrapolation of 25 °C/60%
RH data; and the lower 95% confidence interval of linear extrapolation of 25 °C/60%RH data.

In contrast to small molecules, biopharmaceutical shelf-life calculations are not usually calculated
based upon accelerated temperatures. It has been shown that the complexity of the active ingredient
and the requirement for a specific 3-dimensional structure is not conducive to using various models,
such as the Arrhenius equation, to estimate real-time storage stability. Therefore only real-time storage
data at the proposed storage temperature are typically accepted by the regulatory authorities for
establishing the shelf life. It has been proposed to the World Health Organization (WHO) and other
government regulatory authorities that additional real-time data points for biopharmaceutical products
be collected than those recommended by the ICH Guidelines for the calculation of shelf life.

2.2.6 Contribution of analytical variability to overall process variability

There are three types of errors that contribute to analytical results: gross errors, systematic errors
(determinate errors or bias) and random errors (indeterminate errors or precision). It is important that
none of these errors contribute significantly to the overall variability of a process or product attribute;
otherwise the method will be incapable of detecting differences between batches or changes within
a batch. Gross errors (such as failing to adjust a solution to volume, or dropping a flask) should be
detected during an investigation into an aberrant result and corrected.

The contributions of random or indeterminate errors have been discussed in detail in the previous
sections. Determinate errors (bias) should be eliminated during method development and their absence
confirmed during method validation (Chapter 4). The contribution of the random errors in the
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analytical measurement (ngalytica]) to overall variability (or variance) of an attribute Y 02, can
be determined from the principle of propagation of errors:

n
2 _ 2 E : 2
Ootal = aanalytical + Oother (2.13)
i=0

This is demonstrated by the following example. If we assume, as discussed in Section 2.2.4, the
overall standard deviation of a process (e.g. assay) is equal to half the difference between the mean
and the lower (or upper) specification limit (i.e. 5%) and the standard deviation (repeatability) of
the assay method is 1.5%, the contribution of the remaining factors to the variability n assay is
given by:

2 2 2 (2.14)

Oother = Ttotal — Zanalytical

or,
Oother = V52 —1.52 =4.72% (2.15)

In this example, Eqns (2.14) and (2.15) predict that although the analytical method contributes 30%
of the overall variance (variability) of the measurement (Ugnalytical / J%O[al), it contributes less than 6% of
the standard deviation (0.28/5.00). The contribution of analytical errors is expanded further in

Chapters 3 and 4.

2.3 CERTIFICATES OF ANALYSIS, TRENDING AND 00S RESULTS

The most obvious use of drug substance and drug product specifications are in the release and stability
testing of drug substances and drug products associated with studies conducted under current Good
Manufacturing Practices (cGMPs, clinical trials), Good Laboratory Practices (GLP, nonclinical
studies) and “unofficial” experimental studies (if required). If the samples meet the acceptance criteria,
an official Certificate of Analysis (CoA), reviewed and approved by the Analytical Department and
Quality Assurance (QA), is issued. Release of a batch for clinical use is always accompanied by review
of the manufacturing batch record and, depending on the phase of development, partial or complete
verification of the raw data. Strict interpretation of the GLP requirements reveals that review of the
manufacturing batch records is not required—however, it is strongly recommended. When testing or
reagent manufacture occurs in a GLP environment, the QA group often creates a standard operating
procedure (SOP) and a routine study document for collecting typical manufacturing information. This
can take the place of a batch record.

Although the practice is common, especially by Contract Manufacturing Organizations (CMOs), to
issue a CoA after testing at each stability time-point. An equally acceptable approach is the use of
stability tables, which are updated after each stability time-point. If concurrent stability testing (cf.
testing of returned retained samples) is conducted as part of a GLP study, a CoA must be issued
following testing of the first sample pulled after the in-life portion of the study for inclusion in the final
(GLP) study report.

Good analytical precision, the absence of bias and gross errors, is especially critical for samples
that approach the upper or lower limits of the specification. Otherwise a false OOS result may occur,
which cannot be reversed by a formal investigation. An authenticated OOS verified by a formal



2.4 Specifications in early development 25

investigation led by QA will result in batch rejection or recall of a batch from the clinic or from
commercial distribution. Valid reasons for analytical errors and rejection of an OOS result are bias and
gross errors: analytical imprecision is not. Examples of gross errors include: incorrect following of
procedures, incorrect instrument setting, instrument failure, and failure to meet system suitability. As
discussed previously, analytical bias should be detected and eliminated during method development
and/or method validation. However, the OOS investigation may reveal a new source of error not
previously detected during method development and validation. In this case the method should be
modified and the appropriate components of the method revalidated. Graphical trending of stability
data (see control charts, Figs 2.3 and 2.4) is essential to anticipate potential future batch failures and
stability failures and appropriate remedial steps taken. Figure 2.2 demonstrates the importance of
controlling the variance of the measurement for a particular attribute when the results approach the
limit in the specification. Otherwise, an OOS may be generated on the basis of chance.

Alerts limits are also useful (Fig. 2.4). Following the well-known case of the United States vs Barr
Laboratories,’ the possibility of generating an OOS on the basis of chance is increased by the fact that
any result containing a single value outside the acceptance criteria is considered OOS, even if the mean
is within the allowable limits. This further emphasizes the importance of trending batch history and
stability data and the application of alert limits.

It is important to note that the US vs. Barr Decision also treats biological potency assays
differently than physical/chemical methods for small molecules. The USP General Chapter <111>
specifically states that because of the higher variability of potency assays it is a standard procedure
to calculate reportable values based upon more than a single assay run and that these averaged
values may include individual values that are outside the specification. These individual values are
not treated as OOS results as long as the average potency estimate is sufficiently precise as defined
in the standard test method or SOP.

2.4 SPECIFICATIONS IN EARLY DEVELOPMENT

The previous discussions have focused primarily on late development specifications and specifications
to be included in the marketing dossier. Very recently a working group of an industry group, the 1Q
Consortium’ has published an article on “Early Development for Small-Molecule Specifications. An
Industry Perspective”. This article emphasizes the fact that very little information may be available to
support firm specifications for the drug product and the drug substance in early development.
Therefore, “early development specifications should ... focus on those tests and acceptance criteria
determined to be critical for the control of product quality and supported by preclinical [safety] and
early clinical safety studies.” In that paper, the authors propose standardized early phase tests and
acceptance criteria for both the drug substance and the drug product. They also differentiate between
test results that are to be reported to the agency at release and on stability from internal tests and
acceptance criteria that are not part of the formal specifications. The paper differentiates between the
early nonclinical batches where there are generally no formal specifications, and first in man batches,
where the aims of the former are to:

* Ensure that the correct dosage is administered in the nonclinical studies
* Determine the correct potency value of the drug substance to ensure proper dosing of the animals
¢ Quantify impurities for nonclinical qualification (establish the initial impurity profile)
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Table 2.5 Proposed Specifications for Clinical Drug Substance in Early Development
Proposed Release Internal Stability
Attribute Acceptance Criteria Testing Testing* Testing
Description Range of color + — +
description
Identification Spectrum conforms + - -
to reference
Counter lon Report result + — —
Assay 97—103% on + — +
anhydrous,
solvent-free basis
Impurities Individual NMT 1.0% + + +
Total NMT 3.0%
Chiral impurity NMT 1.0% + + +
Residual ICH Q3C or other + + -
solvents justified limits for
solvents in final
synthetic step
Mutagenic CHMP Guideline - + -
impurities (Ref. 8) until ICH M7
is implemented
Inorganic EMA limits (Ref. 9) — + +
impurities until ICH Q3D is
implemented
Water content Report results — + +
Solid form Report results — + +
Particle size Report results - + —
Residue on NMT 1.0% — + -
ignition
‘Internal testing can be performed in addition to or in replacement of release testing in the final drug substance. Internal testing
may have target acceptance criteria that are tighter than the release testing criteria.
Adapted from Ref. 7

The paper goes on to emphasize that the initial acceptance criteria for early clinical batches are targets
based on the results of the initial nonclinical studies. They further emphasize the value of using the same
batch of drug substance in both the early nonclinical studies and the first in man studies, in which case the
impurities are inherently qualified (given the appropriate safety margins). Table 2.5 provides the standard
specification for drug substances for early development as an illustration of the approach. Readers
wishing to learn more about this approach including the standardized early-phase specifications for
powder in a bottle, powder in a capsule, tablets and capsules are referred to Ref. 7 for more details.
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3.1 INTRODUCTION
3.1.1 Analytical quality by design

Quality by design (QbD) has been proposed as a systematic approach to product development, wherein
understanding of the product is paramount.' Through a comprehensive understanding of the effects of
various inputs (e.g. process parameters, materials) on the final product (active pharmaceutical
ingredient or drug product), appropriate ranges of the input parameters may be defined within which
the quality of the final product is guaranteed.'” Achieving the appropriate level of understanding
typically involves a multifactor approach to the study of a product, since changes to one input may
alter the effect of another input on the final product. One-factor-at-a-time (OFAT) studies are simply
not adequate to develop broad product understanding. On the other hand, given the large number of
potential input parameters for any product, development of a multifactor model for all possible effects
is practically impossible. Therefore, risk analysis is an important element of QbD,? allowing the truly
impactful parameters to be identified for further investigation in studies which are of a manageable
scale. These studies generally apply statistical design of experiments (DOE) or mechanistic models,
and the output is a multidimensional design space in which the effects of key parameters are under-
stood, and a product control space is defined where appropriate product quality is guaranteed (or at
least highly probable!) within the parameter ranges that border the space. A further important element
of QbD is the development of a control strategy, which governs how changes are assessed and
implemented during the life of a product.*

Analogous to QbD for product, QbD may also be applied in the analytical realm.> If QbD for
a product is defined as a full understanding of how inputs and process attributes relate to product
performance, then for analytical methods it can be considered to be a full understanding of how the
analytical technique attributes and operating conditions relate to analytical performance. Factors that
may be considered for study include the type of analytical technique chosen, reagents used, and
instrumental parameters. The method performance is defined by both the type of data that the method
produces and the required quality of that data. Data quality has traditionally been determined at the
grande finale of method development process, method validation, when method performance is
determined (accuracy, precision, selectivity, robustness, etc.). By applying QbD to analytical
methods, the method performance is instead largely defined and understood during the development
process.

3.1.2 Why do it?

In the authors’ experience, raising the topic of QbD to an analytical audience results in, at best,
a mixed reaction (indeed, this may be the case for nonanalytical audiences as well®). Typically,
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concerns are raised as to what the analyst will get out of it (what benefits will be gained), and even
more so about how much extra work QbD will require. One potential benefit that is sometimes
proposed is that by defining a QbD design space, the method could be operated anywhere within
that design space. Although this has merit in providing some flexibility in manufacturing processes,
it is less obvious that this represents a major advantage in a typical analytical method. Although
from the design space you may know that you can perform your measurement at a wavelength of
4+10 nm from the method set point of 254 nm, it’s unlikely that there would be much value in
deviating from the set point; “It’s Tuesday, I think I’ll try 264 nm today...” is probably not
a behavior typical of most analytical scientists. Instead, the great benefit comes from the identi-
fication of a robust operating region for the method. Method failure due to lack of robustness can
have considerable impact, e.g. delaying a project start due to a failed technology transfer, or
imperiling batch release if there is a method failure during product testing. If analytical QbD can
help assure clean method transfers and routine smooth method operation, the long-term impact and
value will be high. As to the question of how much extra work analytical QbD entails, the answer
probably ranges from “little or nothing” to “a lot”, depending on how well QbD is built into the
method development and validation process. If it comes as an afterthought, it will surely result in
extensive extra work. If QbD is built into the process from the beginning, good risk assessment is
performed to eliminate low-value studies, and the results of systematic method development are
contemporaneously documented, the impact on time and effort should be minimal while increasing
method understanding and robustness.

3.2 METHOD REQUIREMENTS

The requirements for a particular analytical method are strongly tied to the product and the product
attribute to which the method is being applied. The actual measured result will contain elements
of method and product variability combined via their variances (see also Section 6.2.4.2 in
Chapter 6):

2 2 2
0~ = 0 product T 0 method (3.D

It is desirable to reduce the method variability such that it becomes a relatively small contribution to
the overall variability. In addition, the method may suffer from other errors such as bias, interference,
etc., which reduce the data quality. The method requirements should be set such that the data generated
by the method are a good reflection of the product attribute being tested, and not masked by analytical
errors.

With some types of analyses, it is relatively easy to ensure that the errors of analysis are small
relative to the variability of the product being measured. For example, in a chromatographic test for
content uniformity (CU), it would typically be unusual for the method variance to be more than
a small fraction of the product variance. With relatively cursory method development, the method
requirements are likely to be met without a full-blown application of QbD. However, for other
measurements the potential for analytical error may be relatively large and there is correspondingly
greater justification for more extensive systematic studies.

Required method characteristics may be defined in an analytical target profile (ATP), which may
be viewed as being somewhat similar to a specification for an analysis,” and analogous to a quality
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target product profile.”> The ATP lists important method characteristics (e.g. parameters such as
accuracy, precision) and describes the degree to which these must be controlled (e.g. what percentage
of inaccuracy or imprecision is acceptable). Note that the ATP is essentially independent of the
analytical technique used; it simply defines the characteristics that the method must have in order to
adequately measure the product’s critical quality attributes (CQAs). The technique-independent
nature of the ATP was originally envisaged as offering a way to include required method charac-
teristics in a regulatory filing without actually specifying exact method conditions; any method could
be used to measure a product CQA so long as it was demonstrated to meet the ATP. In our experience
this is not yet a concept which is broadly embraced by regulatory authorities; however, it remains
a useful tool in defining what a method has to measure and how well it has to make that
measurement. Given a defined ATP, one can then decide on how to fulfill the ATP’s requirements, in
other words, what sort of method to use. When multiple techniques offer the required analytical
performance, factors not related to data quality such as cost, speed and “greenness” become
important. In some cases the choice is fairly obvious, e.g. a large majority of small molecule
impurity analyses are performed by reversed-phase liquid chromatography because it is a relatively
routine, inexpensive technique, which is well suited to meet the ATP’s requirements for typical small
drug molecules.

3.3 METHOD RISK ASSESSMENT
3.3.1 Definition of risk

From ICH Q9,” “risk” is defined as “The combination of the probability of occurrence of harm and the
severity of the harm.” Risk can mean many different things in the context of pharmaceutical devel-
opment, but from a viewpoint of regulatory agencies this is principally the risk of harm to the patient.
In the context of analytical testing one can consider the possible harm being caused to the patient
through an incorrect analytical result leading to release of a batch with undesirable characteristics. In
the context of pharmaceutical analysis it has been proposed that, using a failure mode effects analysis
approach (Section 3.3.2) risk = severity x occurrence x detectability, where these terms are defined
by Nasr® as follows:

* severity = effect on patient

— related to safety or efficacy
¢ likelihood of occurrence = chance of failure

— related to the quality and extent of product and process knowledge and controls
» detectability = ability to detect a failure

— related to suitability of the analytical methodology (sampling and testing)

It is important to note that the above expression is not a robust quantitative mathematical rela-
tionship, but a more qualitative statement that something is high risk if it has bad consequences, is
likely to happen, and is not likely to be detected. The definition of “severity” may usefully be
expanded; from a business perspective, harm could come about because of incorrect analytical results
leading to rejection of a truly good batch of product. Thus we may choose to include business risks in
the calculation (although the regulatory perspective is likely to be narrower, excluding these from
consideration).
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The process of risk assessment for analytical methods is thus a determination (qualitative or
quantitative) of the effects of variation in factors such as method operating parameters or sample
characteristics on method performance. Assessment of risk includes identification of potential risks,
and analysis of these risks leading to an evaluation of the importance of that risk. The risk-assessment
process brings an important benefit to method development, because a good analysis of what are truly
important parameters allows a more focused systematic study of only those parameters.

3.3.2 Risk assessment toolbhox

An element of risk assessment is present in any thoughtful method development activity. Traditionally,
it may not have been performed as a separate activity, but informally (maybe just in the analyst’s
head!) as a consequence of the analyst’s general knowledge of the technique and sample at hand.
However, a more formal approach allows the risks to be documented and decisions justified. There
exist many tools which aid in structuring the risk assessment process:

¢ Qualitative tools for parameter screening, e.g.
— Process mapping
— Ishikawa or fishbone diagrams

Such qualitative tools help define risks in a process or method by systematically laying out the
various method steps and identifying the associated risks. For example, the process of a drug product
analysis may be mapped as involving an automated sample preparation followed by a chromato-
graphic analysis. These two steps in the process can each be further broken down into sub-operations,
sub-sub-operations, and so on. Possible elements of risk can be associated with each operation.
Fishbone diagrams illustrate the process somewhat differently (see Section 3.3.3 for an example).
Many risk factors could be identified with each process, but combining one’s general analytical
knowledge about the technique in use and specific knowledge about the particular analyte, many
hypothetical risks can quickly be discounted, leaving relatively few potentially critical parameters for
further consideration.

* Semiquantitative tools for risk ranking, e.g.
— Relative ranking
— Failure mode effects analysis/Failure mode effects and criticality analysis (FMEA/FMECA)

Semiquantitative tools for risk ranking help define which elements of the method are truly CQAs.
For example, after initial qualitative triage of risk factors, the remaining parameters can be assessed
for their relative criticality; a factor that has potential to result in erroneous data which cannot easily
be identified as erroneous would rate as high risk, whilst one where the error can easily be spotted
would rate lower. FMEA/FMECA is specifically mentioned in ICH Q9 “Quality Risk Manage-
ment”.> FMEA starts by evaluating potential failure modes for each step in the analytical method,
and correlates each failure mode with a likely effect either for patient safety or as a business risk. The
root cause for each failure mode is postulated based on previous knowledge or general scientific
principles. The assessment may be extended to include a consideration of the criticality of
a particular risk, and hence may allow identification of method steps where additional preventive
actions may be appropriate to minimize risks. It should be emphasized that although a risk proba-
bility number (RPN) may be assigned as the product of severity, likelihood and detectability
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(see Section 3.1 above), the RPN is not a hard number in the sense that, for example, one expects an
assay value to be. Although there are criticisms of the FMEA methodology,”'? it nevertheless
provides a useful framework within which to attempt to systematically identify and rank risks and as
such, can be useful provided one does not attempt to over-interpret the numerical output.

» Experimental tools for process understanding, e.g.
— Statistically designed experiments
— Mechanistic models

Statistical tools can support and facilitate risk assessment. For example, a screening factorial
design can demonstrate the sensitivity of a method to different parameters, and the variability
encountered within the experimental space. Mechanistic models may provide similar information—a
simple univariate example would be the Henderson—Hasselbach equation relating the degree of
ionization of a compound ([salt]/[acid]) to its pK, and the solution pH:

pH = pK, + log([salt]/[acid]) (3.2)

The effects of the relationship described by this equation on chromatographic method robustness
are enshrined in the chromatographer’s axiom that one should operate >2 pH units away from the
analyte’s pK, so that minor changes in pH will not cause a large change in the ratio [salt]/[acid] (these
species typically having very different retention). In the common situation of chromatographic
separation of impurities where species with varying pK,s are simultaneously analyzed, an under-
standing of the charge state of each component will illustrate which, if any, are potentially at risk of
varying retention from pH change and thus whether pH should be considered a primary factor for
further investigation.

It can be very helpful to perform risk identification as a small-group activity. Having multiple
viewpoints in the risk assessment reduces the possibility that potential risks will be overlooked or
dismissed (the analyst considering Eqn (3.2) may believe that the analyte pK,s are far from the
operating pH, but hopefully in a group discussion someone would remember that the pK,s of weak
acids and bases depend greatly on the solvent mixture used and ask whether the “known” values are
correct under the chromatographic conditions used!). The assessment should be appropriately
comprehensive, and not just limited to the method conditions. For example, the sample itself is an
important risk factor in many analyses; if there are variations in tablet properties such as particle size or
hardness, these may well affect a spectroscopic calibration model or an extraction. It may well be that
potential risks are identified that cannot be fully addressed at a given point in development; although
analyst-to-analyst variability may be studied in a single lab, an investigation of lab-to-lab variability
may not be possible (or warranted) in early development (see also Chapters 4 and 6). In later devel-
opment, a wide variety of samples from product development QbD studies may become available,
which cover the extremes of the process operating ranges. These may not be ready for inclusion in
method development studies, but the potential risk can be identified early, and the effect (or, hopefully,
lack of effect) confirmed later, e.g. in a separate ruggedness study.

3.3.3 Risk assessment example

Rather than starting with an example from a specific analytical technique, consider an example which
almost any analytical chemist can relate to: the commute to work. Figure 3.1 shows a fishbone diagram
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Environmental Traffic
Rain School buses
Snow Heavy volume
Fog Accident
Ice
Deer
Arrive at work
safely and
on time

No fuel Pothole
Lost keys Roadworks
Dead battery Diversion
Puncture

Vehicle Road hazards

FIGURE 3.1

Fishbone diagram illustrating various risks involved in the daily commute to work. The goals are identified to the
right: arriving at work safely and on time.

where four major categories of risk have been identified, with several specific risks shown in each
category. Note that to the right, the goals of the commute are defined—to arrive at work safely and
on time.

A qualitative assessment of the risks indicates that several can be avoided by appropriate planning.
For example, a good standard operating procedure (SOP) on vehicle maintenance would likely
eliminate the risks of being delayed due to a dead battery or a puncture, while another related to vehicle
operation should ensure that the commuter appropriately fuels their vehicle and systematically stores
their keys in a place they will not be lost. Thus, systems can be put in place to greatly minimize the
identified vehicle risks. The traffic risks can also be mitigated to a significant extent, e.g. an early
commute avoids volume and school buses, while forward planning can avoid major roadworks. In
Table 3.1, a more quantitative analysis of these risks is presented.

The risks are rated in terms of their possible effect on achieving the stated goals. These goals need
not be equally weighted when considering the risks; hopefully safety will have a greater weight in the
risk analysis than timeliness. Thus, although losing one’s keys in the morning may delay arrival, this is
a relatively minor inconvenience compared to an unplanned close encounter with a deer (rated high
severity) and was given a lesser weight for severity in the risk assessment. Similarly, judgments are
made on the likelihood of a hazard occurring. If vehicle-related SOPs are in place, vehicle-related
problems should have a low probability. Finally, there is the question of detectability. A hazard
which can easily be detected can be avoided, and hence is given a low rating. On the other hand, black
ice or a deer hiding in the roadside woods carries a higher detectability rating (i.e. poor detectability).
The overall risk rating is the product of the severity, likelihood and detectability ratings. From the
above analysis, it is estimated that the environmental hazards of ice and deer are the critical hazards
which still need to be addressed for this commute as a result of their severity and poor detectability.
These are identified as primary factors, while five other factors have a more modest impact and may
optionally be assessed further.
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Table 3.1 FMEA analysis of a daily commute
Numerical

Severity Likelihood Detectability Rating

High=3 High=3 High =1 Detectability x

Medium =2 Medium =2 Medium = 2 Likelihood x Primary
Risk Low =1 Low=1 Low=3 Severity Factor?
Environmental
Rain 1 2 1 2 N
Snow 2 1 1 2 N
Fog 2 1 1 2 N
Ice 3 1 3 9 Y
Deer 3 1 3 9 Y
Vehicle
No fuel 1 1 1 1 N
Lost keys 1 1 3 3 N
Dead battery 1 1 2 2 N
Puncture 2 1 2 4 ?
Traffic
School buses 1 2 1 2 N
Heavy volume 1 2 2 4 2
Accident 2 1 2 4
Road hazards
Pothole 1 2 2 4
Roadworks 1 2 2 4
Diversion 1 2 1 2

The quality of the risk analysis will impact the factors studied going forward, and thus the extent of
work that will be done. In this case, the hazards were identified in a brainstorming session, and the
ratings were made subjectively. One can see that this process could be improved upon; for example,
real statistics for road accidents or traffic flow could have been sought to better quantify the hazards
and potentially to identify ones which were not recognized.

3.4 METHOD DEVELOPMENT AND OPTIMIZATION: UNDERSTANDING
THE METHOD OPERATING SPACE

With many analytical techniques, one can achieve useful results with practically no method devel-
opment or optimization. If rather standard approaches and method parameters give an acceptable result
for the large majority of samples, and sources of error with the technique are well understood,
extensive method development and optimization studies are probably not a good use of resources.
Tests such as Karl Fischer (KF), simple UV measurements, or some compendial methods may fall into
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this category. On the other hand, there are many analyses where extensive development and optimi-
zation experiments are the norm, e.g. chromatographic impurity analyses, dissolution, or particle-size
measurements. Even with these techniques, one can be fortunate and achieve a reasonable result after
a few experiments based on very generic conditions; a broad acetonitrile—water gradient on a C18
column is a standard starting point for small molecule pharmaceutical analysis and it is not so unusual
for many components in a sample to be resolved on the first attempt. However, this is not the whole
story since the ATP will contain a variety of quality attributes such as accuracy and precision, and the
choice should also include business requirements related to analytical speed or greenness of the
method. Further experimentation is required to determine appropriate conditions where the ATP is met
with good method robustness. The goal of these experiments is to understand the effect of the
previously identified primary factors affecting the method.

There are a variety of ways in which experimental data can be transformed into useful method
knowledge. Trial-and-error and more systematic OFAT approaches are limited because they provide
information about points or lines in experimental space, but cannot be interpreted to understand
method behavior across large regions of the experimental space. However, empirical models of the
method space can be built using appropriately designed multifactor experiments, which are amenable
to interpretation in a way that OFAT experiments are not. DOE approaches such as factorial designs or
response surface designs fit responses to empirical functions, e.g. a quadratic function including cross
terms. Such models are not intended to be expressions of the physico-chemical processes underlying
the analytical method, but they do allow a result to be predicted based on a combination of input
factors. Because they are not built around a method-specific model, they are universally applicable,
albeit at the cost of requiring a significant number of experiments to build the model. A variety of DOE
approaches useful for analytical QbD are described in Section 3.5.

In some cases, an explicit mechanistic model is available, which describes the analytical process
based on a fundamental understanding of the technique. For example, in chromatography, a number of
commercial software packages are available that are built around theoretical descriptions of the
chromatographic separation. The advantage of this sort of approach is that the analytical response can
in many cases be accurately modeled based on a very few, carefully chosen experiments. Such
approaches are discussed in Section 3.6.

3.5 EMPIRICAL MODELS: DOE (SCREENING, MODELING, ROBUSTNESS)
3.5.1 Introduction

Use of an empirical model founded on statistically based DOE is a powerful tool in QbD method
development. There are various software packages such as JMP, SAS, Design-Expert and Minitab
that can generate a design and/or analyze the results. A DOE not only provides an organized
approach to problem solving but also enables efficient and clear estimation of the effects that factors
have on responses. Factors (independent variables) are chosen and controlled by the experimenter.
Factors can be qualitative such as column type or solvent that are generally called “class” factors and
are not on a continuous scale, or quantitative such as time or speed that are generally called
“continuous” factors. Each factor is studied at one or more levels. For example, the factor may be
solvent but there may be four different solvents studied. The four solvents are the levels of the
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solvent factor. The factor could be quantitative such as speed or time with levels of 4, 6, and 8 rpm or
1, 3, and 5 min, respectively. Responses (dependent variables) such as %recovery, %residual solvent,
potency (mg/tablet) are the measured results that are generated from application of the factors to
experimental material. Once the factors and levels are chosen, there are two primary components in
constructing the design: (1) the combination of factor levels to include in the design and (2) the
number of times to replicate each combination of factor levels. Of course, there are many details to
consider prior to addressing these questions, such as: What is the question which will be answered by
conducting the study? What are the available resources (materials, machines, and people)? What are
the constraints on the factor levels? How will the design be carried out? What is the current available
knowledge? What are the known issues about the factors and/or responses? These and other ques-
tions are addressed by definition of the ATP and risk assessment to identify factors for systematic
study.
Typical uses of DOE in QbD are as follows:

Estimate effects of factors on responses

Study interactions between factors and their effects on responses
Estimate the precision of a measurement

Identify factors that have a significant effect on responses

Select optimum operating conditions and/or ranges

Identify factors that have little effect on responses (robustness studies)
Identify regions of failure

Reduce the number of factors (screening studies)

Reduce the number of factor levels

10. Identify factor ranges

11. Build empirical models to predict responses over the experimental range (response surfaces)
12. Estimate coefficients of known models

N RPN =

A general strategy for applying DOE to QbD is to perform a screening design (e.g. Plackett/
Burman) to reduce the number of levels and/or factors so that a second study (e.g. fractional
factorial) can be performed to further investigate the more important factors and to evaluate any
possible interactions between the factors. Then, if desired, the final step is to use a response surface
design so that an empirical model can be fit to establish a relationship between each response and
the factors.

A DOE is used to evaluate the relationship between the factors and the responses. There can be
multiple responses and/or factors in an experiment. In most cases the analysis consists of evaluating
the effect of the factors on each response separately. This type of analysis is called a multifactor
analysis. If the analysis is evaluating the effect of the factors on multiple responses in the same analysis
(e.g. several different impurities), then the analysis would be considered multivariate. The advantage
of a multivariate analysis is that it takes into account the correlations between responses. For example,
several impurities may be related to each other—when impurity A is high, impurity B may tend to be
low. The multivariate analysis would take this into account. At the present time, multivariate analysis
is not commonly used for QbD since the analysis is much more complicated than multifactor analysis.
Multivariate analysis using principal components or partial least squares is commonly used in building
chemometric models.'""'* Since multivariate analysis is beyond the scope of this chapter, only
multifactor experiments will be discussed in the remainder of this section.
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3.5.2 Multifactor designs

There are many types of multifactor designs that could be used in a QbD strategy, such as Full and
Fractional Factorials, Nested, Split Plot, Mixture, and Response Surface designs. A number of texts
have been written on the design and analysis of experiments,'*'® which describe these designs in detail.

A design commonly used in the pharmaceutical industry consists of only one factor at several
levels. For example, the OFAT strategy would be to perform a one-way experiment for one factor
holding the other factors constant, then pick another factor holding the other factors (including the first
factor) constant. For example, in a chromatographic experiment, all settings may be held constant
except for flow rate. Flow rate could be set at specific values and several runs performed at each of
these flow rate settings. This would be called a one-way experiment since there is only one factor (flow
rate). This may be repeated, changing another factor while holding the rest constant. In the event of
interactions between factors (see below), this is nor an optimal strategy for multifactor experiments.

3.5.2.1 Factorial designs

Factorial designs are the most common designs used in QbD. These are used to identify important
factors as well as any interactions that may exist between factors (see Chapter 5 in Ref. 13). These
designs are used for method development as well as for showing the ruggedness or robustness of
a method over a region. They consist of two or more factors with each factor set at two or more levels.
The total number of combinations that could be tested is the product of all the levels. Each combination
of factors and levels is called a treatment combination. So if there are two factors at two levels and one
factor at four levels, there would be 2 x 2 x 4 =16 treatment combinations. The design before
randomization would look like the following (Table 3.2):

Table 3.2 Three-factor design (two at two levels, low, L, and high, H, and one at four levels, L1-4) prior
to randomization
Factor A Factor B Factor C

Run (Two Levels: L and H) (Two Levels: L and H) (Four Levels: L1, L2, L3, L4)
1 L L L1

2 L L L2

3 L L L3

4 L L L4

5 L H L1

6 L H L2

7 L H L3

8 L H L4

9 H L L1

10 H L L2

11 H L L3

12 H L L4

13 H H L1

14 H H L2

15 H H L3

16 H H L4
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It is important to run the 16 experiments in a random order to eliminate any systematic errors.
Performing a full factorial design allows estimation of the effects that each factor has on the response
as well as the possible interactions between the factors. In the example above, there are three factors,
so the analysis would include estimation of the main effects, 2-way and 3-way interactions. Main
effects of a factor are computed by determining the difference between the average of one level of the
factor averaged over all the other factors to the average of another level of the factor averaged over all
the other factors. So the main effect of A is the average of the responses corresponding to runs 1-8 to
the computed average response from runs 9-16. The 2-way interaction between factors A and B would
compare the four combinations of the A and B levels as shown in Table 3.3A. An example of an AB
interaction is shown in Table 3.3B and Fig. 3.2.

In this example, the effect of factor A depends on the level of factor B. At the low level of factor B,
increasing factor A from low to high increases the response by 13 but at the high level of B, increasing
factor A from low to high increases the response by only 0.5. If a factor is involved in an interaction,
then interpreting the factor’s main effect can be very misleading. Notice that if an OFAT strategy was
performed and the scientist held factor B at the high level first and performed a run at the low and high
level of factor A, there would be no difference since they both would result in a measured value around
82. If the scientist followed up holding the factor A at the low level and performed a run at the low and
high level of B, then the low level of B would indicate a lower response than the high level of B. The
scientist would decide that the high level of B is optimum and factor A has little effect, completely
missing the fact that the low level of factor B and high level of factor A would result in a response of
over 90.

In running a factorial design, replication of points is highly recommended. In the above example,
suppose the experimenter only obtained one result from each of the four combinations of factors A and
B of 78.3, 91.1, 80.8, and 81.3 as shown in the table. It is possible that these four results could have
been obtained by performing the same combination of factors A and B four times. The variability in the

Table 3.3A Two-way interactions are determined by comparing the average AB levels
Factor A
L H
Factor B L Average runs (1—4) Average runs (9—12)
H Average runs (5—8) Average runs (13—16)
Table 3.3B An example of the AB interaction
Factor A
L H
Factor B L 78.3 91.1
H 80.8 81.3
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Interaction between factor A and factor B
95

90 -

Response

70 T

Low High
Factor B

=4=Factor A = Low =@-Factor A = High

FIGURE 3.2

Graphical representation of the AB interaction shown in Table 3.3B. (For color version of this figure, the reader is
referred to the online version of this book.)

results may not be due to changing the factor levels but rather just the natural variation in the method
upon repeating the same treatment combinations four times. If the factors are all quantitative, then
replication can be accomplished in a factorial design by adding center points at the mean of each
quantitative factor. If the design also contains qualitative factors, then there is no “true” center. For
example, if the design consists of the factors time (quantitative) at 5 and 10 min and two solvents
(qualitative), then the replicates would be performed at 7.5 min for each solvent. Replication is used to
test the significance of factor effects on the response and to provide an estimate of the reproducibility
of the treatment combination. Another benefit of center points is that if the factors are quantitative and
the center is the average of the high and low levels, then it is possible to obtain an estimate of curvature
over the experimental region. If there is a significant curvature, then predicting the response within the
factor ranges cannot be done accurately because the design cannot determine which factor is causing
the curvature. Additional design points are needed to determine what factor(s) are causing the
curvature. Response surface designs (Section 3.5.2.4) are often used to estimate curvature.

Performing a full factorial design with several factors each at several levels becomes large very
quickly. For example, seven factors each at two levels would require 128 separate experiments! In this
case, fractional factorial designs, which are subsets of full factorial designs, are generally used since
they require fewer treatment combinations (see Chapter 6 in Ref. 13). These subsets are chosen in
a special way so that the maximum information can be gained from the experiment. Fractional
factorials generally provide less information on higher order interactions. For example, a full factorial
design with five factors each at two levels would require 2° = 32 treatment combinations. But a half
fraction (expressed as 2° ") would require testing only 16 treatment combinations as shown in Table
3.4. The 2 represents the number of levels, the 5 represents the number of factors, and the —1
represents the fraction of the full factorial (a —2 would mean a quarter fraction).

There is some loss of information because the entire 32 run design is not performed. This is called
confounding, meaning that certain terms are not separable from each other. In this design, the loss of
information arises from the fact that the main effects are confounded with the four-way interactions
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Table 3.4 257! Fractional factorial design
Factors

Run A B C D E
1 L L [ L H
2 L L L H L
3 L L H L L
4 L L H H H
5 L H L L L
6 L H L H H
7 L H H L H
8 L H H H L
9 H L L L L
10 H L L H H
11 H L H L H
12 H L H H L
13 H H L L H
14 H H L H L
15 H H H L L
16 H H H H H

and the two-way interactions are confounded with the three-way interactions. For example, the
interaction between A and B is confounded with the three-way interaction of C and D and E. If the AB
interaction is significant in the analysis, the experimenter will not know whether the AB interaction is
causing significance or the CDE interaction because they are indistinguishable. If the experimenter
believes that the only possible effects are the main effects and the two-way interactions, and that the
three- and four-way interactions do not exist or are very small, then not much is lost by running the %2
fraction.

3.5.2.2 Nested designs

These are often used to partition the total method variability into its contributing parts. For example, in
an assay method validation, one could make three preparations on each of two days from the same
batch and perform two injections for each preparation. The injections are nested in preparation and the
preparations are nested in day. The design with results is shown in Table 3.5A.

The analysis of this design would separate the total variability into three parts (called components):
between day, between preparations within day, and between injections within preparation. The
analysis would provide the separation of variability as shown in Table 3.5B. As can be seen from the
table, most of the variation is due to day-to-day variation. In QbD, this type of design and analysis can
help to identify where the greatest sources of variability lie so that the experimenter knows where to
put efforts to improve the method.

There is often confusion as to whether a design is a factorial or a nested design. For example,
suppose that there are two factors, “method” and “batch”. If there are only three batches, A, B, and C,
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Table 3.5A Example of a nested design, with three preparations
on each of two days from the same batch, with two injections for
each preparation
Day Preparation Injection number Results
1 1 1 40.2
2 41.8
2 1 43.9
2 44.2
3 1 39.9
2 38.8
2 1 1 43.4
2 45.5
2 1 46.0
2 47.2
3 1 46.2
2 46.8

Table 3.5B Variability assigned to different factors

Source Standard Deviation RSD(%)
Day 2.90 6.64
Preparation within day 1.78 4.07
Injections within 0.92 2.10
preparation

Total 3.52 8.07

and each batch is tested by both methods, then the design is a factorial design. However, if the batches
A, B, C tested by method A are totally different from the batches D, E, F tested with method B, then the
batches are nested in method. In the nested design, there are six batches but in the factorial design,
there are only three batches.

3.5.2.3 Split-plot design

Suppose the first four runs after randomization in a design with factors A and B are as shown in
Table 3.6. The experimenter notices that factor A is at the low level for runs 1 and 2. Therefore instead
of resetting A to low again, the experimenter just leaves the setting alone. In an experiment, each run
should be performed as though it is the first run. All levels should be reset. However, there may be
practical reasons why it is difficult to reset the factor (sometimes called “hard to change” factor). For
example, the experimenter may be studying different mobile phases, flow rates, and temperatures.
Remaking the mobile phase for each run may not be easy so the experimenter may want to use one
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Table 3.6 The first four runs after randomization in a design with factors
Aand B
Factor A Factor B
Run (Two Levels: L and H) (Two Levels: L and H)
1 L L
2 L H
3 H L
4 H H

preparation of mobile phase for several combinations of flow rate and temperature before switching
mobile phase. To the analyst, this seems perfectly reasonable; they are interested in the question of
whether mobile phases A or B affect their separation, so why remake the mobile phase each time? On
the other hand, a statistician would consider the preparation of the mobile phase to contribute its own
variability to the method and would accordingly analyze the data differently, using a split-plot design
(hence, the importance of analyst and statistician discussing how the experiment is designed before
it is performed!). A split-plot design for this example (before randomization) would be as shown in
Table 3.7.

The randomization occurs in two steps for a split-plot design since the four flow rate by solvent
combinations have to occur in each of the four mobile phase preparations. In the example, the four

Table 3.7 Split-Plot design (before randomization)
Main Plot Mobile Phase Split Plot Flow Rate Temperature
1 A
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mobile phase preparations would be randomized first. Then within each of the four mobile phase
preparations, the four flow rate by solvent combinations would be randomized. If the first preparation
of mobile phase A is first after randomization, then all four combinations of flow rate and solvent
would be run before switching to the second mobile-phase preparation in the randomization. Split-
plot designs were commonly used in agricultural experiments where one factor was used for a large
plot (called main plot) of land and then other factors were applied to subplots of the main plot.'® In
the example above, the mobile phase is the main plot and the four combinations of flow rate and
solvent are applied to portions of the same mobile phase and are called the split plots. If this
experiment was a factorial design, then mobile phase would have to be prepared 16 times whereas in
the split-plot design, mobile phase is only prepared four times (2 A’s and 2 B’s). The analysis of
a split plot takes into account that mobile phase was only applied four times but flow rate by solvent
combinations were applied 16 times. The analysis allows for two sources of variability—one for the
main plots and one for the split plots. Main plot variability is used to evaluate the main-plot factors
and the split-plot variability is used to evaluate the split-plot factors as well as the interactions
between the main-plot and split-plot factors. Split-plot designs are discussed in detail in Chapters 10
and 11 of Ref. 19.

3.5.2.4 Response surface

The designs discussed above are generally used to estimate the “true” mean response at the specific
combinations in the study rather than interpolate or extrapolate outside the ranges used in the study.
Response surfaces are very helpful in determining what factors are important, what the effect of
changing the factor levels have on the response, estimating experimental error, and evaluating inter-
actions between factors. However, if only two levels are used for quantitative factors, then interpo-
lation or extrapolation can be very risky since a linear relationship must be assumed. Adding center
points can allow an estimation of the overall curvature but cannot identify which factor is causing the
curvature. In order to interpolate or extrapolate, designs should use an adequate number of levels to
allow a reliable prediction equation. The designs discussed above can be used for this purpose by
adding additional factor levels.

Response surface designs are used to develop a function that will relate the responses to the factor
levels. The factors are generally quantitative. These designs help the experimenter to visualize the
effects of the factors on the response. There are several texts on response surface designs.”*?’

The empirical model that is generally used for response surface designs is a full quadratic model
that includes the linear, cross product, and quadratic terms. An example of a full quadratic model in
two factors is as follows:

Response = By + B1*X1 + B2*Xo + Bio* X1 X, + Bll*Xlz + Bzz*X% 3.3)

where

By = intercept

B, By =linear term coefficients

B, = cross product coefficient

Bj, By; = quadratic coefficients.

Since the “true” relationship between the response and the factors may be complicated, these
models are approximations to the “true” model (see Chapter 10 in Ref. 13). Therefore, the model
should be evaluated as part of the analysis to ensure that the model is fitting the data adequately. The
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range over which the model is used is also important. A full quadratic model may be adequate for
a limited region of experimental space even if it cannot be used for a larger region.

Least squares are used to fit a model to the data with no assumptions to fit the model. However, to

make any statistical statements such as determining significant terms, constructing confidence inter-
vals, or lack of fit, the following assumptions are made:

1.

The model is correct. There are several ways that a model can be incorrect. One incorrect model is
overfitting the data. For example, a full quadratic model could be fit to a response but the true model
just contains the linear term. Alternatively, two factors may be included in the model but only one
factor has an effect on the response. The other incorrect model is underfitting the data. In this case,
there are not enough terms in the model. An example of this is fitting a line to show linearity of
reference response when the true model is quadratic. One approach is to fit the quadratic model
and test for curvature by testing that the coefficient associated with quadratic term is significant.
R? is not a good measure of linearity since the R? measures the combination of curvature as
well as random variation about the regression line.

. The observations about the fitted model are independent of one another.
. The underlying distribution of the residuals about the fitted line is normal.
. Variability of the residuals is similar at each combination of factors in the experiment. If this

assumption is not satisfied, there are several strategies to correct the problem. For example, the
data could be transformed so the residuals are normal or a weighted regression could be used.
Weighted regression requires knowledge about the relationship between the factor settings and
the variability or enough data at each treatment combination so that an estimate of the
variability at each treatment combination can be made. This variability can be used as weights
in the weighted regression.

A factorial design that has three levels for each factor can be used to fit a full quadratic model. The

design for a 3? factorial (two factors each at three levels for nine treatment combinations) for the
factors X and X, is shown in Fig. 3.3.

X4
@ @] @
—Q Q *—
X3
(€] Q ®

FIGURE 3.3

Three level factorial. (For color version of this figure, the reader is referred to the online version of this book.)
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Table 3.8A An example of a 32 factorial to evaluate the effect of
concentration and time on a response (recovery) before randomization
Concentration Time Response

1 10 73

1 20 85

1 30 80

3 10 80

3 20 90

3 30 84

5 10 85

5 20 96

5 30 90

An example of a 32 factorial is a study to evaluate the effect of concentration and time on a response
such as recovery. The design before randomization is given in Table 3.8A. The least squares full
quadratic model fit to the data provides estimates of the coefficients and the p-value associated with
each term (Table 3.8B).

In Table 3.8B, the p-value is the probability of finding a coefficient as large as or larger than found
in the study assuming that the “true” coefficient is zero. p-values less than 0.05 are considered
significant since they would occur rarely if the “true” coefficient was zero. Therefore the conclusion is
that the “true” coefficient is not zero. There is a significant quadratic effect of time but not concen-
tration. Both time and concentration are involved with significant effects. In an attempt to simplify the
model, one approach would be to eliminate the concentration-squared term since it is not significant.
However, this approach should be performed with some caution since the design is small with low
power to find significant effects. At a minimum, the fit of the full model against the actual results with
the model not including the concentration-squared term should be examined to evaluate the effect of
removing the term. The response surface and contour plots based on the full model are shown in
Fig. 3.4. The surface plot shows the curvature in time and a rising predicted response as concentration
increases. If the goal is to maximize the response, then the optimum is on the edge of the experimental
region with time at around 20 and concentration of 5. However, estimating the response at given

Table 3.8B 3 x 3 factorial quadratic model coefficients

Term Estimate p-Value
Intercept 42.18 <0.01
Concentration 3.00 0.04
Time 3.68 <0.01
Concentration x concentration 0.042 0.76
Concentration x time —0.025 0.25
Time x time —0.083 <0.01
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combinations of time and concentration is difficult to do visually from the response surface plot
(Fig. 3.4(a)); the contour plot (Fig. 3.4(b)) is much better for this purpose. Any combination of time
and concentration on the same contour line predicts the same response.

The number of runs required to conduct a full 3% factorial can be problematic. Two factors require
nine runs, three requires 27, and for four factors, 81 runs are necessary. Even with three factors, the
number of runs may be too large in practice. However, there are other designs that allow fitting
a quadratic model and do not require as many runs. The most common design is the central composite

(CCD), which consists of a 2-level factorial design, center points, and axial (or “star”) points. For three
factors, the design is shown in Fig. 3.5.

(@)

Response

FIGURE 3.4

(a) Response surface. (b) Contour plot. (For color version of this figure, the reader is referred to the online version
of this book.)
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Central composite design for three factors. The corners of the box are the factorial portion of the design, with
additional center points (0,0,0) and axial points (points with « in their coordinates). (For color version of this
figure, the reader is referred to the online version of this book.)



50 CHAPTER 3 Application of quality by design (QbD) to the development

Table 3.9 Number of runs (factorial + star 4 center 4 additional
centers) required to run a central composite design

# Factors Central Composite

k 2K+ 2k+1+AC

2 9+AC

3 15+AC

4 25+ AC

5 27+ AC

Table 3.9 shows the number of runs (factorial + star + center + additional centers (AC)) required
to run a central composite design. Note that the number of points in the central composite is much
smaller than in a 3* factorial design.

Placement of the star points and/or number of center points can give the design different properties.
The distance from the factorial points on each axis to the center point is considered one unit. The
multiple of this distance is usually denoted by «. So if a =1, the star points would align with the
factorial points. In the case of two factors, this would result in a 3 x 3 factorial. An « = 1.414 would
result in a design that is called rotatable, meaning that for any concentric circle about the center, any
predicted response on the circle would have the same precision. Other values are possible, resulting in
different properties.

A case study, which illustrates the use of a response surface design in sample extraction is dis-
cussed in Section 3.8.

3.5.2.4 Mixture designs

Mixture designs are used when the factor levels are proportions of a total amount. For example,
a solution such as a mobile phase or an extraction solvent may consist of three components with each
component representing a percentage of the total, for example 20% component A, 30% component B,
and 50% component C. The sum of the proportions adds up to 100%. The goal of the study may be to
find the optimum combination of factor percentages. For example, the experimenter may be interested
in finding the best combination of surfactant, solvent, and oil to increase recovery. The design can be
described in the diagram shown in Figure 3.6, and is also given in Table 3.10. This particular mixture
design is called a lattice with each component ranging from 0 to 1 by thirds. Points are denoted by
(water, surfactant, oil) giving the proportion of each component in the mixture (Fig. 3.6, Table 3.10).
Note that a factorial or central composite design (CCD) cannot be used in these studies since the sum
of the factor levels in some treatment combinations could add up to more than 100%. For example, if
component A is to be studied between 10% and 30%, B between 20% and 40%, and C between 40%
and 60%, a factorial would require a combination with A =30, B =40, and C = 60%, which is
impossible since the components add to 130%!

Note that the interaction terms are not significant. One could investigate whether or not to
reduce the model by eliminating these terms (one at a time). The corresponding contour plot using
the full model is given in Fig. 3.7, showing the combinations of water and surfactant that predict
the value on the contour line. The oil content would be 1 minus the sum of the water and surfactant
levels.
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FIGURE 3.6

Lattice mixture design for three components. (For color version of this figure, the reader is referred to the online

version of this book.)

Table 3.10A Input values and responses for the mixture

design shown in Fig. 3.6

Water Surfactant Qil Response

1 0 0 70.8

1/3 0 2/3 79.7

2/3 0 1/3 81.2

0 0 1 78.7

1/3 1/3 1/3 68.2

2/3 1/38 0 60.7

0 1/3 2/3 68.7

1/3 2/3 0 75.2

0 2/3 1/8 79.3

0 1 0 70.3
Table 3.10B The resulting model
Term Estimate p-Value
Water 69.913 0.0005
Surfactant 75.007 0.0003
QOil 76.776 0.00083
Water x Surfactant —24.733 0.50
Water x Oil 27.802 0.40
Surfactant x Oil —12.890 0.69
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Contour plot for the mixture design data in Table 3.10. (For color version of this figure, the reader is referred to the
online version of this book.)

To maximize the response (greater than 80) would require a surfactant level less than 5%, a water
level between 25% and 50%, and depending on the choices of surfactant and water, an oil level
between 45% and 75%.

3.5.2.5 Optimal designs

Prior to selecting a design, the scientist should think about the goals of the experiment. In addition to
the goal, the experimental region of interest should be selected. In many experiments such as those
described above, the region is rectangular by default since each single factor has a range and when all
factors are combined, the result is a multidimensional rectangle. However, there may be problems
where the experimental region of interest is not rectangular due to physical constraints. One example is
the mixture design described above where the experimental region is triangular or a prism. If two
factors are flow rate and temperature, there may be a different range of usable flow rates depending on
the temperature. Another question to ask prior to creating a design is whether or not the goal is to find
the best model by selecting the important main effects, interactions, or quadratic effects or to assume
a specific known model but try to find the best estimates of the coefficients (or obtain the most precise
predicted response). Optimal designs'® are often used in cases where the experimental region is non-
rectangular but can be defined and/or when the model can be specified but the goal is to obtain the
“best” model. The “best” model could mean finding the model with the most precise coefficients or the
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most precise predicted value or many other statistical criteria. The most common criteria when the goal
is to obtain the most precise estimates of the coefficients in the model is D-optimality, whereas the
most common criteria to obtain the most precise predicted value over the experimental region are
either G- or I-optimality'’.

Once the experimental region is defined (which can be all of the possible combinations or factor
levels in the experiment), the model specified, number of runs are chosen and optimality criteria
selected, then the optimal design needs to decide what treatment combinations to run and how many
replications to perform at each treatment combination. There are various software packages such as
JMP that will generate an optimal design. If the goal of the experiment is to find the best model, then
the scientist should be careful when performing the analysis since the coefficients are correlated
(partially confounded) with one another. Therefore, the coefficient for a term in the equation depends
on whether or not other terms are included in the model. The correlation also affects the significance of
terms in the model. Optimal designs can result in a large reduction in the number of runs to perform in
an experiment.

3.6 APPROACHES USING EXPLICIT MODELS

The previous section focused on using empirical models in QbD. However, it may be possible to build
an accurate mechanistic model, which describes the system being studied. The application of empirical
and mechanistic modeling to a QbD study of chemical reactions has been compared®?; the authors
found both approaches could describe their reaction. Building the mechanistic model had the
advantage of developing greater process understanding, greater ability to explore transient conditions,
and aided in risk assessment by the ability to rapidly conduct simulations to test the sensitivity of the
reaction to various factors. On the other hand, the empirical model offers an approach where an
adequate mechanistic model cannot be developed, e.g. due to the complexity of the system. For
analytical applications, several commercial software packages are available for chromatographic
method development and optimization that are based around well-established models of chromato-
graphic retention.”® Arguably, the best known of these is DryLab, which has been available in
increasingly sophisticated versions for a quarter of a century.** Chromatographic retention is modeled
using a variety of expressions which describe the effects on retention of parameters such as mobile-

phase composition, temperature, pH and additive concentration®”:

Solvent strength (%B): log k = log kyw — S¢ (3.4)

where £ is the retention factor of the analyte in the aqueous—organic mobile phase (k being the ratio of
the amount of analyte in the stationary phase to that in the mobile phase, a value which can be related
to the retention time of the analyte), k, is the retention factor of the analyte using a mobile phase
comprised only of water, S is the solvent strength parameter for this analyte, and ¢ is the volume
fraction of organic solvent in the mobile phase.

Temperature: logk =A + B/T (3.5)

where A and B are constants for a given system, and T is the temperature (in K); this is essentially
a simplified expression of the Van’t Hoff equation.

Mobile phase pH: k = ko(l —-F)+ K'F (3.6)
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(a) Resolution map generated using Drylab. The scale indicates values of Rs achieved under the various
separation conditions used. Optimum resolution occurs at higher temperature over a range of gradient times
from approx. 2.5-4.0 min. (b) Predicted chromatogram at a gradient time of 2.5 min, at 50 °C. Peaks | (very
small impurity, not visible on this scale) and J are the critical pair under these conditions. (c) Actual chro-
matogram. Only main components are identified with retention times. (For color version of this figure, the reader
is referred to the online version of this book.)
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(continued).

where £° is the retention factor of the analyte in its neutral form, while k' is the retention factor of the
ionized species, and F is the fraction of the analyte that is ionized, which can be determined via the
Henderson—Hasselbach equation (Eqn (3.2)).

Buffer/additive concentration: log k = C + D log [X] 3.7

where C and D are constants for a given system, and [X] is the concentration of the interacting additive
such as an ion-pairing agent.

Overall retention is determined as a combination of the effects of the individual parameters.
Although these are a mix of empirical and more fundamental expressions, they are well established as
reasonably accurate descriptions of the effects of key chromatographic variables on retention. The
values of the coefficients are determined in a small number of experiments; not all variables need to be
studied in each case, e.g. if there are no additives or ionizable solutes, these additive concentration and
pH effects are not studied. Thus, a useful model can be obtained with a very limited number of input
experiments (a considerable practical advantage for explicit models, when available). Although it is
understood that there are some interactions when multiple parameters are changed, the effects are quite
limited and, generally, accurate predictions are achieved.”>*® As well as retention, peak width and
shape are modeled, and the output is a resolution map, illustrating critical resolution between peaks as
a function of parameters such as analysis time and temperature, for a given combination of solvent,
column dimensions, flow, etc. An example is shown in Fig. 3.8(a), illustrating a map of resolution for
a gradient very high pressure liquid chromatographic separation (resolution, Ry, is a measure of the
separation of two peaks in a chromatogram based on the width of the peaks and their separation; Ry > 1
and preferably >1.5). The input data were from just four chromatographic runs, at two temperatures
and two gradient times. From this limited input data the method was optimized. In the response surface
(Fig. 3.8(a)), warmer colors indicate greater resolution between the critical pair, and an optimum
region can be seen to exist in the central region of the map, with gradient times of around 2.5-4 min
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and temperatures in the range 40-50 °C. The predicted and actual chromatograms are shown in
Fig. 3.8(b and c), illustrating the high degree of accuracy that is achieved (predicted and actual
retention times agree within 2 s in this example). It should be noted that although the 2-D map in
Fig. 3.8(a) plots resolution as a function of column temperature and gradient time, the effect of
variables such as column length and diameter, flow rate, and gradient profile can be determined from
the same data since these are accounted for in the underlying models (other parameters such as pH may
also be varied if these are part of the model used and appropriate data are collected). Recent versions of
DryLab are particularly focused on QbD applications, and offer 3-D visualization of the design

space.””?®

3.7 GENERAL ADVICE ON DESIGN/ANALYSIS OF EXPERIMENTS

This section contains advice on the design and analysis strategy of experiments. As Eleanor Roosevelt
said, “Learn from the mistakes of others. You can’t live long enough to make them all yourself.”

3.7.1 Design strategy

1. Talk to other scientists: if you are performing your first designed experiment, talk to other
scientists who have already completed a design. They can provide valuable information on
setting up the equipment, obtaining appropriate materials, problems encountered in setting up
and running the experiment, collecting the data, formatting the data for analysis, and lessons
learned.

2. Ask whether the design will answer the right question: be sure of the question before designing
the experiment; think about the question that you are trying to answer. You don’t want to complete
the experiment, analyze the data and find out that it is not addressing the right question. One
strategy once the design is determined is to enter simulated data using values which are
realistic for the proposed experiment. Then analyze it and review the results.

3. Include relevant players: prior to designing an experiment, think about the scientists who will be
affected by the conclusions. Include all relevant players in planning the study. The method is often
transferred to another department that may have constraints that do not allow the method to be run
in the same way as was optimized. If you have access to statisticians, do not wait until the data are
collected before getting them involved. Most statisticians are trained to design experiments as
well as analyze them.

4. Pick meaningful factor levels: after performing the risk analysis, most factors will be determined
for study in the designed experiment. However, one must still pick the levels for each factor. This
can be the hardest part of designing the experiment. If the levels are too close together, it will be
difficult to find any effects while if the levels are too far apart, it is possible that a large number of
treatment combinations will fail to provide meaningful results. It is also possible that the
underlying relationship between the response and the factors has “cliffs” or nonlinear areas that
are not fit well by the statistical model. An example would be an acid-base titration; this could
be modeled by a linear or quadratic equation over a short range, but not for a wide range of
factor levels. On the other hand, a good fit over a wide range could be made from limited data
if the correct equation describing the titration process was used. In the early stages of method
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development, it is desirable to allow the levels to be more spread out, but when finalizing the
method for robustness or to develop a “design space”, the levels should be picked over a range
that provides flexibility and keeps the responses within specifications or internal limits.

. Record data to the appropriate number of significant figures: data should be recorded with enough
digits as to make the analysis reliable. Suppose a degradant is the measurement and all of the data
are recorded to one place past the decimal point ranging from 0.5 to 0.8. This causes the precision
estimate to be inaccurate, which in turn makes the analysis less accurate in terms of significance.
It should be noted that the ICH Q3A and B Guidelines on Impurities in the Drug Substance and
Drug Product, respectively, describe the number of significant figures that should be used in
reported data. This is not meant to imply that these significant figures are appropriate for
calculation of secondary data.

. Record results and observations: it is important to keep detailed written notes during the
performance of the study. This can be very helpful when the analysis shows some “outliers” or
unusual results. Knowing that something different occurred during that particular run may
explain the problem. This can also be useful when transferring a method. Sometimes a little
change in technique may not be captured in the method (e.g. the way a vessel is shaken, or the
position of a flask within an ultrasonic bath).

. Replicate: as noted in the previous section, replication is an important part of a designed experiment.
Usually the replicates are performed at the center but can also be obtained by replicating the design.
However, replicating the design can result in expending greater resources. Suppose that an
experiment has two factors each at two levels. Then replication could be accomplished by
running a 27 factorial with four center points or by replicating the whole 2% The advantage of
replicating the center points is that a measure of curvature can be obtained. Another advantage is
that since the center point may be the desired settings for the method, additional data at this point
may be helpful. If the whole 27 is run, then one gains additional precision information on each
factorial point precision. The greater advantage is that the effects are estimated more accurately
since they are averages of replicates. Adding centers does not have this property since center
points do not increase the number of results at each factorial point.

. Perform pilot runs: it is possible to run DOE too early in the development process. The designed
experiment is not the place to still be learning how to run the equipment or learning the basics
of the method. Also, pilot runs are useful to help establish levels for the factors. One strategy in
picking levels is to run the “worst” case prior to starting the designed experiment. This may not
be an easy decision because the “worst” case may not be all factors high or all factors low. So
the decision of “worst” case prior to performing many runs may need to be based on the science.
. Consider running designs in sequence: during the development process, it is common to perform
more than one design. Based on the analysis of the first design, a scientist may decide to run
a second design that may use the same factors but different factor levels or may add/eliminate
factors. Planning of the second design should include thought as to what factors and levels
were used in the first design. It is common that each design is analyzed completely separately.
However, if the second design is well planned, the designs can be combined into a single
analysis that provides much more information. One example is called the fold-over design.
Suppose a design contains four factors each at two levels in a half fraction of a 2* factorial.
This design uses eight of the possible 16 treatment combinations. The design confounds two-
way interactions with each other. So if a two-way interaction is significant, one cannot tell
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which of the two confounded two-way interactions is affecting the responses. A second design
could be run by using the eight treatment combinations that were left out in the first design.
This is a fold-over and allows all two-way interactions to be estimated, thus eliminating the
confounding problem. Another example is using central composite designs. As discussed
previously, the central composite design consists of a factorial, center points, and axial points.
Instead of running the entire design before analyzing, one could run just the factorial part and
some center points. If the results indicate that the factor levels were chosen so that the design
is in the area of interest, then the second design would include the axial points as well as
additional center points. When running designs in sequence, you should always use common
points in both designs (usually the center) so that you can detect if a shift has occurred from
the first design to the second design. This could indicate that something has changed and an
investigation may be needed.

Consider blocking: blocking can be very useful to evaluate factor effects. Blocking is done by
grouping the treatment combinations within a homogeneous set. For example, suppose that an
experiment consists of two factors, A at two levels and B at three levels for a total of six
treatment combinations. Each combination is used to prepare tablets that will be tested for
dissolution. Since the dissolution apparatus usually consists of six vessels, there are two ways to
perform the dissolution testing: (1) For each of the six treatment combinations, test six tablets
with all six of the same treatment combination tested in the same dissolution apparatus or (2)
test one tablet from each of the six treatment combinations in the same dissolution apparatus
(the block) and run each set six times. The total number of tablets tested is 36 for each
possibility but the second method is much better since all six treatment combinations are tested
within the same dissolution apparatus making a much better comparison of the two factors since
the apparatus run to run variation is eliminated. Another example would be comparing two
potency assays using multiple batches (the block) of tablets. Instead of using one potency
method on some batches and the other method on other batches, both assays would be used on
each batch. Then the difference between the two assays has lower variability since the batch-to-
batch variability has been removed. Blocking is discussed in Chapter 2 of Ref. 13.

3.7.2 Analysis strategy

Once the results of the study are available, a recommended strategy for analysis is as follows:

1.
2.

Review raw results: look for extreme (unexpected) observations or entry mistakes.

Review center points if available: since the center points were all performed at the same
combination of factor levels, they should reflect the reproducibility of the factor combination. If
this result is much higher than expected, this may indicate a problem with the experiment. The
center point variability is used for testing the effects. If the variability is very low, then smaller
differences between factor levels and interactions are more likely to be found significant.
Similarly, high variability would require larger differences in the effects to be found significant.
If the variability is higher than expected, it is possible that there are other sources of variation
that are not being accounted for in the study.

Evaluate assumptions: as stated above, certain assumptions are made when analyzing data from an
experiment. If these assumptions are not satisfied, then the p-values, which indicate significant
effects, are affected. In many of the experiments described above that were not response surface
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or mixture designs, it is often the case that only one result is available for each treatment
combination, so checking assumptions can be difficult. Randomization is important to obtain
independence of the results. Checking for normality and equal variance is also difficult to do in
these situations. However, with response surface designs, there are plots that can help to check
assumptions, such as a plot of the residuals against predicted results or against each factor. The
plots should not show any patterns in the residuals of the factorial experiments described in the
previous section.

4. Examine highest order interactions first: in most experiments, main effects and two-way
interactions are of most interest. In this case, the two-way interactions should be examined first.

5. Examine main effects/interactions not involved in higher order interactions: as stated in List 4, if
the experiment only contains main effects and two-way interactions, then main effects that are not
involved in a two-way interaction should be examined. The reason for this is that if a main effect is
involved in a two-way interaction, then the effect of that factor depends on the level of another
factor.

6. Examine results of the curvature test.

3.7.3 Finding the best operating point

The goal of many experiments is to find the best combination of factors to either maximize (e.g.
recovery) or minimize (e.g. impurity) the response or find the combination closest to a target value
(e.g. label claim). The experimenter runs a DOE and obtains the responses. One option (not the best
one) is to find the best result among the responses in the experiment. The results could be sorted from
high to low and then just chose the “best” one. Then the combination of factors associated with that
response is chosen at the optimum condition. The better option is to analyze the data either by esti-
mating effects or fitting a response surface and determining which effects are significant based on the
p-value.

Factorial designs use statistical significance to find the “BEST”. If the experiment used a frac-
tional factorial design, then not all combinations of factors were used in the experiment (e.g. a half
fraction of a factor design would only use 16 of the possible 32 treatment combinations). Therefore,
the best combination may be one of the treatment combinations that were not run in the experiment.
The statistical analysis can be used to find the best combination even though it was not in the
experiment.

3.7.4 Causes of nonstatistical significance

After running an experiment, it can be frustrating when the found effects are not significant. For
example the main effect of a factor on potency is 8% but was not significant. This is usually due to the
study not having enough power to detect the difference. As part of the planning for an experiment, the
number of replicates of the center and treatment combinations should be considered so that there is an
assurance that if a meaningful difference really exists, the design will find the difference significant in
the analysis. It is dangerous to make decisive conclusions on effects that were not significant. The
statistical analysis determines if the difference could have happened by chance. So if the effect is not
significant, then it is possible that there is no difference and making a decision based on this incon-
clusive result could result in a bad decision. High variation in the center points is a sign that small
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differences will not be considered significant. Adding more than 4 or 5 center points loses the ability to
find significant differences. Instead of adding center points, additional factorial points should be added
to the experiment. This results in a better estimation of the effects since the number of points used to
calculate means is increased. Another cause of nonsignificance is outliers. This could be due to a high-
order interaction or an error that occurred during the experiment. Another possibility when no
significant effects are found is that the factors have no effect within the experimental region. The goal
of robustness studies may be to show no effects over the region so no significant effects can be
a desirable result (as long as the study was large enough to detect significant effects).

3.8 CASE STUDY—SAMPLE EXTRACTION METHOD DEVELOPMENT
USING A RESPONSE SURFACE DESIGN

3.8.1 Problem statement

A potency and impurities assay was being developed for a solid oral dosage form. Extraction was
required prior to chromatographic analysis.

The compound is a small molecule which is poorly soluble and not very stable in water. It is highly
soluble in a variety of organic solvents, and is more stable in aprotic solvents such as acetonitrile. The
experimental formulation consisted of small sugar beads coated with active drug and a protective
polymer to prevent drug degradation in the acidic stomach. These enteric-coated beads were then filled
into a capsule.

3.8.2 Analytical target profile

The extraction objectives, and desired performance characteristics, are shown in Table 3.11.

Initially, an attempt was made to develop manual sample preparation methods; however, significant
degradation was observed as the drug was exposed to water during this procedure. The drug is rela-
tively stable in acetonitrile, but since the protective polymer coating is not soluble in acetonitrile,
directly placing the intact beads in this solvent was not an option. As an alternative, beads were
manually ground into a powder, followed by extraction of the drug from the powder using acetonitrile.
However, this procedure was lengthy, irreproducible, and raised significant safety concerns in handling
of this highly potent compound. Therefore, an alternative approach was required, and automation was
chosen, using a Tablet Processing Workstation II (TPWII).

Table 3.11 Analytical target profile for extraction method

Extraction objectives « Complete and reproducible extraction of drug from the capsules
« Minimal degradation during the extraction process
« Safe process

Performance criterion 1 Method accuracy better than +2%
Performance criterion 2 Method precision better than +£2%
Performance criterion 3 Degradation during sample preparation <0.1%
Performance criterion 4 Minimize analyst exposure to drug
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3.8.3 Extraction method description

The TPWII has a robotic arm for transfer of sample capsules from input test tubes to a vessel con-
taining a homogenizer probe. Solvent is added to the vessel and the dosage forms under test are broken
up by the homogenizer in a series of pulses where each pulse is a period of time in which the
homogenizer probe spins rapidly. The vessel is made to cycle up and down during part of the
homogenization to ensure that capsules are drawn up into the homogenizer blades. A “mixing time”
step was added, during which there is a low-speed rotation of the homogenizer probe. Under these low-
energy conditions, the capsules are not broken up but the mixture in the vessel is gently stirred. This
step allows extra time for the drug to dissolve after the beads have been broken up in the initial
vigorous homogenization. Part of the vessel contents is then pumped through a filter and into a high-
performance liquid chromatography sample vial.

3.8.4 Risk analysis

Since the TPWII removes the majority of the analyst’s contact with the samples, the automated
extraction approach effectively addresses the ATP’s performance criterion 4—safety. Therefore, the risk
analysis focused on the extraction performance in terms of criteria 1-3. Several operating parameters
can significantly affect the sample preparation process, including solvent type, solvent volume, speed of
homogenization, number and duration of homogenization pulses, mixing time, filter type, flush volumes
used to rinse the instrument tubing, and vessel washing parameters. Potential critical parameters were
identified in a brainstorming session, guided by existing knowledge of the product and of the auto-
mation platform used. A fishbone diagram illustrating the risks considered is shown in Fig. 3.9. The
risks are grouped according to different parts of the TPWII sample preparation process:

Homogenization: It is intuitively obvious that the homogenization speed (measured in rotations
per minute of the homogenizer probe) and the time for which homogenization takes place will

Homogenization Extraction

Speed Type of solvent
Number of cycles Volume
Up/down Solvent mixture
Homogenization time Mixing time Complete and

reproducible
extraction
without extra
degradation

Number of wash cycles Volume of filtrate

Wash solvents Filter speed
Vial type

Filter medium

Instrument prep Filtration and filling
FIGURE 3.9

Risk assessment for the automated extraction method. (For color version of this figure, the reader is referred to
the online version of this book.)
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affect the disruption of the capsules. In addition, it was known from preliminary experiments that
with more vigorous homogenization, increased degradation could occur. Thus, homogenization
time and speed were considered critical for further study. The number of homogenization pulses
was considered less critical—the total time being considered more important than the way the
homogenization is delivered. Similarly, the number of up/down cycles may affect whether all
capsules actually engage the blades and break up; clearly an intact capsule would lead to lack
of extraction, but by observation after a few cycles all capsules were broken and so this was
not considered a critical parameter for systematic investigation.

Extraction: As well as the physical elements of homogenization, the chemical process of drug
dissolution had to be considered. Based on prior knowledge of the analyte, its stability was
inadequate in water or alcohols, but good in acetonitrile. Solubility was also very high in
acetonitrile. Thus the extraction solvent was fixed as acetonitrile without further study, and
the volume was not considered critical because of the high analyte solubility. However, the
mixing time was chosen for further study, since it was reasonable to believe that the
length of time that the drug was in solution in contact with the excipients may affect its
stability.

Instrument preparation was considered. The TPWII flow paths can be washed with solvents
before and after use. Because of the known lability of the analyte to water, only pure
acetonitrile was chosen as wash solvent; by procedurally eli