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PREFACE

With the introduction of FDA’s 21st century GMP and ICH initiatives (such
as Q8 Pharmaceutical Development, Q9 Quality Risk Management, and Q10
Pharmaceutical Quality System), drug manufacturing entered a new era of risk
management. Although regulatory agencies are encouraging the use of risk man-
agement in pharmaceutical and biopharmaceutical product manufacturing, regu-
latory guidance and comprehensive literature on how to use and implement risk
management is limited and in need of further development. This book will fill
this large void and assist both industry as well as agency to implement a com-
pliant and effective risk management approach. The book has been prepared to
provide the readers with some points to consider for managing risks to product
quality incurred during the manufacture of biopharmaceutical and pharmaceutical
products, including

• Industry trend towards to use of QRM for manufacturing control
• Regulatory expectations
• Use of limited resources and cost control
• Maintaining and assuring product quality
• Process and quality improvement

Over the years, the authors and editors of this book have presented to and
met with numerous people at many companies, plants, and organizations in the
pharmaceutical industry, asking about and providing instruction in quality risk
management. While audiences have generally become more aware of the topic,
including the expectation and perhaps even the benefit of its use, it has not been
clear whether the aspects of its implementation have been fully appreciated and

vii
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viii PREFACE

taken advantage of. We saw many instances where resources and time were spent
to complete hundreds of risk assessments, but never utilized into manufacturing
operations. Identification of risk without action has minimal benefit and can be
viewed as shifting a company from ignorance to avoidance. This has led the
editors of this book to believe that there was a strong need for further expla-
nation and education on approaches for the practical implementation of quality
risk management for pharmaceutical and biopharmaceutical processes. Over the
past half-decade or more, companies and individuals have explored, developed,
implemented, benefited, and refined methods for risk management, assessment,
review, and decision making that utilize approaches, models, systems, techniques,
schemes and plans—some more effective, some less. This book creates this link
by exploring risk management of manufacturing processes through a collection
of chapters written by some of the leading experts in pharmaceutical and bio-
pharmaceutical product manufacturing. The editors chose topics that represented
the most significant challenges in the industry at the time of writing.

The ultimate goal of the risk management process is to bring focus and effort
to the issues in an organization that imparts the highest risk to product quality
and/or patient safety. The degree of formality and rigor applied should be com-
mensurate with the complexity and/or criticality of the element or issue. There
are many tools that can be applied, which are new to many in the industry. For
risk assessors, there can be confusion with the level and detail of an assessment
as well as the potential subjectivity, which can permeate an assessment. These
issues are compounded with the uncertainty of the regulatory framework and
application of risk. Hence, it is quite important to use proven and compliant risk
management approaches to assure acceptable results.

This book was written by authors who have used risk management to improve
processes, investigate failures, design operations, validate processes, and increase
overall quality and productivity of their respective operations. This book is not a
collection of history or fundamentals, nor is it a book of theoretical desired states.
Although the book does explore and present some background and introduction,
it is primarily focused on the practical presentation of points to consider and
methods to help the reader make better decisions based on risk and to help manage
that risk. This book is written by people who lived through the introduction of
this topic to our industry and participated in its implementation. Our authors want
to communicate best practices to help the reader better implement and benefit
from its use without experiencing the unnecessary burden and redundancies that
often accompany activities in this industry. This book provides examples of risk
management in areas from the process development to sterile fill operations.

Risk management should be a method for making our jobs more doable, adding
to our understanding of processes, and helping us make better decisions. It should
not be just a checklist item, another corporate directive, of little value. To the
contrary, the objective of this book is to help the reader understand, appreciate,
use, and benefit from risk management. We hope you will find it useful and
enjoyable.
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Figure 3.1 Risk register.
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Set 1 - Population
Subset ii – This is the failure, 
P(F&H)

Subset i – This is the hazard, 
P(H).

Figure 4.2 Conditional probability described as a subset.

Subset iii- Failure, F

Subset i – Hazard, H

H

Subset : ii Joint Probability: 
Intersection of Hazard 
and the Failure, F & H.

Set 1 - 
Population

F

Figure 4.3 Joint probability.
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Figure 5.1 Diagrammatic flow of key steps for QbD.
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Figure 5.3 Example to illustrate the principles behind the output of a risk assessment
and its potential impact on the patient.
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Figure 5.4 To show an example of the output of an initial risk assessments, e.g. based
on prior knowledge.
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Figure 5.5 Illustration to show the output of a risk assessment, linking manufacturing
unit operations, raw material attributes and CQAs links.
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Figure 6.2 Process flow for manufacture of tablets.
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Figure 6.3 Ishikawa diagram for risk assessment.
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Figure 6.4 Ishikawa diagram for analytical method development.

0 1 2 3 4 5 6 7 8 9 10 11

Other 

Distribution

Purchasing

Labeling

Packaging & inspection

Formulation

Technical transfer activities

Quality control (laboratories)

Facilities

Qualification/validation activities

Sterilization

Aseptic processing/filling

Average response

Figure 7.3 2006 Parenteral Drug Association survey on the functional area that has the
most need for risk assessments.
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1
BACKGROUND AND INTRODUCTION

Harold S. Baseman and A. Hamid Mollah

Companies wishing to manufacture and distribute regulated health care products
to the population of the United States must comply with the U.S. Food and Drug
Administration (FDA) regulations, better known as Current Good Manufacturing
Practices (CGMPs). 21 CFR 211.100 of U.S. CGMPs states “There shall be
written procedures for product and process control designed to assure that drug
products have identity, strength, quality, and purity they purport or are represented
to possess . . . ”[1]. Regulations are a legal requirement and this CFR, among
others, mandates that companies must take active steps to assure product quality.

Companies and individuals working for health care industries have an obliga-
tion to provide products that are safe and effective to their customers, users, and
patients. The regulations codify this obligation, thus making it a legal require-
ment; but the obligation to provide safe and effective products is also a moral
and ethical obligation that goes beyond the legal regulatory requirements. People
working for pharmaceutical companies also have a duty of loyalty to operate for
the welfare of the company. In other words, they have an additional obligation
to operate efficiently and earn optimal profits within the framework of regulatory
requirements and ethics. Companies and individuals must be able to align these
legal requirements and business obligations.

The failure to provide safe and effective products will likely result in loss of
business as well as other legal consequences. However, in recent years, it seems
that the industry has faced pressure and challenges to balance these requirements
and obligations. It has become more difficult to remain in compliance, serve
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2 BACKGROUND AND INTRODUCTION

customers, and be competitive. Companies have struggled with balancing
regulatory requirements, scientific elements of product development and
manufacture, and maintaining a productive business situation.

The pharmaceutical and biopharmaceutical industries are facing financial pres-
sure because of the high cost of drug development and manufacturing as well
as generic competition. There are business drivers and regulatory expectations
for innovative approaches to speed up pharmaceutical product development and
licensure, optimally use resources, and to assure continued product quality and
patient safety. The industry must apply comprehensive risk management and
innovative approaches to product life cycle not only to enhance patient safety but
also to improve business outcomes. Hence, it is critical to understand appropriate
risk management tools and approaches that would be acceptable to regulatory
agencies. Other industries, including closely related ones such as the medical
devices and food industries, have adopted a more structured approach to this
subject than we have traditionally used. The application of risk management to
medical devices is expected by medical device regulatory bodies [2–4]. Hazard
analysis and critical control points (HACCP) is used in the food industry to iden-
tify potential food safety hazards, so that key actions, known as critical control
points (CCPs), can be taken to reduce or eliminate the risk of the hazards being
realized [5].

In the summer of 2002, the FDA announced an initiative to “enhance and
modernize” pharmaceutical regulation. In the fall of 2004, it published the final
report on Pharmaceutical cGMPs for the 21st Century—A Risk-Based Approach.
This paper represented an attempt to “enhance and modernize” pharmaceutical
regulation. It not only speaks of product quality and patient safety but also of
the need for innovation and the cost of drug development and manufacture [6].

The paper offered initiatives and recommendations with the following
objectives in mind:

1. Encourage the early adoption of new technological advances by the phar-
maceutical industry.

2. Facilitate industry application of modern quality management techniques,
including implementation of quality systems approaches, to all aspects of
pharmaceutical production and quality assurance.

3. Encourage implementation of risk-based approaches that focus the attention
of both industry and agency on critical areas.

4. Ensure that regulatory review, compliance, and inspection policies are
based on the state-of-the-art pharmaceutical science.

5. Enhance the consistency and coordination of FDA’s drug quality regu-
latory programs, in part, by further integrating enhanced quality systems
approaches into the agency’s business processes and regulatory policies
concerning review and inspection activities.

The reference to risk-based approaches mentioned in (3) is of particular inter-
est to the subject of this book. Facing limited resources, the agency recognized
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BACKGROUND AND INTRODUCTION 3

that to best serve public interest, decisions on resource allocation, focus, and
prioritization should be based on risk to patient safety and public safety. Those
in the industry are impacted by the approach. For instance, a firm manufacturing
over-the-counter (OTC) oral dosage products and having a relatively clean com-
pliance record would likely be inspected less often or receive less attention than a
firm aseptically manufacturing sterile injectables and having a more problematic
compliance record.

The prioritization of resources based on risk to public safety make sense and it
led to better productivity and effectiveness. It was logical that the agency would
expect the industry to employ similar approach to make resource- and focus-
related decisions. Firms are encouraged to use risk to product quality and patient
safety as a criterion for decision making.

Risk management and assessment are not new. People use risk assessment as
a way to help make decisions every day. When you walk across the street, drive
through a yellow light, or order a meal—you employ a level of risk assessment,
weighing the impact of a hazard and the likelihood of the hazard happening
against anticipated benefit. Companies do the same in many aspects of corpo-
rate functioning from financial decisions, to investments, to plant locations, and
product development. If their objective is to serve their customer, then it makes
sense that they would employ this type of decision making to manufacturing and
response to patient needs and safety.

In 2005, the ICH (International Conference for Harmonization) issued Q9
Guidance on quality risk management. ICH Q9 was later issued in 2006 as
Guidance for Industry by the FDA and adopted by the EU as Annex 20 of
the European GMPs in 2011. The guidance remains optional for pharmaceutical
product manufacturers in the United States and Europe [7]. However, references
to risk assessments and criticism for not employing such measures have appeared
in FDA warning letters dating back to 2006 [8]. Regulatory citations indicated that
companies face questions on how decisions related to product quality were made,
if assessments of the risk of process steps and changes to product quality were
not employed. If a company’s obligation is product quality and patient safety, it
should take such risks into account when making manufacturing decisions. How
else could it make these decisions?

In the spring of 2005, at the PDA (Parenteral Drug Association) annual meet-
ing in Chicago, the leaders of the Process Validation Interest Group asked its
members for their topic of most interest or concern. The overwhelming answer
was risk management. The leaders then asked how many of those individuals
were currently utilizing or were aware of efforts within their respective orga-
nizations to utilize risk management. Only a few raised their hands. This was
not unexpected. ICH Q9 was being issued and reviewed. Papers presented at the
PDA annual meeting spoke about the need for risk management.

One person in the meeting noted that their risk assessment efforts were unsuc-
cessful, as they were subject to criticism from local regulators, because of the
misuse of the risk management. The misuse apparently involved using risk assess-
ment to identify process-related risk, but then failing to take steps to mitigate that
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4 BACKGROUND AND INTRODUCTION

risk. The objective of risk management, as discussed later, is not just to identify
risk, but to mitigate and reduce risk, thus improving the manufacturing process.

The outcome of the 2005 meeting was an initiative by the PDA Science Advi-
sory Board to create a task force of industry professionals to investigate and
develop a model for the use of risk management for aseptic processes. This
would later become the basis of PDA Technical Report No. 44 Quality Risk Man-
agement for Aseptic Processes , as well as later efforts on companion documents
and reports. The task force was made up of 15 individuals from sterile drug
manufacturing within 15 different organizations and companies. Only a few had
direct experience with formal risk management and that experience had largely
come from the medical device industry. The use of formal risk assessment and
management techniques for pharmaceutical and biopharmaceutical manufacturing
appeared to be a work in progress at best.

In 2008, the PDA published Technical Report No. 44. The technical report
presented concepts and a program for evaluating the risk of process failure in
making decisions for the manufacture of sterile drug products using aseptic pro-
cessing. One point presented in TR 44 was that aseptic processing was not
necessarily risky. The hazards associated with aseptic processing were signif-
icant. However, if well controlled, the risk should not necessarily be high. In
other words, determining the risk was the objective of risk management—rather,
process improvement through control and mitigation were the key objectives [9].

Since 2004, more and more FDA guidance has included recommendations for
risk management and assessments. In the 2008 draft version of the FDA Guidance
for Industry on the General Principles of Process Validation, the FDA included
a modest level of references to risk assessments in the text. Some industry com-
ments questioned the apparent “lack” of focus on risk in the document. When
asked, FDA representatives responded that they felt risk management principles
and methodology were so prevalent in the fabric of industry operation that it was
not necessary to emphasize it in the guidance. The number of references to risk
management and assessment nearly doubled in the 2011 final version [10–12].

Throughout the next several years, industry standards, guidance, and techni-
cal reports were prepared to address risk-based decision-making. In 2001 through
2011, the ISPE (International Society of Pharmaceutical Engineering) published a
series of industry guides, employing risk-based methods for design and qualifica-
tion of pharmaceutical manufacturing facilities and processes, including Volume
5 of its Facilities Baseline Guides: Commissioning and Qualification (with revi-
sions in progress) and the ISPE Guide: Science and Risk-Based Approach for the
Delivery of Facilities, Systems, and Equipment . These guides presented meth-
ods for qualifying pharmaceutical manufacturing facilities incorporating risk to
product-quality-based decision criteria. The baseline guide introduced the concept
of evaluating systems based on their relative impact to product quality [13].

In 2007, the ASTM (American Society for Testing and Methodology) issued
E2500-07, the Standard Guide for Specification, Design, and Verification of
Pharmaceutical and Biopharmaceutical Manufacturing Systems and Equipment .
E2500-07 discussed a risk- and science-based approach to the qualification or
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BACKGROUND AND INTRODUCTION 5

verification of equipment used to manufacture and test pharmaceutical products.
It was an effort to use risk to product quality and patient safety as important
factors when deciding what to qualify, how to qualify, when to qualify, and
who should be involved in the qualification and approval effort [14].

When the ASTM committee E55 was assembled to create and review what
would become E2500-07, they discovered that while many, companies recog-
nized that quality risk management was an important tool for making product
manufacturing decisions, few, had real experience or input into practical means
to accomplish this in an effective manner. As such, the committee was faced
with creating desired state approaches rather than reflecting tried and true best
practices. Throughout related meetings and discussions, it appeared that most
companies had some appreciation for the need to manage risk to product quality
and as a part of that to take steps to assess and document the assessment of that
risk. However, it also appeared that companies did not always utilize risk man-
agement techniques optimally or effectively in making decisions. One is reminded
of a company visited not long after the 2005 PDA meeting. The company had a
vigorous risk management program, complete with corporate directives, policies,
procedures, and a risk management department. They had volumes of carefully
filled out risk assessments, which were placed in binders and displayed. When
asked what these risk assessments were used for, the response was to assess risk.
The assessment forms were meticulously filled in, reviewed, and approved. After
that, they were placed in binders and placed on a shelf. Whether the informa-
tion was used to help make any decisions was not apparent. This illustrates the
misconception that the objective of risk management is to merely assess or cat-
egorize risk, rather than using it to provide information to help make informed
decisions and improve the process.

The objective of risk management should be to improve the process by reduc-
ing or mitigating risks. There needs to be a clear link between risk management
principles as described in guidances such as ICH Q9 and other guidances and
practical manufacturing activities. The book offers the reader multiple perspec-
tives and approaches to risk management and assessments. The chapters in this
book emphasize that quality risk management of pharmaceutical manufacturing
processes is an important topic because of the following:

1. It is a regulatory expectation, in that it helps to assure product quality
and ensure patient safety. The FDA, European Medicines Agency (EMA),
and many other regulatory agencies strongly recommend the use of risk
assessment and the consideration of risk to patient safety and product qual-
ity in making decisions related to product development, manufacture, and
distribution.

2. It is a good business practice. Properly used, risk management should help
assure product quality as well as promote efficient utilization of resources
and prioritization of efforts. It should help companies reduce redundant and
non-value added efforts, while allowing them to focus on efforts that have
optimal impact on product quality.
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6 BACKGROUND AND INTRODUCTION

3. It is a logical and effective means of obtaining useful information needed
to make sound quality and business decisions. Risk management represents
an organized method for obtaining, analyzing, and communicating useful
information.

The regulatory environment emphasizes the use of enhanced knowledge of
product performance over a range of material attributes, manufacturing process
options, and process parameters to identify risks to patient safety and product
quality. Risk analysis and risk management are acceptable and effective ways to
minimize patient risk and determine appropriate levels of validation and controls.
The use of quality risk management does not obviate company obligation to com-
ply with regulatory requirements. However, effective quality risk management
can facilitate better and informed decisions, can provide regulators with greater
assurance of a company’s ability to deal with potential risks, and might affect the
extent and level of regulatory inspections. The effective and consistent analysis of
risks associated with manufacturing processes and quality systems typically leads
to more robust decisions and yields greater confidence in outcomes. The ultimate
goal of the risk management process of an organization is to bring focus and
effort to the issues that impart the highest risk to product quality and/or patient
safety. Risk management outputs will potentially serve as reference documents
to support product development and control strategy discussions in regulatory
filings.

1.1 RISK MANAGEMENT OF PHARMACEUTICAL
AND BIOPHARMACEUTICAL MANUFACTURE

The efficient manufacturing of quality pharmaceutical products presents a chal-
lenge in the present day business environment. If not properly controlled, these
challenges can represent risk to product quality and in turn patient safety. There
are several reasons why the business environment presents unique challenges,
including the following:

1. The need to understand and comply with evolving regulatory requirements
and expectations . In the past, the FDA represented the benchmark or stan-
dard source for drug product and manufacturing regulations. Most foreign
regulators utilized the principles presented by the FDA in their own reg-
ulations. However, as European and other non-U.S. markets developed,
companies faced unique interpretations and presentations of regulations
and requirements from other regulatory bodies. At times, as one regula-
tory body would attempt to modernize its regulations or guidance, other
countries would lag behind, creating the potential for misinterpretation and
misalignment of regulatory expectations or focus.

2. The use and integration of innovative technologies with existing manufac-
turing methodology . New technologies such as automated processes, PAT
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RISK MANAGEMENT OF PHARMACEUTICAL AND BIOPHARMACEUTICAL 7

(process analytical technology), rapid microbiological analysis, and single-
use manufacturing systems offer the potential for process improvement
and risk reduction by eliminating process variation, human intervention,
and more reliable product and process testing/monitoring. However, these
technologies may bring with them new or additional risks associated with
understanding the limitations of the technology.

3. Adapting existing manufacturing methodology to new products and dosage
forms . Sometimes, tried and true approaches that have worked for older
technologies will not work as well for newer technologies. An example
may be the use of aseptic process simulations or media fill tests designed to
demonstrate aseptic technique proficiency, used to assure aseptic processing
control in relatively intervention-free automated or isolator systems.

4. The retooling of facilities and the transfer of products and technology as a
result of consolidation of plants and assets . There are likely to be physi-
cal, procedural, and cultural differences between facilities that need to be
considered in order to effectively manufacture products.

5. The loss of knowledgeable staff through attrition and reorganization . Even
the best controlled processes, with the most well-written procedures, are
subject to a certain level of “tribal knowledge.” Efficient and effective
manufacturing depends in part on the dissemination of information, much
of which is learned from experience. However, if that experience or the
people who have it are no longer with the company, then what will replace
that experience-based knowledge?

6. The need to better understand the interdependencies and variability of mate-
rials, technology, and product on more complex processes. More complex
products and dosage forms, as well as combination products, present new
process development and manufacturing challenges.

7. The need to maximize productivity and minimize cost . Quality may be the
number one factor in pharmaceutical manufacturing, but controlling cost
and resources has taken on a major level of importance in most mod-
ern manufacturing operations. This often leads to LEAN manufacturing
methods, doing more with less, automation, and streamlined operations
and workforces. All are for the good, but established methods of quality
assurance may also need to adapt to this new business environment.

8. The need to control processes to achieve consistent quality and maintain
product supply from and across multiple plants and locations . As seen in
the 2009 heparin issue, where products and supplies originated in emerg-
ing growth countries, there may be a need to examine the effectiveness of
existing methods and procedures for quality control and quality assurance
including audit, training, monitoring, and testing regiments [15]. In addi-
tion, more complex products and inspection techniques may result in or
uncover quality issues with critical supplies, such as glassware and product
contact containers. Improved methods of identifying and addressing these
issues may be necessary. Where inspection is not enough, quality by design
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8 BACKGROUND AND INTRODUCTION

(QbD) and other ways to identify and mitigate risk may be one answer to
supplier and supply-related quality issues.

1.2 A PRACTICAL GUIDE TO RISK MANAGEMENT

It is important to have a clear concept on various terms used in risk management.
The concept of risk has two components: (i) probability of occurrence of harm
and (ii) the consequence of that harm (i.e., severity). A hazardous situation is
a circumstance in which people, property, or environment is exposed to one or
more harm(s)[16] [ISO 14971]. Risk analysis involves the estimation of risk(s)
for each hazardous situation or failure mode. Harm, in the context of this book,
is damage to health, including the damage that can occur from loss of product
quality or availability. Severity is a measure of the possible consequences of a
hazard. Hazard is a potential source of harm (i.e., an immediate output from
the product/process/system that directly causes harm). Risk is the possibility of
suffering harm or loss. More specifically, risk is the relationship between impact
of a hazard and the probability of that hazard occurring to such an extent as to
result in harm. Risk to product quality is the combination of the severity or the
impact of an unwanted event and the likelihood that event will occur to a degree
which will adversely affect product quality. Some examples of hazards, harm,
and risk are listed here:

1. Hazards
• Product not sterile or impure
• Product subpotent or superpotent
• Product contaminated
• Product mislabeled
• Product unsealed or improperly sealed
• Product missing or unusable product
• Ineffective product
• Lack of product supply
• Noncompliance
• Product rejection
• Inefficient process
• Misuse of product
• Poor process yield
• Failure to receive product approval

2. Harm
• Injury to patient
• Disruption of product supply
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A PRACTICAL GUIDE TO RISK MANAGEMENT 9

ICH Q9 explains what quality risk management is, how it can be applied to
pharmaceuticals, and how it can provide a common language with an agreed pro-
cess for the pharmaceutical industry and regulators. In ICH Q9 risk management
models, “risk” is defined as “the combination of the probability of occurrence of
harm and the severity of that harm.” While the combination of probability and
severity is helpful in reflecting the level of risk importance, detectability often
influences the decision-making process in manufacturing risk management.

ICH Q9 places focus on risk to patient safety due to a product defect or
loss of quality along the supply chain. ICH Q9 defines risk management as a
systematic application of quality management policies, procedures, and practices
to the tasks of assessing, controlling, communicating and reviewing risk . Risk
management is then a process by which sources of risk are recognized and steps
taken to mitigate, reduce, or eliminate the chance of harm. If the objective of risk
management is to avoid harm, then one way to meet this objective is to provide
a means to make decisions based on relative risk [17].

Figure 1.1 of ICH Q9 presents a logical flow for managing risk [17]. The flow
can be broken down into distinct steps and substeps.

1. Risk assessment —understand the process.
• Risk identification—identify process/quality hazards and potential harm

it might cause.
• Risk analysis—determine what event or condition could cause the hazard .
• Risk evaluation—rank or score the relative risk of the hazard, in an effort

to recognize when improvement has occurred .
2. Risk control —react to the outcome.

• Risk reduction—improve the process through mitigation of the risk .
• Risk acceptance—decide if the process risk has been reduced to an

acceptable level or if further mitigation or evaluation is necessary .
3. Risk communication —interact with interested parties to relay risk-related

information in order to implement mitigation-related changes or communi-
cate residual or remaining risk.

4. Risk review —follow up and periodically reassess to determine if changes
have been implemented and if changes are effective.

Risk management is a method to

• recognize and address potential weakness in the process, in an effort to
assure objectives are met

• identify potential hazards
• assess likelihood of occurrence
• decide if process risk is acceptable
• communicate risk
• reduce risk
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Figure 1.1 Overview of a typical quality risk management process.

• improve the process
• provide information needed to help make decisions

Risk management approaches should

• focus on risk to patient safety
• result in improved process understanding
• result in improved process
• be planned, logical, and documented
• add value
• avoid “checklist” approach
• should support and be consistent with the validation program
• should be documented
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A PRACTICAL GUIDE TO RISK MANAGEMENT 11

1.2.1 Additional Points to Consider

People who are designing manufacturing processes and respective control strate-
gies need to realize the relative risk inherent in these process steps. In this case,
it is the relative risk of process failure that could adversely affect product quality
and patient safety. The unwanted effect on product quality is the loss of quality
attributes. Quality attributes are those elements or functions of the product that
define it.

For pharmaceutical products, these attributes include the following:

Strength —potency, efficacy, effectiveness
Safety —does not cause harm, contamination, loss of sterility
Purity —free of foreign substances, contamination
Identity —what it purports to be, lot number, expiry date

In the pharmaceutical industry, we are primarily concerned with risk to patient
safety or public welfare. Loss of product quality leads to loss of patient safety.
If the failure or unwanted event is found and removed before it can affect the
patient, then there is no harm. If there is no harm, then there is no risk. Therefore,
detection becomes an important element in determining relative risk.

Risk assessments and management techniques should be used to provide the
information needed to make sound decisions, but they should not be used to make
the decision itself. In other words, setting a predetermined decision based on a
numeric scoring from a risk assessment model and then blindly following that
outcome without further analysis and thought can lead to problems and biased
assessments.

For risk management to be useful, risk assessments must be as accurate as
possible. Therefore, objectiveness and unbiased assessment and analysis are key.
It is essential that companies take care of the following:

1. Avoid preconceived decisions or results.
2. Do not use risk assessment to validate a position or to justify a questionable

process.
3. Use diverse assessment team(s) to assure objectivity.

• Use experienced facilitator if necessary.
• Allow for adequate time, but do not overdo it.

4. Pay attention to the outcome.
• Aseptic process is an example.

5. Document for future reference.
6. Pay attention to results.
7. Plan for follow through and feedback.
8. Plan for communication.
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12 BACKGROUND AND INTRODUCTION

Mitigation of risk involves taking action and making changes. These changes
may not mitigate all risk and may add other risks—or residual risks. Residual
risks are risks that remain after mitigation changes are made. It is important to rec-
ognize and address these residual risks. This does not mean avoiding mitigation
changes because of residual risk.

Choose the risk assessment method that best fits the complexity and impact
of the decision to be made. One method may not fit all applications. Avoid
unnecessarily complex or burdensome methods when simple ones will accomplish
the same result. However, choose a method that will provide enough information
and is as objective as possible.

1.3 OVERVIEW OF THE BOOK

Companies have struggled with the best way to effectively use and demon-
strate the use of risk-based information gathering, evaluation of information,
and decision-making processes, often doing too little or too much. In an effort to
assist the reader with the development and use of effective risk-based approaches
for pharmaceutical and biopharmaceutical product manufacturing, this book will
provide guidance, including some divergent views on practical and pragmatic
ways to incorporate risk into their operations. While the contents of this book
are not meant to include all of the methods and areas where QRM can and should
be incorporated, it provides several approaches and examples that can be used
as a framework for developing and implementing risk-based decision-making
methods for other processes and process steps.

The first chapters are designed to familiarize the reader with the subject of risk
management in the context of pharmaceutical and biopharmaceutical manufactur-
ing and present basic concepts and ideas for developing and utilizing an effective
risk management program. To that end, Chapter 1 provides an introduction and
background to risk management for pharmaceutical and biopharmaceutical prod-
ucts and processes. Chapter 2 introduces the reader to general information on the
development and use of a risk management program. It shows widely used risk
assessment tools and methods, many of which are used in subsequent chapters.
Chapter 3 provides additional insight into the nuances of the risk management
program, including regulatory expectations, a high level overview of the cogni-
tive and social aspects of risk, as well as thoughts on developing an objective
risk management program and an effective organizational culture. Chapter 4
presents views and a commentary on the use of statistical analysis to assist with
the planning of risk-based approaches and with useful analysis of the resulting
information.

The next chapters present specific, yet not exclusive, areas of pharmaceutical
and biopharmaceutical product development and validation where risk manage-
ment techniques can be used, along with programs and approaches for doing so.
As such, Chapter 5 discusses the use of QRM in QbD aspects of product and
process development. The QbD approach is where quality is designed from the
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outset, using a science and risk basis, as opposed to a traditional approach, where
normally end-product testing used to check quality requirements have been met.
Chapter 5 shows key steps for QbD and how to apply them.

Chapter 6 presents approaches to use and disseminate risk-based information
in making decisions related to early product development and clinical product
manufacture. It shows the integration of science and risk management to allow
for successful product development, such as basis for design and product control
strategy. It uses a block diagram for tablet manufacture, and an Ishikawa (fish-
bone) diagram, breaking the process into the 6Ms to identify risk factors that
need to be considered and possibly controlled in designing the manufacturing
and control process.

Chapter 7 discusses methods for using QRM to commission and qualify
equipment and facilities utilized in the manufacture of products, including the
evaluation and leveraging of information. It presents important considerations for
the use of QRM in making decisions needed to plan, develop, and conduct more
effective commissioning and qualification efforts. It shows some of the areas
where risk assessment can effectively be used to help develop and implement a
sound, efficient qualification program using simple but effective tools.

Chapter 8 then picks up the use of risk in developing and implementing
a sound and effective process validation life cycle. It shows how risk-based
approaches can be applied during process characterization and validation, for
the identification of CPPs for new and existing processes, risk prioritization,
technology transfer, process changes, and in defining review schedule. Cleaning
validation and cross-contamination risks are also discussed in this chapter.

The next chapters present several specific areas of product manufacture where
risk assessment can be used. Chapters 9 and 10 provide two views on the use of
risk assessment for the evaluation and improvement of one of the most challeng-
ing and complex manufacturing processes—aseptic processes. Risk assessment
in the context of aseptic pharmaceutical manufacture is the principal focus in
Chapter 9, with particular description and explanation of a quantitative, statisti-
cal tool of risk analysis permitting a more exacting evaluation of risk. It describes
aseptic processing hazards, such as intrinsic hazards, extrinsic hazards, risk of
endotoxin, and models for microbial ingress. Chapter 10 reviews contemporary
thinking relative to aseptic processing risk assessment and mitigation. Formal-
ized risk assessment described in this chapter and its essential counterpart risk
mitigation will play an increasing role in the design, operation, and maintenance
of aseptic operations.

Chapters 11 and 12 present views on the use of risk for better understanding
and operation of drug and biopharmaceutical manufacture. Chapter 11 focuses
on the areas of risk that a drug company may encounter in pharmaceutical man-
ufacturing, specifically addressing oral solid and liquid formulations. Common
risks associated with the manufacturing process for a solid tablet outlined in a
fishbone diagram are identified. A case study illustrates how to apply risk man-
agement principles to identify and mitigate risks that could affect product quality
and patient safety using the HACCP process. Chapter 12 discusses applications
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14 BACKGROUND AND INTRODUCTION

of risk management in critical areas of biopharmaceutical production, such as raw
material supply, cell banking, fermentation, cell culture, purification, scale-up of
production process, and distribution issues associated with cold chain.

Finally, Chapter 13 provides a risk-based approach to controlling processes
and process-related changes. Integrating QRM into the change control system is
essential to maintain risk management as a “living” process, but it can be espe-
cially challenging because change control covers many areas in manufacturing
and most of the product life cycle. Chapter 13 provides some practical methods
and tools that can be used to integrate QRM into an existing change control
system.

1.4 FINAL THOUGHTS

Risk management can be a useful tool in controlling processes, assuring product
quality, prioritizing resources, and understanding processes. Risk assessment can
be helpful for obtaining the information needed to make manufacturing deci-
sions in a challenging business environment. The consideration of risk in making
product-quality-related decisions is not only a logical business practice but also
a regulatory expectation.

Effective quality risk management can facilitate better and more informed
decisions, can provide regulators with greater assurance of a company’s ability
to deal with potential risks, and might affect the extent and level of direct regula-
tory oversight. Proper documentation is important to achieve this goal. However,
the level of effort, formality, and documentation of the quality risk manage-
ment process should be commensurate with the level of risk. The application of
risk management practices enables manufacturers to design processes that proac-
tively identify, mitigate, and/or control risks. Risk management practices may be
implemented via a well-designed risk assessment plan and activities.

The use of risk management, when properly planned and implemented, can
provide valuable information. That information, when properly considered, can
then lead to better product quality-related decisions. Those decisions, if prop-
erly implemented, can assure product quality and improved processes. Process
improvement can better ensure patient safety, which is the objective of quality
risk management.
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2
RISK MANAGEMENT TOOLS

Mark Walker and Thomas Busmann

This chapter provides an overview of the quality risk management methodology
to be considered for the application of quality risk management tools and pro-
cedures to identify, mitigate, and communicate risks within the pharmaceutical
and biological manufacturing industries.

In general terms, risk management is a process. In its simplest form, risk
management follows a typical quality approach.

Risk management plan Write down what you are going to do.
Risk assessment Do what you said you would.
Risk management report Document what you did, what you

discovered, and what you concluded.
Risk monitoring and control plan Determine methods for monitoring and

procedures for control.
Residual risk Identify the risk that could not be removed

and determine whether it is acceptable.

2.1 APPLICABILITY

The tools discussed in this chapter do not represent an exhaustive or com-
plete list of all tools available within the risk management toolbox, but are a
cross-section of some of the more widely used tools. Companies may choose to

Risk Management Applications in Pharmaceutical and Biopharmaceutical Manufacturing,
First Edition. Edited by A. Hamid Mollah, Mike Long, and Harold S. Baseman.
© 2013 John Wiley & Sons, Inc. Published 2013 by John Wiley & Sons, Inc.
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18 RISK MANAGEMENT TOOLS

standardize on using certain tools exclusively or may leave it to the project team
to select an appropriate tool. In certain cases, a company may choose an infor-
mal risk analysis process to meet their risk management requirements, whereas
in other circumstances, a very rigorous, quantitative, and involved risk analysis
will be required. In utilizing risk management tools for managing the risks of the
quality of a product (drug, biotechnological products, combination products, etc.),
the risks to the patient should be the most important consideration for which tool
or tools to use. The product manufacturer has the best information and the most
at stake, so they are the best positioned to identify the scope and selection of the
tools for their risk management approach. Also, keep in mind there is no “one
size fits all” approach to risk management. Each situation must be evaluated on
the basis of facts present at the time in the specific project that is being evaluated.

2.2 RISK MANAGEMENT

Risk management is an ongoing process of minimizing risks throughout a project,
process, or product’s life cycle to maximize its benefit and reduce its risk to
individuals or the environment. Risk information will emerge throughout the
product life cycle. This information combined with risk management tools makes
it easy for the application of quality risk management principles. When the risk
cannot be eliminated, it must be determined at each decision point if the currently
identified risk level can be reasonably reduced further or not and if the current
level of risk is acceptable to the company.

2.3 RISK MANAGEMENT PROCESS

The quality risk management process includes the assessment, control, commu-
nication, and review of risks associated with a product, project, or process (i.e.,
drug) throughout its life cycle. The use of risk management tools can provide
documented and reproducible methods for accomplishing the risk management
process. The flow chart shown in Figure 2.1 is an example of a typical quality
risk management process [1].

2.3.1 Risk Assessment

As you see in Figure 2.1, the first process is assessing the risk. This has three
components: risk identification, risk analysis, and risk evaluation. Each of these
is discussed later. This is a systematic process to understand risk: (i) what can
go wrong, (ii) how likely is it, and (iii) what are the impacts?

A risk assessment is conducted on the basis of historical experience, analytical
methods, knowledge, and sometimes intuition.

2.3.1.1 Risk Identification In order to address risk, the hazards leading to harm
must be identified. This process requires subject matter experts knowledgeable
and experienced with the product or process to “brain-storm,” use checklists,
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Figure 2.1 Typical quality risk management process.

review historical records, gather shared corporate knowledge, and systematically
evaluate the risk posed by the system under evaluation. Each of the identified
risks must be evaluated to identify those risks that are realistic and therefore
must be addressed. As the process summarized in Figure 2.1 is followed, the
next steps are discussed below.

2.3.1.2 Risk Analysis Using the information that is available at the time of
the investigation, each identified hazard is systematically analyzed qualitatively,
quantitatively, or semiquantitatively to examine estimated risk under various
conditions:
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20 RISK MANAGEMENT TOOLS

• intended use
• unintended use
• normal and fault conditions.

This process may be inductive or deductive and will be as exhaustive as
resources allow. The process examines the likelihood of the occurrence and sever-
ity of the harm as the result of the hazard. In some cases, the process looks at the
detectability of the harm as the result of a hazard in estimating the risk. At the
end of this, the identified risk will be scored for comparison with risk acceptance
criteria as described next.

2.3.1.3 Risk Evaluation In a quantitative, qualitative, or semiquantitative pro-
cess, each estimated risk is compared with defined risk criteria to determine the
significance of the risk. This allows the risk to be categorized as acceptable or
unacceptable. For those risks that are acceptable, the company is willing to accept
the risk. In some cases, it may not be possible to completely eliminate risk. For
those that are determined to be unacceptable, risk control must be employed to
achieve risk acceptance.

2.3.2 Risk Control

Risk control is the process through which decisions are reached to implement
protective measures to reduce risk or maintain risk within specified levels. It is a
balance between benefits, risks, and resources. Through this process, it must be
evaluated whether there are new risks introduced as a result of the risk control.
The objective is to reduce the risk to make it acceptable. If the risk cannot be
reduced to an acceptable level, the product or process should be abandoned or
more data must be obtained which allows the risk evaluation to be reexamined.

2.3.2.1 Risk Reduction Risk reduction is the process of identifying mitigating
approaches to address the identified risk. Risk can be reduced by mitigating the
severity of harm, reducing the likelihood of harm, or improving the detectability
of hazards. When applying risk reduction, the priority of approach should be
to make changes inherent in the design to remove the hazard without introduc-
ing new hazards. This may include protective measures or controls (i.e., barriers,
alarms), instituting administrative controls, and, only if no other approach is iden-
tified, including information regarding risk (labeling). It is important to include
validation and verification procedures for the mitigations in the qualification of
the product, process, or project.

2.3.2.2 Risk Acceptance As applied to the risk management process, risk
acceptance is the establishment of the level of risk that the entity is willing to
allow in the product, process, or project. This decision to accept risk is dependent
upon many parameters, some of which include an entity’s overall risk tolerance,
the intended purpose for product or project, the ability to mitigate the risks,

کوفا
دنیاي ش



RISK ANALYSIS/ASSESSMENT TOOLS 21

and the severity of the harm. Risk acceptance is decided and documented on a
case-by-case basis. It can be a formal decision or it can be passive. It may be
automatic acceptance based on meeting predefined criteria.

2.3.3 Risk Review/Communication

Decisions reached regarding risk identification, evaluation, mitigation, and accep-
tance need to be communicated throughout the entity. This most often is per-
formed through the report that documents the process, findings, and conclusions
of the risk management process. This communication step is important for man-
agement to understand the risk associated with the product, process, or project.
Depending on the product, process, or project, the communication step may also
be important for health care professionals, patients, caretakers, regulators, stake-
holders, or other workers involved in understanding the associated risks identified
and the mitigations employed. It is also important to document and communicate
the process so that during evaluation of residual risk later in the project life cycle,
information is available to assess the effectiveness of the mitigating actions and
to understand what was known, what was considered, and what decisions were
made during the risk assessment process to accept the risk.

It is important to note that writing the risk assessment report is not the end
of the risk management process. Throughout the product life cycle, the risk
assessment must be monitored and reviewed to ensure that mitigating actions
remain effective. Also, as additional information is collected or as events unfold,
it will be necessary to reevaluate the risk to determine if new hazards are identified
and to verify that the new information or events do not change the risk conclusions
previously established.

2.4 RISK ANALYSIS/ASSESSMENT TOOLS

Decisions are necessary as part of the quality risk management process. These
decisions are based on probability, severity, and, sometimes, the detectability
of risk. There are various risk management tools that can be used for the
risk management process. Risk management tools can be arranged into three
categories: (1) risk analysis/assessment tools, (2) basic facilitation tools, and (3)
decision-making, and statistical tools.

In using a risk analysis/assessment tool, the objective is to identify hazards and
analyze and evaluate the risk. Once the risks are identified, risk control is used to
reduce risk or to manage risk to acceptable levels. To determine the appropriate
risk analysis/assessment tool, it is necessary to have a well-defined description
of the risk. It is helpful in defining risk with the use of three questions: what
might go wrong, what is the probability or likelihood that the event will occur,
and how severe are the consequences of the event?

Risk assessment can be categorized as inductive risk assessment (looking for-
ward in time), deductive risk assessment (looking backward in time), or both.
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22 RISK MANAGEMENT TOOLS

Inductive risk assessment is forward looking and considers planned activities.
This approach tries to predict risk in a proactive manner. Examples of events
where this is appropriate include transfer from design to production, scale-up
of the production, changing materials, or processes, or a move of the facility
or production line. The purpose of deductive risk assessment is to identify the
cause of quality issues to reduce associated risks. Examples of events where this
is appropriate include sudden change in yield, contamination event, or regulatory
mandate. The most common scenario where performing an inductive and deduc-
tive risk assessment would be an event requiring assessment of what went wrong
(look back), but a full assessment is necessary to consider what else might go
wrong (look forward).

There are many risk analysis/assessment tools that can be used for your risk
assessment process. Table 2.1 lists many of the common risk management tools.
The following sections discuss many of the major tools that are included in
the table. However, this is not to be considered a complete list of tools that are
available. The objective is to discuss many of the most common tools that
are available.

2.4.1 Preliminary Hazard Analysis (PHA)

2.4.1.1 Description A preliminary hazards analysis (PHA), also called a scree-
ning risk assessment , is a tool that requires experience or knowledge of a hazard
to identify future hazards, hazardous situations, and events that might cause harm.
The tool identifies potential hazards or hazardous events, and ranks those events,
considering the possibility of a hazard or hazardous event occurring, and their
severity (qualitatively) and identifies safeguards. This tool might be helpful when
there is little information available or in the early development of a process,
product, or facility design. This tool is often a precursor to other more detailed
risk analysis. However, the PHA has input to every aspect of the quality risk
management process as shown in Figure 2.2. The tool can be used early in product
life cycle to examine areas of potential risk to assist in prioritizing resources. PHA
is typically used as a high-level tool early in the life of a project, product, process,
or device [2,3]. Additional references defining in more detail how to conduct a
PHA are listed at the end of the chapter.

2.4.1.2 Benefits A PHA can be performed by small teams. It is applicable to
any activity, system, or risk assessment application. During the early product
development stages, a PHA is easy to implement as it allows modifications to be
made with less effort, thus reducing surprises and decreasing development and
design time.

2.4.1.3 Limitations It is necessary to have the ability to foresee hazards and
identify them for a PHA. Without having the knowledge and experience from
persons involved with the process, hazards are not easily identified. In addition,
it is difficult to identify the interaction of hazards to each other using this tool.
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TABLE 2.1 Advanced Risk Management Tools

Risk Management Tool Description/Attributes Potential Applications

Fault tree analysis (FTA)a • Method used to identify
all root causes of an
assumed failure or
problem

• Used to evaluate system
or subsystem failures one
at a time, but can
combine multiple causes
of failure by identifying
causal chains

• Relies heavily on full
process understanding to
identify causal factors

• Investigate product
complaints

• Evaluate deviations

Hazard operability
analysis (HAZOP)a

• Tool assumes that risk
events are caused by
deviations from the design
and operating intentions

• Uses a systematic
technique to help identify
potential deviations from
normal use or design
intentions

• Access manufacturing
processes, facilities, and
equipment

• Commonly used to
evaluate process safety
hazards

Hazards analysis and
critical control points
(HACCP)a

• Used to identify and
implement process
controls that consistently
and effectively prevent
hazard conditions from
occurring

• Bottom-up approach that
considers how to prevent
hazards from occurring
and/or propagating

• Emphasizes strength of
preventative controls
rather than ability to
detect

• Assumes comprehensive
understanding of the
process and that critical
process parameters (CPPs)
have been defined before
initiating the assessment.

• Better for preventative
applications rather than
reactive

• Great precursor or
complement to process
validation

• Assessment of the efficacy
of CPPs and the ability to
consistently execute them
for any process

(continued)
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TABLE 2.1 (Continued )

Risk Management Tool Description/Attributes Potential Applications

Failure modes effects
analysis
(FMEA)/failure
modes effects
criticality analysis
(FMECA)a

• Assesses potential failure
modes for processes, and the
probable effect on outcomes
and/or product performance

• Once failure modes are
known, risk reduction actions
can be applied to eliminate,
reduce, or control potential
failures

• Highly dependent upon
strong understanding of
product, process, and/or
facility under evaluation

• Output is a relative “risk
score” for each failure mode

• FMECA is an extension to
FMEA to include the means
of ranking the criticality of
the failure mode

• Evaluate equipment and
facilities; analyze a
manufacturing process
to identify high risk
steps and/or critical
parameters

Preliminary hazard
analysis (PHA)

• Also referred to as a
screening risk assessment

• Used early in product life
cycle to examine areas of
potential risk to assist in
prioritizing resources

• It is applicable to any
activity, system, or risk
assessment application

• Usually requires additional
follow-up or in-depth
analysis

• Used early in the
development of a
process, product, or
facility design

• Precursor to other more
detailed risk analysis

• Used when there is little
information available

aSource: Final draft, quality risk management principles, and industry case studies, Product Quality
Research Institute, December 28, 2008 [9].

The quality of results of a PHA is highly dependent upon the team and leader.
It is often the case that with a PHA, additional follow-up or in-depth analysis is
required.

2.4.1.4 Example Table 2.2 presents an example of a PHA using a table to
record information. This is representative of a PHA for a batch chemical pro-
cessing step. Figure 2.3 is an example of a risk matrix that would be used in
defining level of risk. Refer to Chapter 6 for additional examples.
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Figure 2.2 How preliminary hazard analysis fits in the risk management process.

2.4.2 Failure Mode Effects Analysis (FMEA) and Failure Mode Effects and
Criticality Analysis (FMECA)

2.4.2.1 Description A failure mode effects analysis (FMEA) is a systematic
inductive risk analysis of a system to identify the potential failure modes, their
causes and effects. An FMEA may also be the procedure by which each potential
failure mode in a system is analyzed to determine the results or effects thereof
on the system and to classify each potential failure mode according to its sever-
ity. An FMEA requires product and process knowledge. It can be applied to a
manufacturing operation to analyze the effect on product or process [4].

In addition to FMEA, there is also failure modes, effects, and criticality anal-
ysis (FMECA). FMECA is an extension to the FMEA to include a means of
ranking the “criticality” of the failure modes to allow prioritization of controls or
mitigations. It is not uncommon that the terms FMEA and FMECA are used inter-
changeably. However, by definition, FMEA stops with scoring severity and prob-
ability of occurrence. If it involves matrices (for ranking and prioritization), risk
priority number (RPN), or ranking, the failure analysis is technically FMECA.

The primary elements of an FMEA or FMECA include the following:

1. Define the question/system boundaries.
2. Identify potential failure modes.
3. Identify failure effects (and causes).
4. Determine severity of effects.
5. Estimate likelihood of failure mode occurrence.
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Figure 2.3 Example risk matrix.

6. Identify current controls.
7. Rank and prioritize (using a criticality analysis (matrix or RPN method)).
8. Recommend mitigations.
9. Implement recommendations and update the analysis.

Figure 2.4 shows how the process fits into the risk management program.
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Figure 2.4 FMEA/FMECA quality risk management process.
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2.4.2.2 Benefits When it is important to document a company’s knowledge
of a system or process, it is beneficial to use an FMEA. When risks in a
well-defined system need to be prioritized, use FMECA. It is also beneficial
to use FMEA/FMECA when there is little past experience with failure modes,
for example, a new process or when it is desirable to identify potential risks
early in the development of a product or process. FMEA or FMECA is also a
good choice when it is important to identify potential process problems, process
controls, or to prospectively identify what could go wrong before the scale-up
of a process. This will allow the opportunity to mitigate problems before they
occur.

2.4.2.3 Limitations An FMEA or FMECA is not a good tool for analyzing
interactions between failure modes/causes. FMEA is not a good tool for reac-
tive or retrospectively initiated risk management processes for pharmaceutical
manufacturing.

2.4.2.4 Examples Table 2.3 provides an example of an FMEA/FMECA anal-
ysis of a chemical reaction vessel. Additional references to include examples on
how to conduct a FMEA/FMECA include The Quality Toolbox Second Edition
[5] and The Basics of FMEA 2nd Edition [6]. You can also see examples in
Chapters 6, 7, 8, and 13.

2.4.3 Hazard and Operability Analysis (HAZOP)

2.4.3.1 Definition Hazard operability analysis (HAZOP) is based on a theory
that assumes that risk events are caused by deviations from the design or operating
intentions. It is a systematic brainstorming technique for identifying hazards using
the so-called guide-words. Guide-words (e.g., no, more, other than, part of, etc.)
are applied to relevant parameters (e.g., flow, temperature, pressure) to help
identify potential deviations from normal use or design intentions. It always uses
a team of people with expertise covering the design of the process or product
and its application [7].

A HAZOP is a very thorough and creative process requiring experienced
persons knowledgeable in the system to be involved. The process requires looking
at deviations from the design or operating conditions. The system to be analyzed
must be defined. The objective of the HAZOP is to identify potential hazards in
the system. Hazards involved may include both those essentially relevant only
to the immediate area of the system and those with a much wider sphere of
influence. Identifying the causes of the operational disturbances and production
deviations help identify safeguards and recommendations [7].

2.4.3.2 Benefits The primary benefit of the HAZOP is the identification of
critical operations within the system. Identifying these critical operations allows
for the opportunity to redesign to remove the hazard, incorporate safety devices
to reduce the harm from the hazard, or include warning devices that allow for
notification of potential hazards.
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2.4.3.3 Limitations Conducting a HAZOP requires a significant amount of
information and can be very time consuming. The process only considers hazards
from a single component. The process does not consider interactions between
multiple hazards. As the process only looks at single components, there is a
possibility that some likely hazards may not be identified. The process is highly
dependent upon the ability and experience of the leader and team members.

2.4.3.4 Examples Figure 2.5 shows how the HAZOP fits into the risk man-
agement program.

Table 2.4 provides an example template for conducting HAZOP analysis.
Figure 2.6 presents a process flowchart for conducting the HAZOP.

Risk event

Risk review

Risk control

Risk evaluation

Risk analysis

2. Hazard identification Hazard identification

3. Identify causes and consequences

5. Determine severity of effects

6. Estimate likelihood of occurrence

4. Identify safeguards

7. Qualitative ranking

8. Recommendations

9. Implement and update

1. Define nodes (boundaries)
Risk assessment

Risk acceptance

Risk reduction

Output/report and
implementation

Initiate
quality risk management process

U
n
a
c
c
e
p
t
a
b
l
e

HAZOP

Figure 2.5 How the HAZOP fits into the risk management program.
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Stop

Yes

Yes

Yes

Yes

Yes

No

No

No

No

No
Have all the nodes been examined?

Have all the parameters been
examined?

Have all guide words been applied
to the selected node?

Have all interpretations of the guide
word and parameter/characteristics

combinations been applied?

Is deviation credible?

Investigate causes
consequences and

protection or indication and
document

Assign severity and
likelihood values to

determine risk ranking

Select a guide word

Select a parameter
(and characteristic if any)

Apply the guide world to the selected
parameter (and to each characteristic as

relevant) to obtain a specific interpretation

Identify relevant parameters

Examine and agree design intent

Identify whether any of the parameters can
be usefully subdivided into characteristics

Select a node

Explain overall design

Start

Figure 2.6 Process flowchart for conducting the HAZOP. IEC 61882 ed.1.0. Copyright
© 2001 IEC Geneva, Switzerland. www.iec.ch [7].

2.4.4 Fault Tree Analysis (FTA)

2.4.4.1 Description Fault tree analysis (FTA) is a deductive technique that
assumes failure of the functionality of a product or process. From the failure
of the functionality, the process looks at possible causes and links them down
(in the form of a tree of fault modes) to the desired level of detail or system
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function. This technique can be used for analyzing hazards already identified via
other techniques. An FTA can be quantitative if data on component failure rates
are available. In addition, an FTA can reveal combinations of events leading
to failure. It is useful both for risk assessment and in developing monitoring
programs [8].

2.4.4.2 Benefits FTA is an effective tool for evaluating how multiple factors
can impact a system. It provides a visual representation of the failures, which
is useful in the analysis. An FTA can be used prospectively or retrospectively
and includes qualitative or quantitative data. It can be used in many phases of a
project, to include product development, design engineering, operations, process
expansion or modification, or as part of an incident investigation. This technique
also helps in identifying common cause events.

2.4.4.3 Limitations An FTA can be very tedious and time consuming. It
requires a fair amount of training, skill, and experience of the persons involved
in the process. An FTA is very narrow in focus.

2.4.4.4 Examples Figure 2.7 provides a simple example of an FTA for a mix-
ing motor.

2.4.5 Hazard Analysis and Critical Control Point (HACCP)

Hazard analysis and critical control point (HACCP) is a systematic, proactive risk
management tool that focuses on manufacturing processes. The process relies on
the identification of critical control points, and maintains control by operating
within critical limits to prevent hazards from occurring. There are seven steps
of HACCP: (i) conduct the hazard analysis, (ii) determine critical control points,
(iii) establish critical control limits, (iv) establish monitoring procedures and
monitor the critical control points, (v) establish corrective actions, (vi) establish
verification procedures, and (vii) establish documentation procedures and keep
records. HACCP allows flexibility on how to conduct the previously mentioned
steps. For example, HACCP states that it is necessary to establish monitoring
procedures, but it does not say what the procedures are or how often to use
them. This process is commonly used for addressing specific chemical, physical,
and biological hazards. HACCP ensures quality without relying on end-product
testing and can be used for planning ahead for correction of problems when
prevention fails [9].

2.4.5.1 Benefits It is beneficial to use HACCP when in-product testing is dif-
ficult, costly, and/or time consuming. The other advantage of HACCP is the
ability to identify potential risks early in the development or during a scale-up
of a process or product so that they can be effectively managed.
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current

Basic power
supply failure

Basic wiring
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Power surgeWiring short
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Figure 2.7 Example of an FTA.
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2.4.5.2 Limitations It is not a good idea to use HACCP when there is little
experience with the process. HACCP is not a good tool for analyzing interactions
between failure modes or causes. This process is also limited when there is a
need to address overall process or product reliability or other risks other than for
safety and quality.

2.4.5.3 Examples Figure 2.8 presents how HACCP fits into the risk manage-
ment process. Figure 2.9 shows a simple example of decision making as part of
conducting a HACCP analysis.

2.4.6 Risk Ranking and Filtering (RRF)

2.4.6.1 Description Risk ranking and filtering (RRF), also called “risk rank-
ing,” is a tool for comparing and ranking risks. This tool is helpful for managing
a large set of diverse risks that are difficult to compare. The ranking is performed
after each identified risk factor has been assigned a composite risk score. This is
used to sort the risks relative to each other. The filtering of risks is performed by
using weighting factors, cutoff values for scores, or other criteria. This process
can be used to fit the risk ranking into management or policy objectives. The
overall process of conducting RRF includes (i) identifying risk factors (hazards),
(ii) grouping risk factors into categories, (iii) assigning a score to each risk factor,
and (iv) ranking and filtering the risk factors. Figure 2.10 shows how RRF fits
into the risk management program.

2.4.6.2 Benefits It is beneficial to use a RRF risk assessment tool when there
are many risks to be managed and they are diverse and difficult to compare.
This process can be used where both qualitative and quantitative risks are to be
managed.

2.4.6.3 Limitations RRF does not add value when the list of identified hazards
or risk factors is small, or the scope is very focused. RRF is not a good tool for
reactive/retrospectively initiated risk management processes for specific incidents.

2.4.6.4 Examples Tables 2.5 and 2.6 are examples of risk ranking and RRF,
respectively. The RRF has a cutoff where any process with a rank of >32 will
be addressed.

2.4.7 Other Risk Analysis Tools

Although not as commonly used as the previously mentioned tools, the following
risk analysis tools are also available for the risk management process.
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Figure 2.8 How HACCP fits into the risk management process.
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is not a

CCP
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The step is a
CCP
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implemented
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measures that reduce
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Does this step involve
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risk or severity to
warrant its control?

Is control at this step
necessary to prevent,

eliminate, or reduce the risk
of the hazard to an
accepatable level?

HACCP example

Figure 2.9 Simple example of a HACCP.

2.4.7.1 Layer of Protection Analysis (LOPA) Layer of protection analysis
(LOPA) is a more simplified risk assessment tool that provides more information
than the traditional qualitative process hazard analysis. It provides a semiquan-
titative risk assessment that looks at the effectiveness of individual protection
layers and then combines the protection layers to evaluate against risk criteria.
LOPA is not a hazard identification technique. It is necessary to identify the
hazards from another tool such as HAZOP. LOPA provides a semiquantitative
risk analysis, which is beneficial when there is a concern that a qualitative risk
analysis may be insufficient. A LOPA may be more cost-effective and less time
consuming than other quantitative risk analysis tools. LOPA does not identify
hazards. It is used with other risk assessment tools.

2.4.7.2 Event Tree Analysis (ETA) Event tree analysis (ETA) is similar to
FTA, but starts with the initiator and expands to the consequences (fault trees
start with the effect and drill down to causes). ETA is an inductive analysis that
determines all possible outcomes from an event. In a complex system, an ETA is
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Figure 2.10 Risk ranking and filtering.

very useful for identifying all potential hazards that may not have been identified
from a PHA or HAZOP.

2.4.7.3 Checklist Analysis A checklist analysis is a systematic evaluation
against preestablished criteria in the form of a checklist. The process generates
qualitative lists of conformance and nonconformance determinations, with
recommendations for correcting nonconformance. The best use of checklists is
when there is an existing process or standard. For example, there is a design
review for a product, and there is an ASTM (American Society for Testing and
Materials) standard for certain characteristics that the product needs to meet. A
checklist would be created so that at the end of the risk assessment the checklist
would be used for conformance to the standard.
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BASIC FACILITATION TOOLS 41

2.4.7.4 What-If Analysis What-if analysis is a loosely structured systematic
technique that uses the question “what-if?” to identify hazard scenarios, conse-
quences, and safeguards.

2.4.7.5 Health Hazard Evaluation (HHE) Health hazard evaluation (HHE) is
a hazard evaluation specifically directed at human health and safety. The Food and
Drug Administration (FDA) and the National Institute for Occupational Safety
and Health (NIOSH) have their own forms and procedures for HHEs. FDA
conducts an HHE on recall products, and uses them to determine whether the
recall is a Class I, II, or III. NIOSH uses HHEs to learn whether workers are
exposed to hazardous materials or harmful conditions.

2.5 BASIC FACILITATION TOOLS

Basic facilitation tools are used to help think about the problem as a risk assess-
ment is being performed. These tools help the team obtain a common under-
standing of the process being analyzed, and identify hazards and their causes.
Table 2.7 is a list of tools that are discussed in this section. There are many
facilitation tools for which this section covers only a few of them.

2.5.1 Flowcharts

Flowcharts or block diagrams are graphical representations of a process or
sequence of activities. It can be used to facilitate hazard identification by
breaking the process down into individual steps that can be analyzed. Having
a flowchart provides a visual representation that would assist the team in
developing a common understanding of the scope of the system.

2.5.2 Process Mapping

Process mapping provides a clear and simple visual representation of a process.
This visual representation facilitates a common understanding for explaining and
analyzing the process and its hazards. Process mapping is a prerequisite for some
tools for example HACCP.

2.5.3 Check Sheets

Check sheets in the risk assessment assist the team in thinking about hazards.
A check sheet can be standardized for certain situations where applications are
similar or repetitive. For example, while investigating an out-of-control process,
having a list of events based on a historical knowledge of similar scenarios,
processes, or products may assist with the analysis of the process. The points to
consider in a check sheet are generally qualitative in nature.
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42 RISK MANAGEMENT TOOLS

TABLE 2.7 Basic Risk Management Tools

Risk Potential
Management Tool Description/Attributes Applications

Diagram analysisa

• Flowcharts

• Check sheets

• Process mapping

• Cause/effect
diagrams

• Simple techniques that are
commonly used to gather
and organize data,
structure risk management
processes, and facilitate
decision-making

• Compilation of
observations, trends, or
other empirical
information to support a
variety of less complex
deviations, complaints,
default, or other
circumstances

Risk ranking and
filteringa

• Method to compare and
rank risk

• Typically involves
evaluation of multiple
diverse quantitative and
qualitative factors for
each risk, and weighting
factors and risk scores

• Prioritize operating areas
or sites for
audit/assessment

• Useful for situations when
the risk and underlying
consequences are diverse
and difficult to compare
using a single tool

5 Why analysis • The technique of
repeatedly asking “why”
something occurred

• Facilitates the
identification of deep
underlying causes of
problems and failures

Histograms • Summarizes the frequency
distribution of the data set

• Used in decision-making
by identifying outliers of
data from a risk
assessment

Pareto analysis • Technique for prioritizing
information under the
principle that 80% of the
problems are produced by
20% of the causes

• Useful in identifying
hazards that have the most
impact to reducing risk

Control charts • A tool used to determine
whether or not a process
is in a state of statistical
control

• Used for risk mitigation
or monitoring

aSource: Final Draft, Quality Risk Management Principles and Industry Case Studies, Product Quality
Research Institute, December 28, 2008 [9].

2.5.4 Cause and Effect Diagrams (Fishbone or Ishikawa Diagram)

Cause and effect diagrams (also known as fishbone or Ishikawa diagrams) assist
in identifying whether the cause of failures were hazards. The main branches of
the diagram represent categories of contributing causes. This facilitation tool is
beneficial for associating multiple possible causes with a single effect.
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2.5.5 5 Why Analysis

5 Why analysis is the process of repeatedly asking “why” something occurred.
The rule of thumb is to ask “why” five times. But it could be more or less than
five times. The process is to keep asking “why” until the result is unchangeable
or is out of control. The benefit of the 5 Why Analysis is that it facilitates the
identification of deep underlying causes of problems and failures.

2.5.6 Histograms

Histograms or bar charts graphically summarize the frequency distribution of the
data set. Histograms can be used in decision making by identifying outliers of
data from a risk assessment where risk priority numbers are assigned.

2.5.7 Pareto Analysis

Pareto analysis is a decision-making technique that prioritizes information under
the principle that 80% of the problems are produced by 20% of the causes. This
technique is useful as a benchmark and should not be used as being an accurate
measurement of risks, but more for identifying the risks that have the most impact
on a system.

2.5.8 Control Charts

Control charts are often used in process quality control to determine whether or
not a process is in a state of statistical control. This tool can be used to distinguish
real process variations from “noise.” If the chart indicates that the process is not
in control, it can be used to determine the source of the problem so the process
can be controlled back to steady-state. Control charts can also be used for risk
mitigation (by improving detection) or monitoring.

2.6 COMPARISON OF RISK ASSESSMENT TOOLS

This section will look at various risk assessment tools and compare them to each
other on the basis of:

1. Scope—the scope of the risk analysis to be performed, how broad.
2. Granularity—the level of detail in the analysis and shown in the docu-

mented output.
3. Inductive or deductive—Inductive is forward looking and planned, deduc-

tive is backward looking.
4. Interactions versus individual risks.
5. Complexity—a rating of complexity from low to high.
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TABLE 2.8 Risk Comparison of Risk Assessment Tools

Risk Assessment Inductive/ Interactions vs.
Tool Scope Granularity Deductive Individual Risks Complexity

PHA Any Low Either Individual Low
HAZOP Focused High Inductive Individual Medium
HACCP Any Variable Either Individual Low
FMEA Any High Inductive Individual Medium
FTA Focused High Deductive Interactions High
RRF Broad Low Inductive Individual Low

Table 2.8 compares PHA, HAZOP, HACCP, FMEA, FTA, and RRF. Granu-
larity is used in this example to indicate the level of detail that the analysis will
reach and what will show up in the documented output. As an example, the gran-
ularity of HACCP depends on what tool is selected for hazard analysis. Similarly,
HACCP does not specify the use of a particular hazard analysis technique, so it
uses either an inductive or deductive technique. There will always be exceptions
to these generalizations, but these are typical when the tools are applied in the
best way. For example, you could do a deductive/retrospective HAZOP, but that
is probably not the most effective use of the tool.

2.7 RESIDUAL RISK EVALUATION

Residual risk is the risk that remains after applying risk mitigation measures. A
residual risk evaluation looks at the risk remaining after you have performed your
risk analysis, applied risk mitigation, and implemented controls. It is important
to recognize that risk cannot be eliminated, merely reduced. An effective risk
management program must address acceptable levels of residual risk and ongo-
ing processes to continually reduce risk through improvements in processes or
procedures.

2.8 SOURCES OF RISK INFORMATION

A number of sources for supporting risk information are available. The references
listed here are sources for understanding risk management, risk analysis, risk
analysis techniques, and risk control. When executing risk analysis, the following
are typical sources for select data and information to assist in the execution of
the risk analysis.

• Published standards.
• Scientific and technical data.
• Field data.
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• Test data.
• Clinical evidence.
• Use and user data.
• Expert opinion.

In addition, a number of government agencies such as the Department of
Energy and National Aeronautics and Space Administration have routinely con-
ducted risk assessments on a number of projects. Some of these studies are
available publicly.

2.9 CONCLUSION

This chapter has attempted to introduce a number of risk analysis tools that are
appropriate for use in risk management within the pharmaceutical and biological
manufacturing industries. It is important to note that there is not one tool that fits
all situations. It should also be noted that the selection of an appropriate tool, a
particular tool, or the “correct tool” is not as important as following a methodical
approach to management of risk and consistently employing risk management
throughout the project or product life. As indicated throughout, numerous tools
may be used for a particular situation with similar results achieved in identifying
hazards and evaluating their respective risk. The authors’ advice is to select a
tool that works for the application, use it well, do not presume to know the results
before they are achieved, be faithful to the process, be robust in documentation,
and ensure the results are communicated to the stakeholders. Finally, remember
that this is not a one-time process, but rather a life cycle activity.

DEFINITIONS

Risk Combination of the frequency or probability of occurrence
and the consequence of a specified hazardous event.
IEC 300-3-9

Harm Physical injury or damage to health, property, or the envi-
ronment. ISO/IEC Guide 73

Hazard Potential source of harm. ISO/IEC Guide 51; ICH Q9
Risk analysis Systematic use of available information to identify hazards

and to estimate risk
Risk assessment Overall process comprising a risk analysis and a risk eval-

uation
Risk control Process through which decisions are reached and protec-

tive measures are implemented for reducing risks to, or
maintaining risks within, specified levels
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46 RISK MANAGEMENT TOOLS

Risk evaluation Compares the estimated risk against defined risk crite-
ria using a quantitative, qualitative, or semiquantitative
scale to determine the significance of the risk

Risk management Systematic application of management policies, proce-
dures, and practices to the tasks of analyzing, evalu-
ating, controlling, communicating, and monitoring risk
throughout the product life cycle
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3
RISK MANAGEMENT: REGULATORY
EXPECTATION, RISK PERCEPTION,
AND ORGANIZATIONAL
INTEGRATION

Mike Long

3.1 INTRODUCTION

Quality risk management (QRM) is an enabling process that supports the product
life cycle and the pharmaceutical quality system of an organization. Organizations
that have fully functioning mature QRM systems in place have a solid founda-
tion in the regulatory guidance and expectations set down by the global health
authorities and administrations. These organizations also have a solid foundation
in understanding how those charged with creating, maintaining, and assessing
the risks of their medical products approach risk from a cognitive and social
standpoint. These foundational elements are embedded throughout the organiza-
tion through policies and procedures and reinforced via effective training. This
chapter provides an overview of these foundational risk management elements
and is broken down into three basic sections. The first section outlines the basic
regulatory requirements for embedding QRM within a company’s quality sys-
tem and life cycle. The second section provides a high level overview of the
cognitive and social aspects of risk that impact the way we react to and con-
trol risk. These are important to understand when creating new QRM policies
and procedures within an organization. The third section of the chapter discusses

Risk Management Applications in Pharmaceutical and Biopharmaceutical Manufacturing,
First Edition. Edited by A. Hamid Mollah, Mike Long, and Harold S. Baseman.
© 2013 John Wiley & Sons, Inc. Published 2013 by John Wiley & Sons, Inc.
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logistical requirements and considerations when rolling out a QRM program and
the organizational training required for an effective QRM system.

3.2 QRM REGULATORY EXPECTATIONS

Working in this industry, we have a responsibility, within the clinical risk/benefit
construct for individual products, to produce safe and effective products. An
effective quality management system assists in meeting the responsibility. Risk
management is the enabling process in the design and implementation of that
quality management system [1]. Global regulations lay out the responsibilities:

The (social) responsibility of a pharmaceutical manufacturer is quite clear:

The holder of a manufacturing authorization must manufacture medicinal products so
as to ensure that they are fit for their intended use, comply with the requirements of
the Marketing Authorization and do not place patients at risk because of inadequate
safety, quality, or efficacy [2].

The responsibility of management within the company is also quite clear:

The attainment of this quality objective is the responsibility of senior management and
requires the participation and commitment by staff in many different departments and at
all levels within the company, by the company’s suppliers, and by the distributors [3].

As is the method by which these quality objectives will be met:

To achieve the quality objective reliably there must be a comprehensively designed and
correctly implemented system of Quality Assurance Incorporating Good Manufactur-
ing Practice, and thus Quality Control and Quality Risk Management [3].

So, as detailed earlier, a modern pharmaceutical quality system cannot truly
function properly in the absence of an effective, integrated QRM system.

The expectations that regulators have for QRM have been laid out directly
through regulations or guidance by agencies, consortiums, and health organiza-
tions across the globe.∗ These are clear indicators of an expectation for having
a fully embedded QRM process within the quality system. The days of having
a standalone risk assessment procedure, such as for failure modes and effects
analysis, are in the past.

Reviewing recent inspection observations is a good way to understand how
the expectations of international regulatory bodies on a given subject such as risk
management need to be put into practice. Recent observations show the impor-
tance of having both a fully embedded system of QRM and appropriately executed
risk assessments (see Table 3.1 for examples of observation deficiencies) [5,6].

∗Chapter 3 of the EudraLexVol 4 GMPs “Premises and Equipment”. From a practical standpoint,
you cannot minimize risk without assessing it. You cannot assess risk unless you have standard tools.
You cannot have standard risk assessment tools without a system of risk procedures.
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TABLE 3.1 Agency-Observed General QRM Deficiencies [7]

System Level (Policy/Procedure) Deficiency Risk Assessment Deficiency

No consideration given to QRM
Inappropriate application of QRM

Inadequate or no assessment of
impact on product quality

Improper implementation Lack of evidence supporting decisions

Variable tolerance of risk Lack of process understanding and/or
regulatory requirement

Systematic approach not applied to the
review of assessments.

There is a desired outcome and risk
management is used to justify it
(invalid assumptions—suit the
desired outcome)

3.2.1 General System Expectations

There is an expectation that organizations have a high level risk management
policy document that defines [8,9]:

• areas of the business where QRM will be applied;
• risk management methods/tools to be used;
• responsibilities of management and individuals engaged in risk assessments;
• who owns the risk decisions;
• how risk is documented and controlled;
• methods and timing for reviewing and communicating risk;
• standard guides on ranking and accepting risk; and
• risk management training and resourcing.

There are additional requirements that lower level tactical procedures exist,
providing evidence that risk management is imbedded into the quality manage-
ment system. Specific guidance on individual risk management tools is expected,
as are updated procedures in the following areas [10]:

• deviation management;
• investigations;
• complaints;
• change control;
• validation;
• computer systems;
• premise and equipment design and operation;
• supplier evaluation;
• annual reviews; and
• sampling.
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Additional potential areas of application for risk management implementation
have been suggested in areas such as [11]:

• multipurpose facilities;
• equipment design and installation;
• process controls;
• HVAC containment strategies;
• cleaning regimes;
• campaign manufacture;
• environmental monitoring plans;
• services and equipment monitoring; and
• maintenance and calibration intervals.

The expectations for individual risk assessments are more detailed and tie back
to how well the policies and procedures were written and implemented. Table 3.2
provides a detailed list of risk assessment level expectations and practical con-
siderations for meeting the expectations.

3.2.2 Establishing Risk Communication and Reporting Mechanisms

Risk communication is the “sharing of information about risk and risk manage-
ment between the decision makers and others” and is one of the most important
parts of a fully functioning, life cycle approach to QRM [15]. It is a “continual
and iterative processes that an organization conducts to provide, share, or obtain
information and to engage in dialog with stakeholders regarding the management
of risk” [16]. Without robust risk communication and reporting, integrated risk
management is not possible.

The process requires multiple stakeholders to engage in multilateral discus-
sion regarding the “existence, nature, form, likelihood, significance, evaluation,
acceptability, and treatment of the management of risk” [17]. This process is an
input into the decision to accept or reject a risk, although not the acceptance
process itself.

Setting up clear flows for the communication of risk up and down an organi-
zation is important for many more reasons than just meeting the expectations of
international guidance documents. Effective communication of risk:

• encourages accountability and ownership of risk;
• ensures information from risk management exercises is available at right

levels of the organization and at the right time;
• promotes a mature culture of risk management; and
• creates a level of risk awareness that may assist in reducing the overall

residual risk of an organization.†

†This idea that making people aware of a risk can help reduce that risk is a concept that directly
relates to risk communication activities during Quality Risk Management work. This is one reason
why Risk Communication is so important, and any action that serves to help reduce risk should be
considered. Dr. Kevin O’Donnell, Irish Medicines Board, 2010.
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TABLE 3.2 Regulatory Expectations and Practical Considerations When
Executing Risk Assessments [12–14]

Regulatory Expectations when
Executing Risk Assessments Practical Considerations

Clearly identify the process being
assessed and what it is
attempting to achieve.

Properly plan and scope risk assessments. Questions
to ask:

• Is the assessment ad hoc/for cause (such as a
deviation/failure/change), or a life cycle/living
assessment (manufacturing operations)

• At what part of the process will the assessment
start and where will it end?

Be based on systematic
identification of possible risk
factors

Procedures must exist which provide guidance on
the risk assessment tool being used (e.g., FMEA)
and have standard ranking indications (e.g., a
value of 1 for occurrence has a descriptive
indicator such as “less than 1 in 1,000, 000”)

Take full account of current
scientific knowledge

Instead of an “I think” approach, use of an “I
know” approach using existing literature, clinical
data, using experiments.

Be conducted by people with
experience in the risk
assessment process and the
process being risk assessed

Risk assessments must be conducted by a team that
has been fully trained on the organizations risk
procedures. Facilitators should have advanced
training on the tools and facilitation techniques.

Use factual evidence supported
by expert assessment to reach
conclusions

Severity and occurrence rates should be determined
by clinical, development, and manufacturing data
guided by subject matter expertise.

Do not include any unjustified
assumptions

Do not guess. It is okay to say “We don’t know”
and collect the information, so accurate
evaluations can occur

Identify all reasonably expected
risks—simply and clearly
along with a factual assessment
and mitigation where required

Do not shortchange the risk assessments or omit
items. Additionally, do not list hazards that
clearly cannot occur. These are common errors
that are easily rectified by a good facilitator and
with proper review during the assessment
execution phase. Remember, risk assessments are
tools to assist in the continuous improvement
cycle. The better the data that enters the
assessment, the more robust the improvement
cycle.

Be documented to an appropriate
level and controlled/approved

Organizations must have policies and procedures
which detail how risk assessments are approved,
controlled, and reviewed. The level and formality
of risk assessments can vary, although they all
need to be documented.

(continued)
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TABLE 3.2 (Continued )

Regulatory Expectations when
Executing Risk Assessments Practical Considerations

Ultimately be linked to the
protection of the patient

The requirement is taken directly from ICH Q9 “the
protection of the patient by managing the risk to
quality should be considered of prime importance.”
Risk assessment activities should not be executed
with the initial intention to reduce activities
(validation, sampling, etc.). Properly executed
assessments will naturally provide opportunities to
reduce activities for low risk items. Items that
require additional work, when completed, provide
for reduction in variation and lower cost of quality,
increasing profitability.

Contains objective risk
mitigation/reduction plans.

Organizations must have procedures that provide
standard ways to determine if hazards require risk
reduction or can be accepted in their current state.
The plans must be documented, approved (they
can exist as a part of the original assessment), and
reviewed as required.

Companies should ask the following questions when setting up or evaluating
their risk communication process.

• What mechanisms exist for the company to quickly respond to risk?
• Are these mechanisms two way?
• Are there robust lines for the communication of risk robust both internally

as well as externally?
• Are there policies that facilitate external risk communications with the pub-

lic, regulators, and notified bodies?
• Does the company have a risk register, or similar method, to collect asso-

ciated product and process risk as a method to discuss the site’s overall
residual risk?

3.2.3 Risk Registers

There is an expectation that pharmaceutical manufacturing sites have specific
high level risk overview documents known as risk registers, or risk master plans .
The initial expectation was clearly and formally laid out in the MHRA’s Good
Manufacturing Practice (GMP)—Quality Risk Management: frequently asked
questions:

. . . a risk register (or equivalent title document) should list and track all key risks as
perceived by the organisation and summarise how these have been mitigated. There
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دنیاي ش



QRM REGULATORY EXPECTATIONS 55

should be clear reference to risk assessments and indeed a list of risk assessments
conducted should be included or linked to the register. A management process should
be in place to review risk management–this may be incorporated into the quality
management review process [18].

(See Table 3.3 for the entire list of questions and answers.)
International agencies are also ensuring that this expectation is being met

through audit observation such as:

“There was no risk register to facilitate the management, monitoring, and review of
formal risk assessments . . . ” [19]

The expectation for the use of a high level risk summary document such as a
risk register arises from the formal inclusion of the review of risk assessments
during inspections. It is now a well-understood requirement that all organizations
have a system for risk management. The evolution of the use of risk management
in the industry has brought it to a point where a collection of risk assessments
performed on the site need to be managed and reviewed as a whole and not just
as individual assessments. Without a high level risk summary document for a site,
managing (review and communication) of the highest risk items from dozens of
risk assessments becomes unwieldy.

A formal risk register or risk master plan can be seen as mutually beneficial
for both the industry and the regulators. It provides a summary document for
the regulators to review during inspections, and it provides the management of
a manufacturing site a living document that summarizes the high risk items for
their site (see Fig. 3.1).

This high level document will summarize the significant risks of a manufac-
turing site and should provide a brief explanation of the mitigation of those risks
or the current plan to which these risks are being reduced. It is also expected
that the risk register or risk master plan has links to, or has listed within, the
individual formal risk assessments that have been performed at the site. There is
also an expectation that the risk register will include an explanation of the man-
ufacturing site’s risk review process, or how often the risk register is reviewed
and residual risk updated.

The risk register will look very similar in form to an FMEA, although some
of the information from the detailed assessments does not need to be transferred
to the register.

3.2.4 Audit of the Risk Management Systems

International health authorities and agencies will set aside time to audit a com-
pany’s QRM program. These audits will generally target three areas (see Table 3.4
for a detailed list of typical audit questions).
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Risk
assessment 1

Risk
assessment 2

Risk
assessment 3

Risk
assessment n

Summary of all
high risk
items for site

Low risk
items

Risk register

High risk
items

Figure 3.1 Risk register. (See insert for color representation of the figure.)

• The first will be a review of the QRM policy that defines what the QRM
program entails for the specific organization.

• The second area will be a review of specific procedures, which will dive
deeper into the “how” of risk management.

• The third target area for QRM audit will be the evaluation of the actual risk
assessments themselves.

The time that is actually spent on QRM during an audit will be dependent
on the risk of the product and the processes being used, the maturity and clarity
of the QRM program and procedures, effectiveness of the risk review and com-
munication processes, and the thoroughness of the individual risk assessments
reviewed.

3.3 PROBLEMS OF SUBJECTIVITY AND UNCERTAINTY DURING
QRM EXERCISES

It is said that all politics are local. In a sense, risks are as well; they are personal
and relative.‡ We bring our individual life story to each and every risk assessment
engagement, all the while being bombarded by external stimuli.

‡You know the story that all risks are relative—the risk depends on which one of your relatives is
taking the medicine (your wonderful loving grandmother or your crazy uncle Al)!
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TABLE 3.4 Auditing of the Risk Management Process [20,21]

Risk Management Area of Scrutiny/Typical
Audit Level Audit Questions

Policy/System • The areas of application of QRM should be appropriately
defined in the company quality management system

• There should be an appropriate number of personnel with
relevant qualifications, experiences, and training. Their
responsibilities should be clearly defined

• Senior management is involved in the identification and
implementation of QRM principles within the company

Procedures • Procedures exist for the Assessment Control (incl. risk reduction
and risk acceptance) and Communication of risk in various
areas within the quality management system

• Are there Regular Reviews of Risks?

• RM procedures are oriented toward patient safety

• The formality of approach should be commensurate with the
level of patient risk

• Show a logical approach to selection of methods and tools

Assessments • Whether the QRM performed was integrated into the Quality
System?

• Was the process and documentation transparent and traceable?

• Were the formalized documented procedures followed?

• Was a risk problem or question well defined?

• Did the completed process address the risk problem/question?

• How was the decision made and documented?

• Was there appropriate communication throughout the process?

• Was a systematic approach applied?

• Were the selected methods/tools suitable?

• The key risks should have been adequately identified and
analyzed, with all relevant data having been generated and/or
considered.

• All data reviewed must be from a reliable database.

• The risk acceptance criteria must be adequate for the specific
situation in question;

• The risk-based decision(s) must be considered to be well
informed, science based and comprehensible. They must be
concordant with the preset acceptance criteria

• The assessments link to product quality
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62 RISK MANAGEMENT

There are two stories I use in my classes about assessing risk and the impact of
outside influences. I call them “The tale of two risk assessments” and “Everyone
is a speed demon.”

A Tale of Two Risk Assessments

Consider the following:
• You are on a material review board/disposition team. It is the end of the

quarter, and a batch of your highest volume product has been quarantined for
potential quality issues. The team has also been notified that their business
has met all of its financial goals for the quarter.

Question: Does this financial information influence the team’s disposition (which
is a risk assessment process)?

Now consider:

• The following quarter the material review board/disposition team must
decide the disposition of a batch of the exact same product for the same
quality issue. Again it is the end of the quarter, but this time the team
knows but the business unit is not meeting its financial goals.

Question: Does this change in the external context in which the risk of the batch
is reviewed change our internal risk calculus? Why?

There is only one change, one piece of information that is different between
the two scenarios of this real-life example. Whether we like to admit it or not,
our decision-making process on the risk of releasing the product or not will be
different in each of these occasions. Even if we make the same deposition decision
on the lots (accept both, reject both), the context in which those decisions are
made will be different.

Everyone is a Speed Demon

The legal speed limit on most major highways in the United States is 65
mph. When you drive on these highways, it seems that most folks are driving
above the speed limit to a different degree. In the graduate classes I teach or in
industry talks I give, as a part of our risk-management-related discussion, I ask
the students/audience: “at what speed above the posted 65 MPH speed limit do
you think you will get a ticket?”; the vast majority answer “above 75 MPH .”

Question: What is the “true” speed limit?

There are internal and extra influences that are always present when we assess
risk. We apply our internal risk “sensor” based on the external context we see
applied. These are always influencing our risk decisions. They cannot be com-
pletely eliminated. We can create training programs and procedures that assist in
minimizing their influences in our risk management systems if we have better
understanding of how our risk-making decisions are influenced.
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TABLE 3.5 Dual Process Cognitive System Characteristics

Intuitive System Reflective/Reasoning System
(System 1) “Gut” (System 2) “Head”

Automatic Controlled
Effortless Effortful
Rapid Slow
Associative Deductive

3.3.1 Cognitive Operations When Assessing Risk:
“This is Your Brain on Risk”

An individual’s decision making is governed by two main systems, traditionally
called intuition and reason . They are formally categorized as system 1 and system
2 in what is called dual-process theory (see Table 3.5). System 1 is our ancient
intuitive process that is quick and effortless. System 2 is our rational or reflective
process that is controlled, slow, calculating, and effortful. It is sometimes easier
to think of these in the common vernacular such as when folks say, “I used my
gut instinct” or “I followed my head , not my heart on this decision” [22,23].

The systems generally work interactively, although both systems are not
“applied to every problem a person confronts nor (does) each system have
an” exclusivity on the problem. The systems overlap, but the amount of
overlap “differ(s) depending on the individual reasoner’s knowledge, skill, and
experience” [24].

These systems assist, monitor, and control our judgments under uncertainty
(a fancy way to say: our decisions about what is risky and what is not). How
we make the decisions are controlled by what are called heuristics and biases .
Heuristics are rules of thumb and internal automatic settings (see Table 3.6 for a
select list of heuristics). They are unconscious controls that can be both inherent
as well as learned through experience [25]. Biases are tendencies we all use to
weigh and adjust our initial intuitive judgments. They are based on many factors
including our culture. Biases are cues available to us in different forms that cause
us to give too much or not enough weight to a given piece of information when
making risk-based decisions. The systems generally work quite well, although
they can also be a significant source of error in our risk decision-making ability
and can cloud our perceptions of risk because of our heuristics and biases.

The dual processes of decision making and the underlying heuristics and per-
sonal and group biases that assist in their governance have a profound impact on
the implementation of the risk management system. It also means that defining
risk can be quite personal and there is generally a significant difference between
what the general population perceives as a high risk compared to what thesubject
matter experts perceive (called lay–expert bias).

There are a number of common-sense factors that impact and direct our per-
ceptions or risks. One of the key factors in the perception of a risk is whether
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64 RISK MANAGEMENT

TABLE 3.6 Select List of Heuristics [26–28]

Heuristic
(Rule of Thumb) Description

Anchoring and
adjustment

Estimates are made based on an initial input (conscious or
unconsciously accepted) that our minds “anchor” or grab onto.
We adjust our decision/risk rating up or down from that anchor.

Affect An instinctual feeling about the “goodness or badness” (or risk) of
something.

Can also be called the “Good–Bad Rule”
Availability We estimate the likelihood of an event based on how easy it is for

us to think of an example of it occurring. If we can easily think
of an example, our estimate of the likelihood of that example
occurring increases.

Can also be called the “Example Rule”

TABLE 3.7 Risk Perception Influence Factors [30]

Factors Causing Higher Factors Causing Lower
Risk Perception Risk Perception

Uncontrollable Controllable
High visceral dread Low dread factor
Global/catastrophic Localized /non-catastrophic/low impact
Impact on future generations Low impact on future generations
Steadily increasing risk Decreasing risk
Risk not easily mitigated or reduced Risk is easily reduced
Fatal risk effects Repairable harm
Risk is unseen, unknown to those

exposed with delayed effects
Observable, exposed are aware, effects

of risk are immediate
New risk Old risk
Effects of risk not know to science Effects of risk are known

Adapted from Slovic (1987).

a person engages or voluntarily exposes himself or herself to the risk (called
voluntary–involuntary bias). This is not the only factor that impacts the per-
ceived risk/benefit balance and a person’s ability to accept a risk. Factors such
as catastrophic potential, the amount of visceral dread it creates within a person,
and the impact on future generations also weigh heavily in our measurements
of risk (see Table 3.7 for a detailed list of risk perception influence factors). In
fact, the discussion and debate about the riskiness of the given input are not just
about the number of people in harm’s way. They can be about culture, society,
and ideology [29].

There are additional underlying cognitive explanations when weighing the
risks of known and unknown risks. People place significantly more weight in
sticking with the current state of affairs or risk with certain outcomes and have
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TABLE 3.8 Loss Aversion and Status Quo Biases [31]

Bias Explanation

Loss aversion The potential for a loss is valued higher than a potential for
a gain

Certainty effect Much higher value is place on activities whose outcomes
are certain

Status quo bias Current state is preferred over change
Endowment/Ownership

effect
Ownership of an item, department, etc. increases the

perception of value to the owner
Regret avoidance Decisions that have the potential for a person to regret tend

to be avoided
Omission effect Exaggerated preference for inaction

Adapted from Viscusi (1996).

significant tendencies to steer clear of decisions that may create regrets (see
Table 3.8).

3.3.2 Perception and Perspectivism

Perception in risk is also an application of the theory of perspectivism. Two
aspects of perspectivism are important to the application of risk management. The
first concept is there is no singular objective truth, just the observer’s perspective
of that occurrence. The second is a conceptual framework that an absolute truth
may be obtained via an aggregate of different viewpoints or perspectives.

The use of multiple perspectives is seen in real-life applications of risk man-
agement through the selection of the individuals involved in the risk management
process. This group should generally encompass different functional areas such
that different views on a subject can be obtained. The goal is to create a much
more robust output from the risk process because, even with the best intentions,
a group approach can have issues with herd/groupthink biases.

3.3.3 Risk’s Precautionary Principle

The precautionary principle is a risk approach that places the burden of proof
on the provider of the goods or services rather than society. It was developed
as an approach to manage uncertainty. The precautionary principle has partial
grounding in perspectivism as it tries to address issues where there may be no
objective truth available and strives to collect multiple viewpoints on a particular
risk. This thought process is evident in ICH Q9, which states:

Achieving a shared understanding of the application of risk management among
diverse stakeholders is difficult because each stakeholder might perceive different
potential harms, place a different probability on each harm occurring and attribute
different severities to each harm. In relation to pharmaceuticals, although there are
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a variety of stakeholders, including patients and medical practitioners as well as
government and industry, the protection of the patient by managing the risk to quality
should be considered of prime importance [32].

It is echoed in the introduction and preamble of ISO 14971 Medical Devices
— Application of risk Management to Medical Devices:

The concepts of risk management are particularly important in relation to medical
devices because of the variety of stakeholders including medical practitioners, the
organizations providing health care, governments, industry, patients, and members
of the public. All stakeholders need to understand that the use of a medical device
entails some degree of risk. The acceptability of a risk to a stakeholder is influenced
by the components listed above and by the stakeholders’ perception of the risk. Each
stakeholders’ perception of the risk can vary greatly depending on their cultural back-
ground, the socio–economic and educational background of the society concerned, the
actual and perceived state of health of the patient, and many other factors [33].

The principle’s philosophy states that unacceptable risks should be targeted
and prevented from occurring before damage occurs, even if knowledge about
the risk is unknown. It is closely aligned with the decision theory’s Maximin
Principle that states that the best decision maximizes the minimal output of a
specific hazard .

There is much debate regarding the principle and its impact on trade. The
disputes revolve around the amount of weight that should be given to moral,
political, ethical, and lifestyle objections to technologies or products and the
costs incurred to reduce those potential risks. These discussions emerge from a
culture or society’s approach and perception to risk aversion. These perceptions
can create moving frames of trust with members of that society. The trust is
gained or lost by industry and regulators as a result of issues with products such
as Vioxx and Avandia and the consent decrees with companies such as Johnson
and Johnson [34–38].

The precautionary principle is embedded within the European Community
and defines the level of acceptable risk in uncertain situations as an inherently
political matter [39].

Implementation of the precautionary principle is based on the potential sever-
ity of the risk and the response required. These are also known as the societal
trigger level and the societal response [40]. The trigger and response are defined
by the Commission of the European Communities’ 2000 document, Communica-
tion from the Commission on the Precautionary Principle. The trigger level is a
decision for “Recourse to the precautionary principle.” This trigger requires both
an “identification of potentially negative effects resulting from a phenomenon,
product, or process” and a “scientific evaluation of the risk which because of the
insufficiency of the data, their inconclusive or imprecise nature, makes it impos-
sible to determine with sufficient certainty the risk in question.” The societal
response is political and temporal where “the appropriate response in a given
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situation is the result of a political decision, a function of the risk level that is
acceptable to the society on which the risk is imposed.”

The trigger level is based on the potential societal damage of the specific haz-
ard along with the amount of knowledge that exists of the hazard. The knowledge
would be primarily objective. If the knowledge shifts from objective to subjec-
tive, the principle would define it as having significant uncertainty. There are
different trigger levels for a low severity hazard that has a degree of uncertainty
and compared to a high severity hazard with equivalent uncertainty (Commission
of the European Communities 2000, 13).

The policy of regulators in using the precautionary principle shifts evidentiary
requirements to the suppliers. However, when looking at multiple stakeholders
in the process with varied perceptions, the amount of knowledge varies. These
stakeholders are not all within the company that provides the product. They
include regulators and the public. What does not exist in the literature is the
idea of asymmetry. The companies will always have more information about
a product’s risks than regulators and the public. Society, however, places an
expectation on the provider to reduce the residual risk of a product to its lowest
possible level (Commission of the European Communities 2000, Breyer 2005).

3.3.4 Risk Regulation’s Unintended Consequence:
Asymmetry of Risk Knowledge

The burden of proof creates an unintended consequence, which can be described
as Asymmetry of Risk Knowledge. There is an inherent amount of product knowl-
edge asymmetry because of the intimacy the manufacture has with the design
and production of the product it intends to provide to the market. The manufac-
turer naturally has more information regarding the product and process than the
regulators or the public.

As one of the stakeholders, the manufacturer makes judgments relating to
safety of the product including the acceptability of risks, taking into account the
generally accepted state of the art, in order to determine the suitability of the
product to be placed on the market [41].

As the guidances show, there are many stakeholders with interest in the process
although the manufacturer generally reviews and approves the risk.§ With the
manufacturer owning the data used to determine risk as well as providing and
justifying the risk–benefit balance for a given product, the standing or value of
the other stakeholders’ perception of risk may be reduced, but the responsibility
to society by the manufacturers increases.

3.4 INTEGRATION INTO ORGANIZATIONAL PROCESSES

For successful integration of risk management into the quality system, the orga-
nization must ensure that individuals engaged in risk management activities

§These cGMP risks are now being reviewed during inspections.
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understand the inherent and intrinsic value of risk management, are adequately
trained, and are familiar with risk management tools and the overall risk man-
agement process.

When a company is implementing a risk management system, a key first
step should be an evaluation of the organization’s current understanding of risk
management. The evaluation or gap analysis should assess the state of the current
risk infrastructure, including the following:

• written policies and procedures;
• risk management practices; and
• training and personnel skills.

Integration of risk management into an organization is a multistep process that
begins with this gap analysis of the current state compared to the expected state
and ends with the deployment of a fully realized risk management process. As a
part of the current state gap analysis, the use of an organization risk maturity level
table, such as the one shown in Table 3.9, can assist in creating an understanding
regarding where the current level of understanding or risk management resides
within the organization. For example,

• Does the organization have an accepting attitude toward risk management?
• Is the organization simply complying with the requirements by using a tick-

the-box method or has it really imbedded risk management into its systems?

Once the gap analysis has been completed, risk management procedures and
activities should be implemented based on the gap analysis findings. Organiza-
tions should consider piloting aspects of the new procedures such as risk-rating
scales, risk acceptance decision charts, and review processes. Full roll out of the
system can occur after collecting feedback on the pilot program.

Organizations should consider a multilayer approach to training. This would
include a high-level risk management overview training program for the general
employee population. This can be followed by a second level of focused policy,
procedure, and tool-based training. Special facilitator-level training for select
individuals who have been designated as the risk subject matter experts should
also be considered. Other key foundations for the successful implementation of
a risk management system are as follows:

• top level management support and commitment;
• understand the path and start simply and avoid complexity;
• understand what are the organization’s internal and external risks; and
• a continuous cycle of learning and improvement that creates a robust risk

management organization culture.
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3.4.1 Training

Training may be the most important factor in creating a successful QRM sys-
tem. All organizations must provide for training on any formal risk management
procedure, although the current training rarely goes beyond “read and under-
stand” requirements for the procedures. This type of training may meet the basic
requirements, but the effectiveness of the QRM system and thus the pharmaceu-
tical quality system may not be optimized. Using such “read and understand”
training provides for a nonstandard approach to understanding the companies’
principles on the subject.

The following are key focus areas of risk training for companies:

• risk management regulations, not just the “what” of the regulations, but the
“why” as well;

• the risk management tools the company chooses to use;
• standard risk management terminology to help reduce subjectivity and uncer-

tainty;
• risk assessment facilitation to assure the best outcomes from risk manage-

ment activities;
• effect of heuristics and biases on the risk assessment process to better under-

stand how we perceive risk and assist in minimizing subjectivity in the
organizations’ risk decision making (see Table 3.10); and

TABLE 3.9 Risk Management Maturity

Risk Maturity Risk Skills and
Level Processes Attitude Behavior Knowledge

Skepticism No formal
processes

“Accidents will
happen”

Fear of blame
culture

Unconscious
incompetence

Awareness Ad hoc use of
stand-alone
processes

Suspended
belief

Reactive, “fire
fighting”

Conscious
incompetence

Understanding
and
application

Tick the box
approach

Passive
acceptance

Compliance,
reliance on
registers

Conscious
competence

Embedding and
integration

Risk
management
imbedded in
the business

Active
engagement

Risk-based
decision making

Unconscious
competence

Robust risk
management

Regular review
and
improvement

Champion Innovative,
confident, and
appropriate risk
management

Expert

Table adapted from A Guide to Supply Chain Risk Management for the Pharmaceutical and Medical
Device Industries and their Suppliers, 2010 .
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TABLE 3.10 Risk Perception Heuristics and Biases Management and
Training Strategies

Area (Example, not
an exhaustive list) Strategy

Training The organization should create, as a part of their overall
risk management training program, a module on the
impact of heuristics and biases on risk decision
making. This training should include hands-on
interactive training coupled with readings on the
subject.

Team makeup Risk assessment team should be multidisciplinary. This
encourages the risk to be viewed from many lenses.
Include subject matter experts on the team as well.
This provides for alternative views and constructive
dialog of the risks being assessed. Facilitators who
have extensive knowledge of not only the tools but
also techniques to minimize impact of individual
stakeholder bias should be used.

Assessment of risk Emphasis on the use of scientific knowledge and hard
data. Encourage teams to say “we don’t know” or “we
don’t have the data” rather than a subjective
assessment with the goal to collect the data to make
more informed decisions. Facilitators should be
vigilant for signs of bias during assessments and
initiate effective changes if required.

Table adapted from PDA Technical Report Draft “Implementation of QRM for Pharmaceutical
and Biotechnology Manufacturing Operations,” November 2011, page 20.

• the importance of using data to determine occurrence rates (increased under-
standing of probability and statistics).

3.5 CONCLUSION

Fully functioning mature and effective QRM systems are created via an
organization’s solid foundation and understanding of the regulations, guidances,
and expectations set down by the global health authorities and administrations,
robust training programs, senior management commitment, and engagement,
and a robust review and continuous improvement program.

Organizations need to have a solid foundation in the underlying mechanisms
regarding how individuals assess risk and how heuristics and biases influence an
individual or group’s risk perception and decision making.

When implementing risk management programs, readers are encouraged to
think of the “Whys” of risk management as well as the “How to.” The principles
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presented in this chapter will help create the foundation and infrastructure the
reader will need to plan and implement a successful risk management program.
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4
STATISTICAL TOPICS AND ANALYSIS
IN RISK ASSESSMENT

Mike Long

As we know,
There are known knowns.
There are things we know we know.
We also know
There are known unknowns.
That is to say
We know there are some things
We do not know.
But there are also unknown unknowns,
The ones we don’t know
We don’t know.

—Donald Rumsfeld Feb. 12, 2002, U.S. Department of
Defense news briefing. Wording arranged by Slate Magazine in the article The Poetry
of Donald Rumsfeld, April 3, 2003.

The only thing certain is Uncertainty.

—Anonymous

4.1 INTRODUCTION

Understanding probability and its role in the field of statistics is critical for a
mature level of understating of risk management. This chapter does not make an

Risk Management Applications in Pharmaceutical and Biopharmaceutical Manufacturing,
First Edition. Edited by A. Hamid Mollah, Mike Long, and Harold S. Baseman.
© 2013 John Wiley & Sons, Inc. Published 2013 by John Wiley & Sons, Inc.
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attempt to provide a complete understanding of the topic, as that content would
need its own library wing. It does, however, attempt to provide a brief overview
of points to consider and ponder when you attempt to quantify the probability
dimension of risk.

4.2 UNCERTAINTY

John Maynard Keynes declared there are times and places were no “probability
calculus” would be possible. He called this true uncertainty [1]. Keynes argued
that uncertainty could not be defined objectively as there may be no knowledge
of a hazard. Others say risk and uncertainty are and the same and attempt to
quantify the subjective portion of risk. This is an attempt to create an enumerative
vehicle for a subjective expected utility. There is a difference between what is
possible, merely probable, uncertain, and true uncertainty. Something is simply
uncertain when we have yet to collect data; think of process development here.
True uncertainty lies in areas where it is impossible to measure, such as the
probability of war between China and the United States, or the obsolescence of
an invention such as a microwave oven or an iPad. We simply do not know.
As Keynes put it, even “the weather is only moderately uncertain”; a statement
made well before the weather technology of today [2].

In practice, risk is on a sliding scale. In some cases, it can be defined in
objective terms, in others it is subjective. In applications of risk assessment
where uncertainty exists, people try to assess uncertainty within a subjective
rating instead of simply stating “I don’t know” and collecting data.∗

By combining definitions from several sources, uncertainty is defined here as
an unquantitated lack of specific knowledge. “Looks like rain,” is uncertainty
statement.

By comparison, a quantitated lack of specific knowledge is the basis for the
complementary fields of probability, statistics, and risk. “A fifty percent chance
of rain” is a probability statement.

4.3 LUCK AND PROBABILITY

Luck is probability taken personally.

—Anonymous

The duality of this statement illustrates the nature of probability in our soci-
ety. Millions of people believe in luck but not in probability. A short example
illustrates the point. If we flip a quarter six times and get heads each time, most
people on the street or in a casino believe that the probability of getting a tail on
the seventh flip is greater than if we had gotten three heads and three tails. They
would in fact literally bet money on it.

∗For an expanded discussion, read Nassim Nicholas Taleb’s The Black Swan.
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To their mind, the coin is due to come up tails. Yet, probability theory confirms
that the probability of a seventh flip coming up heads is still 50/50 as it was on
the first, second, and all flips. The coin has no memory. This misunderstanding
illustrates the need for an understanding of probability as related to risk and risk
management. Clearly, patient health and safety cannot be based on ignorance or,
worse, luck.

4.4 DEFINITIONS OF PROBABILITY

It is hard to improve on this three-hundred-year-old definition of probability:
For it should be presumed that a particular thing will occur or not occur in

the future as many times as it has been observed, in similar circumstances, to
have occurred or not occurred in the past [3].

In addition, there are three common definitions or uses of the term probability:

1. The least quantitative is a degree of subjective belief, gut feeling, or intu-
ition. “I believe there is a small probability that he will be promoted this
year.”

2. The most empirical is the ratio of the number of outcomes to the total
number of possible outcomes. It is written as a fraction, percentage, or
proportion. “A four has been observed sixteen times in the last one hundred
rolls of the die.” This is the approach we prefer if we have the data to do
the calculation. Probability estimates from past data projected to future
probability assumes that the future will continue to look like the past. Of
course, this adds to the uncertainty of the exercise.

3. Last, the most quantitative is a theoretical value determined by the limiting
frequency of an infinite random series for an assumed model. In theory, a
fair coin will come up heads 50% of the time. In practice, it only comes
close.

4.5 RULES OF PROBABILITY

Probability is expressed as a number between 0 and 1. It is also expressed as
a percentage, from 0–100%. Zero is assigned to an event that is absolutely
impossible to occur. One or hundred percent is assigned to an event that is
absolutely certain to occur. In some situations, they can be given in smaller
categories such as low, medium, high, 0, 1, 2, 3, 4, or 0, 1, 2, 3, 4, 5, 6. Note
an odd number of categories starting with zero permits a center category that is
half the maximum. Reporting scales are often specific for a given project.

A probability of 0.5 or 50% is assigned to an event that would occur half
the time on average in an infinitely long series. It is also called the indifference
point. In some literature, an event is said to be “possible” if the probability is
50% or less. It is “probable” is the probability is greater than 50%.
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The probability of flipping a nickel and getting a head is in theory one-half,
0.5, or 50%.

P (Head) = 0.5

In actual practice, it could be slightly more or less. The old buffalo nickel was
heavy on the side with the buffalo. It is possible that it could be shown to have
an effect.

The numerator and denominator in probability calculation need to be carefully
defined. The letters a, e, i, o, u, and y are the usual vowels. Thus, the probability
of picking a vowel at random from a page of text is 6 out of 26 or 23%. In some
cases, however, y is used as a consonant. Thus, there is some uncertainty in the
numerator and the final result. Careful assumptions, operational definitions, and
specific rules will clarify these situations.

What is the probability of tossing a nickel twice and getting two heads? The
probability is assumed to be one-half for the first toss and one-half for the second
toss. Thus, 0.5 AND 0.5, where AND means to multiply. The result is one out
of four.

P (Head and Head) = P (Head) ∗ P (Head) = 0.5 ∗ 0.5 = 0.25 or 25%.

We multiply when we see “AND.”
This assumes that the two events are independent of each other. That is, they

do not influence each other. If the events are not independent, the rule or formula
is shown here.

What is the probability of getting a head or a tail on one toss of a dime? The
probability is assumed to be one-half for a head or one-half for a tail. Thus, 0.5
OR 0.5, where OR means to add.

P (Head or Tail) = P (Head) + P (Tail) = 0.5 + 0.5 = 1.0 or 100%

This holds as long as there is no commonality of the two events. We add when
we see “OR.”

4.6 CAUTIONS

The cumulative effect of these rules can be impressive. For example, conducting
multiple t-tests with the same alpha value can result in a very high probability
of at least one failure just by random chance. Assume an assay validation report
has 47 t-tests, each with a typical alpha, or α value of 0.05. The probability of
at least one or more failures is found by the formula 1 − (1 − α)n.
So,

P = 1 − (1 − α)n

where
n = 47 and α = 0.05
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and
P = 1−(1 − 0.05)47

So
P = 0.91

In this case, the probability that at least one or more t-tests will fail by random
chance alone is 91%.

4.7 RISK

Every manufacturing process and product has some risk and probability of failure.
Zero risk 100% of the time will cost an infinite amount of time and money and
is effectively unattainable as some risk (called residual risk ), although small, is
always present even after mitigation efforts are completed.

As explained elsewhere in this book, risk can be the estimated probability
(also known as occurrence or likelihood) of an event times a severity estimate.

Risk (R) = P(or O) × S

In either case, probability is a root concept for risk. Risk cannot be understood
or estimated without an understanding of probability.

4.7.1 Venn Diagram

A good way to visualize the dimensions of probability described earlier is to look
at the entire population for a given process or product as shown in Figure 4.1.
Within that product population space, there are three subsets. Using the language
of Section E of ISO 14971, [4] two of the subsets, events, are of interest. One is
the area within the process or product space where Hazards have occurred, the
gray area or H. The second is the space defined by where Failure and thus harm
to the patient can occur, the blue area or F. The third is the intersection of gray
and blue or F & H.

So, when looking at assessing the occurrence or likelihood of an event, we
have to look at how often a given hazardous, H, situation happens (it may be
quite common) as well as how often these “happenings” lead to failure, F, and
thus harm to the patient. A basic discussion on conditional and joint probabilities
is important in understanding the topic.

4.7.1.1 General Rule for Addition For the two events in Figure 4.1, the prob-
ability of a hazard OR the probability of a failure is the sum of the two minus
the intersection of the two as in the formula.

P (Hazard or Failure) = P (Hazard) + P (Failure) − P (Hazard and Failure)
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Area within the process or product 
“space” where the failure to patient 
occurs, F.

Area within the process or 
product “space” where a 
hazard occurs, H.

Area within the process or 
product “space” where both 
the hazard and the failure 
occur, F & H.

Process, product 
“space,” or population

Figure 4.1 Venn diagram visualization of ISO 14971 section E. (See insert for color representation of the figure.)کوفا
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4.7.2 Conditional Probability

A good way to define conditional probability is to think about it pictorially as
in Figure 4.1.Conditional Probability is defined as

The probability of event Failure occurring given that event Hazard has already
occurred. or “F given H”.

It is written as:

P (Failure|Hazard) = P
(Failure|Hazard)

P (Hazard)

where
The vertical bar is the symbol for “given.”
This traditional definition does not really highlight the fact that we are reducing

or sectioning the sample space we wish to assess. Figure 4.2 shows two different
sets within the process and clearly shows how the reduction of the sample space
looks when compared to Figure 4.1. Set 1 is the process or product population
we are trying to describe in the risk assessment. Within this set, two subsets are
used to determine the conditional probability. The first subset (i) is simply the
magnitude of a hazard that has occurred within the population. The second subset
(ii) shows the magnitude of a specific harm that has occurred within subset (i)
Visually, Figure 4.2 shows the magnitude of a failure or harm that occurs when
the hazard is present.

Another way to say conditional probability could be “Failure within Hazard”
rather than “Failure given Hazard.”

Thus, the probability is P (Failure|Hazard) = P
(Failure|Hazard)

P (Hazard)

Multiplication Rule or Joint Probability

Set 1 - Population
Subset ii – This is the failure, 
P(F&H)

Subset i – This is the hazard, 
P(H).

Figure 4.2 Conditional probability described as a subset. (See insert for color represen-
tation of the figure.)
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Subset iii- Failure, F

Subset i – Hazard, H

H

Subset :ii Joint Probability: 
Intersection of Hazard 
and the Failure, F & H.

Set 1 - 
Population

F

Figure 4.3 Joint probability. (See insert for color representation of the figure.)

Joint probability refers to the occurrence of two (or more) events happening
and we use the multiplication rule shown to define it.

P (Failure & Hazard) = P (Failure|Hazard) P (Hazard)

It is just a restatement of the equation for conditional probability. Where
the joint probability, P (Failure and Hazard), of the failure is equal to the pro-
portion of the number of times the failure has occurred within the hazard, P
(Failure|Hazard), multiplied by the proportion of the number of times the hazard,
P (Hazard), has occurred within the population.

Conceptually, it is simply the number of joint occurrences of the hazard and
the harm in reference to the entire population as shown in Figure 4.3.

4.8 STATISTICAL RISK

In statistical literature, risk is often discussed as a simple probability. Statisti-
cians differentiate between two types. A Type I (one) error or alpha level is the
probability of rejecting a hypothesis when it is true. This is the producer’s risk.
A Type II (two) error or beta level is the probability of accepting a hypothesis
when it is false. This is the consumer’s risk.

These probabilities can be used to calculate risk for defined models. For a
further introduction to probability, see a statistical textbook such as Introduction
to the Practice of Statistics , Moore and McCabe [5]. For a good (and humorous)
overview of basic probability, see The Cartoon Guide to Statistics , Gonick and
Smith [6].

4.9 RARE EVENTS

“If anything can go wrong, it will.”

—Murphy’s Law
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A rare event is one that is uncommon or infrequent and unusual or distinctive
in some way. Such an event occurs because the scope of possibilities is so much
greater than we can imagine. For example, there are thousands of pathways in a
computer that can lead to truly weird results.

Rare is also relative. A once in a million per day event for a small village is
happening about 300 times a day in the whole United States. Six Sigma programs
aim for defects of around four defects per million. In a tablet batch of 1.2 million
running at Six Sigma, can we really expect to find those four defective tablets?

It is also helpful to differentiate between extreme values and outliers. An
extreme value exceeds the ordinary or the usual. They are situated at the farthest
possible point from the center of the data and are still considered to be part of
the population. They have a very low probability of occurrence. For example,
heavy tablets or capsules or under-filled vials are extreme values. Floods and
natural disasters are another example. They are the result of an accumulation of
common causes.

On the other hand, outliers are so far from the rest of the population that they
are not considered to be part of the expected distribution. They are often the
result of nonrandom special causes. Examples include an empty sugar packet, an
empty vial, or a double-struck tablet. Manmade disasters are outliers. Outliers
are generally rare events.

4.9.1 Calculating POISSON

Poisson is useful in determining the likelihood of small occurrences where there
are many chances for the event to occur.

When calculating probabilities of occurrence of hazards such as lack of sterility
or the presence of endotoxin, the law of small numbers (or the law of rare events)
is applicable. Poisson distribution describes the law of rare events and is shown
mathematically as

P (X) = λXe−λ

X!

where:
X = the number of expected occurrences
e = base of the natural log
λ = average number of occurrences of the event

For example, if we wanted to determine the probability of having 0 steril-
ity failures in the upcoming year for a manufacturing site that has a historical
average of 2, we could use Poisson. In this example, X , the number of expected
occurrences, is 0, and λ, average number of occurrences of the event, is 2.
So:

X = 0

λ = 2
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Therefore,

P (0) = 20e−2

0!

P (0) = e−2

1
P (0) = 0.1353

Using Poisson, we calculate the probability P of having no sterility failures
for a site that averages 2 per year to be 0.135, or a 13.5% chance. If we wish to
find out the likelihood of exceeding the average of 2 failures per year, we would
calculate the probability as such:

P (X > 2) = 1 − [P (0) + P (1) + P (2)

where, from the above-mentioned

P(0) = 0.1353

and

P (1) = 21e−2

1!
= P (1) = 2e−2

1
= 0.2707

and

P (2) = 22e−2

2!
= P (2) = 4e−2

2
= P (2) = 2e−2

2
0.2707

Therefore,

P (X > 2) = 1 − [0.1353 + 0.2707 + 0.2707 = 0.3233]

So, the probability for the manufacturing site that averages 2 sterility failures per
year to experience greater than 2 failures in the upcoming year would be 0.323
or 32.3%.

4.10 COINCIDENCES

A coincidence is the occurrence of two events that happen at the same time by
random chance, but give the appearance of a connection or a cause-and-effect
relationship.

“Given the billions of people and the quadrillions of characteristics, it would
be incredible if incredible things didn’t happen”

—Anonymous
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Coincidences can be rare events. For example, in a four-car accident, all four
drivers had the same last name; or in California, a couple had three children all
born on May 28. When a coincidence is very rare in an industrial setting, it is
tempting to assume a cause-and-effect relationship.

4.11 ESTIMATING PROBABILITIES

Probability estimates and evaluations are based on scientific knowledge and his-
torical data to the extent possible.

Also, the level of effort and rigor in estimating probability should be com-
mensurate with the perceived level of risk. Considerable effort is expected for
high risk situations.

Probabilities can be estimated using the three definitions of probability. In
the first definition, the assumption is that little information or data is available.
The estimate is a best scientific guess based on past experience, wisdom, and
intuition.

However, it is human nature to equate publicity with increased risk. For
example, as of the week of May 18, 2009, the World Health Organization reported
that a total of only 4800 people had contracted swine flu and that 61 people were
believed to have died from it. Yet, the massive publicity based on poor estimates
of the problem in Mexico prompted many schools to close. The Vice President
of the United States told his family not to travel. People were buying face masks
and stockpiling food.

Now compare this to auto deaths in the United States. For the first ten months
of 2008, there was an average of 3111 deaths each month for auto crashes. This
was considered good news since for that same time span in 2007 there was an
average of 3450 deaths per month, a decrease of 339 deaths. Notice that the Vice
President did not recommend that his family stop using their cars.

Unfortunately, this means that highly publicized events that have happened
recently may be perceived to be more likely than events that have happened with
less publicity. For example, with many news articles about pharmaceutical supply
chain problems, a company may perceive that it is at greater risk for them when
in fact they may actually be at greater risk for microbiological contamination.

The second definition assumes some data is available to calculate a probabil-
ity. This is usually historical data collected in development, validation, and/or
production. Having weighed a 1000 tablets from each of 10 sequential lots, we
can estimate the probability of finding tablets that will exceed the alert, action,
or failure specifications. Of course, we expect the data to be truly representative
of the process.

As another example, assume a series of trays of 400 vials each has, on inspec-
tion, averaged 40 cracked vials per tray. What is the future estimate of probability
of selecting a cracked vial if we pulled one vial purely at random? We calculate
the result as 40 out of 400 or 10%, assuming the future will look like the past.
So the occurrence rate of the hazard is 10%. So we could assign a probability
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value of 0.1 for the hazard. But is this the true value? How confident are we of
the value? Does this matter for a risk assessment?

For this, we need to calculate a confidence interval around the occurrence rate
determined for the potential hazard. For most cases, looking for a 95% confidence
interval is perfectly acceptable. This is shown as

95% CI = P ± 1.96sp

where
Sp = standard error of the estimate
P = occurrence rate sample probability

1.96 = normal Z score for 95% confidence
So

95% CI = 1 ± 1.96sp

To calculate S p
†, we use the following formula:

Sp =
√

P (1 − P)

N

where
P = the occurrence rate sample probability
N = the number of samples taken

In this case, we know:

P = 0.1

N = 400

So,

Sp =
√

0.1 (0.9)

400
= 0.015

Now

95% CI = 0.1 + 1.96sp = 0.1 ± 1.96 × 0.015

95% CI = 0.1 ± 0.0294

So, we are 95% confident that the true occurrence rate is between

0.071 and 0.129

or
7.1% and 12.9%

†SP gives us a standard error based upon the sample size, N , used.
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TABLE 4.1 Comparison of Samples Sizes When
Estimating the Occurrence Rate for a Hazard

Occurrence Rate Confidence Interval
Sample P Sample Size N Range [C ] at 95%

0.1 400 0.071–0.129
0.1 30 0–0.21

Is this range of any concern when applied to a risk assessment? It depends.
What if we took a sample of 30 instead of 400? For n = 400, we can assume
1.96 for a 95% CI, but for n = 30, we need to use the t distribution with a value
of 2.042. We will assume the same occurrence rate P = 0.1, or 10% T , and
change N from 400–30.
So,

Sp =
√

0.1 (0.9)

30
= 0.055

95% CI = 1 ± 2.042Sp = 0.1 ± 2.042 × 0.055

95% CI = 0.1 ± 0.112

which changes the 95% CI range to

0–0.212

or
0%–21.2%.

What we originally thought had a probability of 0.1 could be as little as 0
or as high as 0.212 (if our sample size was 30) as summarized in Table 4.1.
Potentially an issue when attempting to assign an occurrence rate.

In the third case, we assume to have a reliable statistical model that can be
used to estimate probabilities. The most common models for laboratory data are
the normal distribution, the lognormal, and the exponential distribution.

4.12 CONCLUSION

While space does not permit an extended discussion of the common tools men-
tioned in ICH Q9, most readers have some prior knowledge even if in passing.
This chapter was not written to give the reader a full understanding but rather
to provide conceptual constructs and points to consider. However, the following
references will permit self-study for those needing an introduction or a refresher.
An Internet search will find many more.
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These are from the excellent NIST web-based statistics book, Engineering
Statistics Handbook , a highly recommended source.

Control Charts: http://www.itl.nist.gov/div898/handbook/pmc/section3/pmc3.
htm

Histograms: http://www.itl.nist.gov/div898/handbook/eda/section3/eda33e.htm
Pareto Plot : http://www.itl.nist.gov/div898/handbook/pri/section5/pri597.htm
Design of Experiments: http://www.itl.nist.gov/div898/handbook/pri/section1/

pri11.htm
Process Capability : http://www.itl.nist.gov/div898/handbook/pmc/section1/

pmc16.htm
Graphics in general : http://www.itl.nist.gov/div898/handbook/eda/section3/

eda33.htm
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5
QUALITY BY DESIGN

Bruce S. Davis

5.1 BACKGROUND

The term quality by design or QbD is increasingly used in the pharmaceutical
industry and normally describes a science- and risk-based approach to developing
and manufacturing pharmaceutical products, based on the principles laid out in
the following International Conference on Harmonization (ICH) guidances:

• Q8R2: pharmaceutical development [1]
• Q9: risk management [2]
• Q10: pharmaceutical quality system (PQS) [3]
• Q11: development and manufacture of drug substances—chemical entities

and biotechnological/biological entities.

These ICH guidelines are voluntary but have set the scene for an alternative
way for the pharmaceutical industry to develop and manufacture its products.
Each guideline is discrete in its own right, but they should be read together to
understand the full impact of this new way of working.

A QbD or “an enhanced approach,” a term that ICH Q8R2 uses, is where
quality is designed in from the outset, using a science and risk basis, as opposed to
a traditional approach, where normally end-product testing used to check quality
requirements have been met.

Risk Management Applications in Pharmaceutical and Biopharmaceutical Manufacturing,
First Edition. Edited by A. Hamid Mollah, Mike Long, and Harold S. Baseman.
© 2013 John Wiley & Sons, Inc. Published 2013 by John Wiley & Sons, Inc.
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ICHQ8R2 states that a QbD approach would include the following
elements [1]:

“A systematic evaluation, understanding and refining of the formulation and manufac-
turing process, including

• identifying, through e.g., prior knowledge, experimentation, and risk assessment, the
material attributes and process parameters that can have an effect on product critical
quality attributes (CQAs);

• determining the functional relationships that link material attributes and process
parameters to product CQAs .”

Taking a science- and risk-based approach to developing a product is not a new
concept. Indeed, companies normally apply such methodologies during product
development, but historically, the output has focused on regulatory compliance,
which may have meant that science- and risk-based information gained at the
time was not captured as rigorously as it could have been.

It would, however, be incorrect to suggest that industry was not approaching
product and process development with the right intentions. Companies
have traditionally had a strong focus on the needs of the patient and have
developed their products with this in mind. For example, risk-based approaches
for new plants have historically used such tools as hazard and operability
(HAZOP) studies, where risks are evaluated to assure adequacy of engineering
designs, particularly for operational safety, and have become established
processes.

The move toward a strengthened science- and risk-based approach was gal-
vanized by the publication by the Food and Drug Agency’s (FDA’s) “GMPs for
the 21st Century” [4] and their “PAT Guidance” [5]. Another significant step
that helped provide an enhanced environment between regulators and industry
was the FDA’s invitation for companies to join their pilot program. Companies
applying were encouraged to discuss, with the FDA, science- and risk-based
approaches to new product development proposals, before any formal submis-
sion was made. This pilot program was also extended to include biotechnology
products.

The European Union (EU) also encourages a science- and risk-based approach,
as illustrated by European Medicines Agency (EMA) (formerly EMEA) in insti-
gating their process analytical technology (PAT) team [12]. This is made up of
experts from different parts of Europe, including inspectors and assessors with
wide experience of submissions and inspections. They have encouraged contact
by companies and part of their role, quoting from their mandate, includes the
following statement, “perform review and assessment of ”mock” submission of
applications using PAT and QbD principles” [5].

The PAT team has built up considerable experience of QbD and, similar
to FDA, has apparently approved a number of submissions that include QbD
principles.
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5.2 DEVELOPMENT OF PRODUCTS USING A QBD APPROACH

There are several stages in developing a new product using a QbD methodology.
These stages are applicable in principle whether the products are small or large
molecules.

The principle steps based on Q8R2 start with patient safety and efficacy
requirements, to ensure the final drug product meets quality requirements. In
order to explain the QbD approach, it uses the following terms:

• quality target product profile (QTPP);
• critical quality attribute (CQA);
• risk assessment: linking process parameters and material attributes to drug

product CQA;
• design space;
• control strategy;
• product life cycle management and continual improvement.

These are diagrammatically shown in Figure 5.1. It should be noted that
although the flow goes broadly from left to right, there can be many iterations
on the way.

The key output of this flow is to develop and put in place a control strategy to
assure product quality and to meet patient safety and efficacy requirements over
the life cycle of the product.

Risk assessment is a key part of this overall process and is normally carried
out at each stage, to ensure, as knowledge is gained, that potential risks are
understood, mitigated, and controlled.

ICH Q9 provides the basis for risk management and uses the following diagram
as guidance (Fig. 5.2).

Quality
target

product
profile

(QTPP)

Critical
quality

attributes
(CQA)

Critical
process

parameter
(CPP)

Design
space

Control
strategy

Continual
improve

ment

Progress along these steps is normally an iterative process 

Figure 5.1 Diagrammatic flow of key steps for QbD. (See insert for color representation
of the figure.)
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Risk analysis

Risk reduction
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Review events

Risk acceptance

Initiate
quality risk management process

Output/result of the
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Figure 5.2 Showing a typical quality risk management process [2].

ICH Q9 also suggests a list of the key risk assessment and statistical tools,
including, for example:

• failure mode effects analysis (FMEA);
• failure mode, effects, and criticality analysis (FMECA);
• fault tree analysis (FTA);
• HAZOP;
• preliminary hazard analysis (PHA);
• risk ranking and filtering;
• design of experiments (DOE); and
• process capability analysis.

A typical diagrammatic example of the output of an initial risk assessment is
shown in Figure 5.3. This output uses risk ranking to categorize potential impact
on a patient (normally based on severity) into high (red), medium (yellow), and
low (green).
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Figure 5.3 Example to illustrate the principles behind the output of a risk assessment
and its potential impact on the patient. (See insert for color representation of the figure.)

One of the major benefits of diagrams such as Figure 5.3 is that they paint
a clear picture of where potential risks might be and are useful, particularly at
an early stage, to establish which areas should be subject to further investigation
and analysis.

A useful risk assessment approach in relation to QbD is FMEA or FMECA
and the output from one of these is illustrated in Figure 5.4.

Safety Efficacy Quality

Potential CQA 1

Potential CQA 2

Potential CQA 3

Potential CQA 4

Potential CQA 5

Low impact Medium impact High impact 

Figure 5.4 To show an example of the output of an initial risk assessments, e.g. based
on prior knowledge. (See insert for color representation of the figure.)
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5.3 MAIN STEPS FOR A QUALITY BY DESIGN APPROACH FOR A
NEW PRODUCT

Each of the steps as diagrammatically illustrated in Figure 5.1 is now expanded
as follows:

The quality target product profile (QTPP) is described in ICH Q8R2 [1] as “a
prospective summary of the quality characteristics of a drug product that ideally
will be achieved to ensure the desired quality, taking into account safety and
efficacy of the drug product .”

This is where fundamental information about the purpose of a new drug is
outlined. A QTPP, as a minimum, may typically include Drug Product quality
criteria information for description, potency, dose, impurity limits, microbiolog-
ical limits, etc; and set specifications or limits to assure quality targets will be
met for patient safety and efficacy.

The QTPP is the starting point for QbD and it is important to note that this pro-
vides the link from patient requirements to the drug product. The QbD logic must
start at the drug product design and then work back to drug substance and include
the manufacturing requirements for all important unit operations—for both drug
product and drug substance—that may influence the final drug product (Fig. 5.5).

The CQAs are described in ICH Q8R2 [1] as “a physical, chemical, biological,
or microbiological property or characteristic that should be within an appropriate
limit, range, or distribution to ensure the desired product quality .”

Unit
operation

1

Unit
operation

2

Unit
operation

3

Unit
operation

4

Raw
material

attribute 1

Raw
material

attribute 2

Drug product
CQA 1

Drug product
CQA 2

Drug product
CQA 3

Drug product
CQA 4

Drug product
CQA5

Drug product
CQA 6

Low risk Need to be controlled to keep risk low High risk

Figure 5.5 Illustration to show the output of a risk assessment, linking manufacturing
unit operations, raw material attributes and CQAs links. (See insert for color representation
of the figure.)
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These are the attributes that impact patient safety and efficacy and therefore
it is important they are clearly established for the drug product. An experienced
company would normally use their prior knowledge to make an initial assess-
ment of the potential CQAs and then carry out a risk assessment to establish
whether these potential CQAs are critical to patient safety and efficacy, and
product quality. This prior knowledge could comprise clinical and preclinical
data, development records from similar compounds, manufacturing experience,
other published data, etc.

Many attributes may be well known—for example, for a small molecule oral
solid dosage product, dissolution can be considered as related to efficacy, whereas
degradant (impurity) level would be related to patient safety. Alternatively, for a
large molecule product, where there are usually many potential CQAs, viral load
would be an example of a patient safety attribute.

Normally, but not always, a specification is established for a CQA.
The intent of the early risk assessment is to establish whether experimental

work, such as DOE or other multivariate techniques, should be employed to
understand which unit operations’ parameters and material attributes may impact
the CQAs.

For example, it may be known that blending in an oral solid dosage product,
lyophilization for a parenteral product, or micronizing for an inhalation product
are important unit operations that could affect particular product CQAs, but there
may not be sufficient data to assess the risk, and so a company will carry out
experimental work to investigate this. The attributes of raw materials (such as
nonactive excipients or drug substance) can impact CQAs and therefore these
should be included in the risk assessment.

On the basis of their experience, a company may have an initial idea of the
kind of manufacturing process envisaged and therefore the type and number of
unit operations expected, and choose to tailor their approach, for business reasons,
to align with, for example, their manufacturing capability within the company.
Its business strategy may favor one type of unit operation over another, such
as choosing roller compaction over wet granulation for granulating of a tablet
product.

A critical process parameter ( CPP) is defined in ICH Q8R2 [1] as “a pro-
cess parameter whose variability has an impact on a CQA and therefore should
be monitored or controlled to ensure the process produces desired quality .” It is
therefore important to establish which process parameters for a particular unit
operation impact the CQAs and the degree of this impact. An FMEA or FMECA
risk assessment approach is commonly used to establish which process param-
eters and material attributes are critical. An example of the output from a risk
assessment is shown in Figure 5.6. This illustrates both the initial risk assess-
ment and final risk assessment, where controls have been put in place to bring
the potential risks to an acceptable level, as shown by the dotted line.

Design Space is defined in Q8R2 [1] as, “the multidimensional combination
and interaction of input variables (e.g., material attributes) and process parame-
ters that have been demonstrated to provide assurance of quality .”
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Figure 5.6 Diagrammatic part-outputs of initial and final a risk assessments to show the
impact various unit operations may have on a CQA. (Dotted line shows level of acceptable
risk). (See insert for color representation of the figure.)

It is important to note that design space is optional and normally multidimen-
sional. Many attributes and parameters will have some interrelation with each
other and therefore the design space should take into account the basis of these
interactions and their boundaries. Having said this, it is not necessary to investi-
gate the limit of every boundary as it may be expensive in time and resources to
carry out this work. Where, through prior knowledge, it is known that a particular
unit operation has a wide design space, then, after assessing the appropriate risk to
product quality, perhaps minimal or no experimental work might be carried out.

It is also important to note that it is not essential to demonstrate the edge
of failure of design space, unless of course there is a need to operate very
close to this edge. Companies should assure themselves that the most important
boundaries of design space have been assessed to understand where further data
may be needed.

ICH Q8R2 [1] gives some examples of design space and their Figure 5.2c is
shown below (Fig. 5.7):

Establishing the control strategy is probably the most important step of all
the QbD steps. Control strategy is defined in Q10 [3] as, “a planned set of
controls, derived from current product and process understanding that ensures
process performance and product quality. The controls can include parameters
and attributes related to drug substance and drug product materials and compo-
nents, facility and equipment-operating conditions, in-process controls, finished
product specifications, and the associated methods and frequency of monitoring
and control .”

This wide definition illustrates the importance of putting in place all the
controls that may be necessary at each stage of manufacture to assure the final
drug product CQAs are met. The term control in this case may include a wide

کوفا
دنیاي ش



MAIN STEPS FOR A QUALITY BY DESIGN APPROACH FOR A NEW PRODUCT 97

40 42 44 46 48 50 52 54 56 58 60

Parameter 1

P
ar

am
et

er
 1

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

Design
space

Friability

Dissolution

Figure 5.7 To show an example of design space (proposed design space, comprising
the overlap region of ranges for friability and or dissolution) Ref ICH Q8R2 [1].

variety of controls, such as automated process controls, manual controls, standard
operating procedures (SOPs), etc., to assure product quality. Some product
controls may be highly product specific. For example, it may be necessary to
control particle size distribution of an aerosol product to assure patient efficacy
and this, in turn, may highlight the need to control CPPs at micronizing and
blending unit operations. The control strategy should provide a clear rationale
as to how the product CQAs are assured at all stages of manufacture.

Hand in hand with the product control strategy is the need to consider the
requirements of ICH Q10, [3] the PQS. The PQS is defined in ICH Q10 [3]
as, “a management system to direct and control a pharmaceutical company with
regard to quality .” The product-specific controls and broader GMP controls that
apply to more than one product (such as the adequacy of changing facilities
for operators to dress into pharmaceutical clothing) should be integrated with
the PQS and at the same time permit business requirements, such as operational
efficiency, general safety, health and environmental considerations, financial, etc.,
to be met.

Finally, in regard to the QbD flow diagram in Figure 5.1, there is Continual
Improvement . This is to ensure that as knowledge is gained over the life cycle of
the product, such knowledge can be used to seek improvements to both products
and processes. For example, it may be that practical manufacturing experience
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brings to light new efficiencies that can be applied in the development of other
products. Alternatively, it may be that new technologies, developed at research
and development (R&D), can later be applied in manufacturing.

The important part is to understand that learning is a continuum and that such
learning should be applied across the whole product life cycle. It also highlights
the need for R&D and manufacturing to work together.

5.4 EXAMPLES OF QBD APPROACHES

At the time of writing, some examples of QbD approaches for small molecule
and large molecule products are available, as follows:

• the EFPIA Mock P2 paper issued 2006 [6];
• the ACE tablet study, issued 2009 [8];
• Mock QOS P2: “Sakura” tablet issued 2008 [7];
• A-Mab biotechnology study issued 2009 [9].

Reference should also be made to International Society of Pharmaceutical
Engineers’ (ISPE’s) Product Quality Lifecycle Implementation (PQLI®) [10]
published documents, particularly their Part 1–Concepts and Principles and
Part 2–Illustrative Example, and Parenteral Development Associations (PDAs)
Paradigm Change in Manufacturing Operations (PCMO*SM) [11] initiative, as
well as QbD training offered by other reputable organizations. The FDA has
also issued case studies for immediate release and modified release tablets.

5.5 CONCLUSION

The implications of ICH developing Q8R2, Q9, Q10 and Q11 guidances have
yet to be fully felt. It is important to understand there is no single way of
implementing QbD in practice.

At the time of writing, the major pharmaceutical companies generally are
starting to adopt these QbD principles for developing new products and smaller
companies and generic and consumer health companies are also taking an
interest, but overall adoption has been relatively slow. Some of this may be
because of concerns that additional time is needed for this new approach and
hence product launch may potentially be delayed or concerns about complexity
and the need for learning new techniques in DOE or multivariate statistical
methods or maybe how quickly the regulators themselves will become trained in
these new techniques. Regardless of this, QbD does require the use of some new
skills and approaches and it will be necessary for both industry and regulators
to become familiar with applying these.

However, despite the potential concerns, it is important to understand QbD is
about enabling improved product and process understanding and that its approach
will certainly lead to greater clarity about what is needed for achieving product
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quality. This clarity will enable activities to be prioritized and to concentrate on
what is most critical. Over time, this should lead to efficiency improvements, such
as more effective R&D processes, improved manufacturing process capability,
reduction in product and process failures, and enabling of cost-effective process
validation. And these will bring business benefits.

But, most importantly, QbD will help assure high quality products that patients
expect and deserve.

GLOSSARY AND DEFINITIONS

QbD : a systematic approach to development that begins with predefined objec-
tives and emphasizes product and process understanding and process con-
trol, based on sound science and quality risk management [1].

Quality attribute: a physical, chemical, or microbiological property or char-
acteristic that directly or indirectly relates to predefined product quality
(safety, identity, strength, purity, and marketability of the product).

CQA: a physical, chemical, biological or microbiological property or charac-
teristic that should be within an appropriate limit, range, or distribution to
ensure product quality [1].

Process parameter : a process variable (e.g., temperature, compression force)
that can be assigned values to be used as control levels or operating limits.

CPP : a process parameter whose variability has an impact on a critical quality
attribute and therefore should be monitored or controlled to ensure the
process produces desired quality [1].

Design space: the multidimensional combination and interaction of input
variables (e.g., material attributes) and process parameters that have been
demonstrated to provide assurance of quality [1].

Control strategy : a planned set of controls derived from current product
and process understanding that ensures process performance and prod-
uct quality. The controls can include parameters and attributes related to
drug substance and drug product materials and components, facility and
equipment-operating conditions, in-process controls, finished product speci-
fications, and the associated methods and frequency of monitoring or control
[1] and [3].

Life cycle: all phases in the life of a product from the initial development
through marketing until the product’s discontinuation [1].

Quality target product profile: a prospective summary of the quality character-
istics of a drug product that ideally will be achieved to ensure the desired
quality, taking into account the safety and efficacy of the drug product [1].

Quality risk management : a systematic process for the assessment, control,
communication, and review of risks to the quality of the drug (medicinal)
product across the product life cycle [2].

Risk assessment : a systematic process of organizing information to support
a risk decision to be made within a risk management process. It consists
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of the identification of hazards and the analysis and evaluation of risks
associated with exposure to those hazards [2].

PAT : a system for designing, analyzing, and controlling manufacturing through
timely measurements (i.e., during processing) of critical quality and per-
formance attributes of raw and in-process materials and processes with the
goal of assuring final product quality [1].
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6
PROCESS DEVELOPMENT
AND CLINICAL PRODUCT
MANUFACTURING

The Use of Risk Management Tools in Development
of Investigational Medicinal Products

Karen S. Ginsbury

6.1 QUALITY VISION OF PHARMACEUTICAL DEVELOPMENT

One definition of a product is any thing/item that can be offered to a market
in order to satisfy a potential want or need. For a clinical product, intended for
use in human trials, the want or need is related to sickness/disease/pathology
and therefore specifically to a patient’s want or need. Therefore, the first quality
attribute of any clinical product is that it must be developed to potentially satisfy
some patient’s want or need.

A product starts out as an idea or concept, which is carried forward, hopefully
to realization, by following a set of processes. It is noteworthy that for pharma-
ceutical products the success rate for commercial product realization is low and
the process is long. However, clinical trial materials are also a form of realized
product and they are brought to the patient much earlier in the overall product
life cycle. Product realization can be defined as

“The sum total of all the processes that are used to bring a product into being”
and involves starting with raw materials and working them into the defined finished
product.

Risk Management Applications in Pharmaceutical and Biopharmaceutical Manufacturing,
First Edition. Edited by A. Hamid Mollah, Mike Long, and Harold S. Baseman.
© 2013 John Wiley & Sons, Inc. Published 2013 by John Wiley & Sons, Inc.
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102 PROCESS DEVELOPMENT AND CLINICAL PRODUCT MANUFACTURING

In order to satisfy a patient want or need, an idea must be transformed, using
defined processes so as to bring a product into being.

For pharmaceutical products under development, there are some basic rules
that must be followed during transformation of an idea into a product in order
to ensure patient protection.

1. Products must be safe —Clinical products can never be guaranteed as safe
with respect to their pharmacological profile as this is the main purpose
of performing the trials. The risks in controlled clinical trials are mitigated
as much as possible by prior studies (e.g., in animals). Clinical products,
however, must be safe with respect to the conditions under which they were
manufactured and controlled. This is especially true regarding the quantity
of active substance(s) that are claimed to be in them and the absence
of unexpected and potentially harmful substances/contaminants other than
those that are unavoidably part of the drug substance itself. In such cases,
the maximum permitted levels must be closely controlled. This rule arises
first from a moral obligation not to harm a patient participating in a study,
but equally from the economic reality which determines that no company
will realize a product if a patient is harmed as a result of manufacturing
errors. This can result from inaccurate formulation or analysis of their
product as well as through lack of sterility or the presence of particulate
contamination.

2. Products should be effective —Ideally, clinical products must be effective,
yet in many, possibly most cases, it will not necessarily be so. One of the
main reasons for conducting a clinical study is to determine whether or not
the proposed product is effective. If meaningful results are to be obtained
from a study, the amount of active substance in the trial product must be
defined and there should be a means of accurately analyzing and determin-
ing this value before the product is sent to a trial site. It is the responsibility
of the sponsor to ensure that the product distributed for human use in a
clinical trial contains the active substance(s) in the amount(s) stated on
the product label. This requires reliable and controlled manufacturing and
analytical methods even in early-phase trials.

3. Product must meet a patient’s want or need

These rules can be summarized as requiring the product to be suitable for its
purpose—that is, fit for use in the clinical trial.

In the European Directive 2003/94/EC, a definition is provided for pharma-
ceutical quality assurance:
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“Pharmaceutical quality assurance” means the total sum of the organized
arrangements made with the object of ensuring that medicinal products or
investigational medicinal products are of the quality required for their intended
use.

As the patient may not know how to precisely define his or her wants or
needs and because society as a whole requires that the patient be protected,
all pharmaceutical products intended for human use are controlled. In fact,
the ICH quality vision encompassed in July 2003 as a prelude to developing
the Q8, 9, and 10 trilogy of product and process life cycle guidance described
just such a system:

“The goal is to develop a harmonized pharmaceutical quality system applicable
across the lifecycle of the product emphasizing an integrated approach to
quality risk management and science.”

This concept is a natural continuation from the ICH Q6A [1] guidance,
which states:

The quality of drug substances and drug products is determined by their
design, development, in-process controls, GMP controls, process validation
and by specifications applied to them throughout development and manufac-
ture.

The goal is to ensure the quality of the product destined for a clinical trial
by identifying product characteristics—critical quality attributes (CQAs) [2] and
their critical process parameters (CPPs)—that need to be controlled to manage
variability in the manufacturing and quality control sampling and testing process.

Note: During development it is not usually possible to fully identify or define
critical as opposed to key attributes and parameters, so care should be taken
to set relevant specifications that are refined as knowledge is gained through
development and manufacture, that is, throughout the product life cycle. This
chapter uses the designations (C)PP and (C)QA to indicate that the criticality is
under ongoing investigation, verification, and refinement along with the control
strategy.

ICH Q10 [3] describes the tools or enablers of product realization as knowledge
management and risk management. Knowledge is the systematic translation of
scientifically collected data into useful instructions by analysis and drawing of
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valid conclusions. The integration of science and risk management should allow
for successful product development as is shown later.

Regional GMPs have considered the need for controls in clinical product
manufacturing for quite some time.

Medicinal products must be designed and developed in a way that takes into
account the requirements of good manufacturing practice (GMP) [4].

Any drug product intended for human use must be manufactured in accordance
with the GMP or it is considered adulterated [5].

6.2 BASIS FOR DESIGN—TARGET PRODUCT PROFILE AND
PRELIMINARY HAZARD ANALYSIS

In order to achieve product realization, a basis for design is needed to facilitate
the transformation from idea to product. The basis for design of a pharmaceutical
product is the quality target product profile (QTPP) defined in ICH Q8R1 [6] as

“A prospective (but dynamic) [7] summary of the quality characteristics of a drug
product that ideally will be achieved to ensure the desired quality, taking into account
safety and efficacy of the drug product.”

The QTPP forms the basis of design for the development of the product and
the process and should be one of the very first documents to be placed in a
product specification or design history file [8]. The first version of a QTPP for a
new product might look something such as the one shown in Figure 6.1 and is
also a good starting point for the initial risk assessment.

Quality Attribute Target

Target Population Immunocompromised

Route of administration Oral

Dosage form Tablet

Strength 0.6 mg

Packaging Securitainer, plastic cap with polythene liner and paper overseal, 
dessicant

Stability 3 years at room temperature

Pharmacokinetics Immediate release enabling tmax in 2 hours or less

Appearance White to pale yellow, round with break mark

Assay 90 – 110% (Stability); 95 –103% (Release)

Impurities Individual impurities: NMT 0.1%
Total Impurities:NMT 0.5%

Content Uniformity Meets USP

Dissolution NLT 70% of labeled amount dissolved in 30 min :
(500 ml water; USP apparatus II {paddles}; 50  rpm)

Microbiology NMT 100 CFU / tab total count
NMT 10 CFU / tab yeasts and molds

Figure 6.1 Example of a preliminary quality target product profile.
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Figure 6.1 shows a QTPP for a solid oral dosage form. A QTPP should
be the first controlled document developed when designing a new product. All
disciplines involved in ultimately bringing the product to market—engineering,
maintenance, production (the process owner), quality, R&D, purchasing, sales
and marketing, as well as any other stakeholders—should sign off on the doc-
ument. Sales and marketing requirements can be particularly important to allow
for designing of any unique features such as package configurations for tablets
that may directly impact product stability. The QTPP is a controlled document
that is assigned a version number and date. The document will be periodi-
cally updated as development progresses and some of the ideal requirements
are found to be unachievable except at the expense of others. A team meet-
ing should be called to make a decision regarding which requirement takes
precedence and this usually requires senior management input. For example,
marketing wants the tablets packaged in a securitainer, with a three-year shelf
life at room temperature. After studying the stability profile, R&D offers sev-
eral possibilities: three years at room temperature in a blister pack; 18 months
at room temperature in a securitainer; and three years refrigerated in a secu-
ritainer. Marketing will probably have the overriding vote regarding the final
presentation, but the preliminary hazard analysis, which considered product pack-
aged in a securitainer with a shelf life of three years at room temperature, will
now need to be reviewed in light of the new decision. Some of the previously
identified risks and their controls may have changed as indicated in Tables 6.1
and 6.2.

The QTPP will also be the basis for the first draft of the finished product
specification. Consideration should be given to the fact that drug substance or
active pharmaceutical ingredient (API) development often progresses in parallel
with the finished product and analytical methods development. As a result, there
is an overlap of activity between the different project development teams, which
can result in increased uncertainty and therefore increased risk. For example, API
synthesis experiments with different solvents to reduce certain impurities while
development of analytical methods is under way. QC invests effort in developing
methods to identify the impurities from solvent A, while process development
eliminates them and introduces others. At the same time, work moves forward
on formulation and development of analytical methods for drug products (often
different to the API ones taking into account excipients). A preliminary hazard

TABLE 6.1 Initial Hazard Analysis

Identified Risk
Item # for Original QTPP Control Monitoring Comment

1. Moisture absorbed by
tablets during storage

Insert dessicator in
each container

Stability data

2. Wrong number of tablets
in container

Check weight Calibration
Periodic manual
count
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TABLE 6.2 Revised Hazard Analysis with Stability Data Input

Identified Risk
Item # for Revised QTPP Control Monitoring Comment

1. Moisture absorbed
by tablets—risk
eliminated by
blister pack

Eliminated Not applicable

2. Wrong number of
tablets

Eliminated Not applicable

3. Absence of
tablet/presence of
broken tablet

Vision camera Challenge by
deliberately passing
blister with missing
or broken tablet

Part of line
clearance
procedure/set
up

analysis at an early stage followed by formal risk communication to the parallel
project groups can mitigate the possibility of misunderstandings and divergent
rather than interleaved development pathways.

As a result of miscommunication, the start of human trials might be delayed.
This, in turn, can result in financial hardships that bankrupt the company and
cause the potential therapy to be lost. Consider a preclinical study (toxicological
safety studies in animals), where there is no well-characterized reference standard
available. The drug substance assay is performed against a reference material that
is simply an early batch synthesized and put aside for this purpose. It is unlikely
that there will be any reference material for impurities available at this stage. The
major risk is of sending material for testing that is inadequately characterized
with respect to its impurity profile and inadvertently described as purer than it
really is. This could lead to subsequent production of a “dirtier” batch for first-
in-human trial, that is, one where additional impurities are identified, in which
case further toxicology studies would be needed before the human study could
proceed. However, this risk could be mitigated by a simple strategy whereby
material from the toxicology batch is placed at (−)70◦C storage. The retained
material can be reanalyzed as the analytical method develops, and if it can be
shown that the “new” impurities were also present in the toxicology batch, then
the initial studies would be valid and the first-in-human trial can proceed as
planned.

To summarize, a preliminary hazard analysis identifies those risks that should
be mitigated in the early stages of product development. Identification of the
risks allows a systematic approach to risk mitigation as well as communication
of the risks to stakeholders. This approach can reduce misunderstandings and
delays that arise from less formal techniques.

Once the QTPP is established, a process flow diagram can be prepared for
drug substance, and usually a little later, for product manufacture and packaging.

The process flows will assist in performance of an initial risk assessment that
might be no more than a brainstorming session using, for example, an Ishikawa
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Figure 6.2 Process flow for manufacture of tablets. (See insert for color representation
of the figure.)

or fishbone diagram to break down the process into smaller steps and identify
risks associated with each part of the process. The purpose of this assessment is
to prepare a first draft of the product and process control strategy by identifying
processing and product-related risks that are readily apparent and require controls
to be implemented in the manufacturing process. This will ensure that the finished
product will meet its critical and other quality attributes.

Figures 6.2 and 6.3 show, respectively, a block diagram for tablet manufac-
ture and an Ishikawa (fishbone) diagram breaking the process into the 6M’s:
Man, Machines, Measurement, Materials, Methods, and Management. These dia-
grams identify risk factors that need to be considered and possibly controlled in
designing the manufacturing and control process.

A multi-disciplinary team, which could include personnel from production
operation, maintenance, Human Resources (HR), R&D, Quality, Analytical and
Microbiological, engineering, purchasing, and marketing, should participate
in the brainstorming session. The more the disciplines represented, the more
effective the session. The idea is to identify as many potential hazards as
possible, working in a systematic manner through the process flow diagram.
It is not appropriate for the Quality Unit to sit in their office and develop
a risk assessment on their own! For example, including a representative
from HR brings objectivity and a completely different skill set to the
brainstorming session. Issues such as process flows and ergonomics from
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Figure 6.3 Ishikawa diagram for risk assessment. (See insert for color representation of
the figure.)

the human engineering perspective will be considered and designed into the
process.

The Ishikawa diagram in Figure 6.3 provides an example of potential
hazards.

The diagram shows many items that are clearly potential risks. For example,
weighing could fail because personnel are careless about discarding single-use
scoops —or because they think they will save the company money and reuse the
same scoop—potentially contaminating another material. Therefore, the human
element should consider the possibility of cross contamination as a high risk and
allow for developing controls that might include a high level of training, testing,
and ongoing oversight and verification regarding personnel understanding of this
issue. Weighing could also fail because of a mix-up of materials, so process flow
and placement of items in the weighing area as well as labeling would all be
important control points under “machines” (facility layout) and “methods” but
would also need emphasis under “man” because once the controls are imple-
mented it is critical to their ongoing functioning that personnel understand why
they are there and how to implement them correctly.

Mixing can fail for numerous reasons, but if the particle size of the active
ingredient is substantially different from batch to batch, many (C)PPs might be
affected and the mixing will no longer be homogeneous. If purchasing under-
stands this is a critical control point, they will ensure that the specification is
incorporated into the quality contract with the API manufacturer, not merely as
one more bullet point but as a nonnegotiable, go/no go parameter and they might
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even ensure a margin of safety by requesting that batches which are borderline
are not supplied even if within the defined profile.

Taking another look at the diagram, it seems as if some of the points raised
during the brainstorming are not really hazards, but process control parameters.
However, this is the point of the session. Failure to identify individual process
parameters at this stage (when their criticality is often only vaguely understood)
as being potentially capable of harming a quality attribute will result in the lack
of investigation of that potential during the subsequent development process.
Should the parameter prove to be critical or necessary for process control, failure
to investigate will also result in lack of a control strategy and, ultimately, rejected
product batches.

A word of caution—risk assessment includes tools for expanding thinking
followed by focusing on the perceived risks to identify control strategies. Brain-
storming is intended to expand thinking and participants should be encouraged to
put down apparently “zany” ideas. At the time of focusing, the group will decide
together if there is a real risk behind the thought, but stifling any idea too early
can result in an incomplete or less effective assessment.

6.3 PRODUCT CONTROL STRATEGY

In the QTPP shown in Figure 6.1, the target population is immunocompromised.
The attribute of microbial limits, normally less important, becomes a critical qual-
ity attribute and the limit is considerably more stringent than for most tablets. This
is a very important point and persons involved in development and manufacturing
operations need to be made aware of this CQA in order to ensure the development
of an appropriate microbial control strategy. Making personnel aware of specific
requirements and (C)QAs and translating them into a control strategy is known as
risk communication and is one of the most neglected areas of risk management.
You may never assume that someone is aware of a specific restriction or that the
facility and processes currently in operation are sufficiently forgiving to allow for
successful manufacture of the new product. Most tablets have a microbial specifi-
cation of not more than 1000 CFU/g such that a minimally controlled production
environment, laboratory coats, hairnets, gloves, face masks, as well as routine
cleaning of equipment will suffice to ensure that finished product batches meet
specifications. For the product described in Figure 6.1, potential microbial risks
are far greater and therefore the control strategy will need to consider upgrading
the facility classification, providing additional gowning, disinfection of equip-
ment and facility (sampling, weighing, and production), more stringent microbial
control limits for starting materials, etc. In order to be sure that the controls which
are designed into the process are then functioning correctly, monitoring will be
required. The monitoring will also be designed into the process control strategy
and might include, but not necessarily be limited to, frequent microbial moni-
toring of air, surfaces, and possibly personnel (which is not usual for nonsterile
production); regular oversight (quality assurance) of disinfection procedures to
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ensure procedures are being carefully followed; oversight of personnel gowning
to ensure procedures are carefully adhered to; gowning operations performed in
the correct order; etc.

Once the initial Ishikawa analysis has been performed, the hazards are arranged
according to the group’s assessment of their potential impact based on prior
knowledge and experience. As this is a subjective assessment, a democratic
approach can be appropriate where majority rules. The facilitator should be care-
ful to avoid letting a particular person override the majority because they have
a powerful personality—this will introduce bias and detract from the usefulness
of the exercise. For example, QC may have experience in analyzing a similar
formulation and explain that they had ongoing problems with the specificity of
the method because of one particular excipient. Without that piece of the puzzle,
the “analytical method” might have been marked as low risk. Now it can remain
low risk, if the excipient in question is eliminated. However, if the excipient
is selected because other considerations take priority, the analytical team will
immediately have a high risk item for failure of the method and will need to
develop an appropriate mitigation strategy.

Table 6.3 shows how the risks identified in the Ishikawa diagram might have
been prioritized by the group and the rationale for the same. Table 6.3 could serve
as a preliminary risk assessment with proposed controls for the development of
the control strategy. This should be formalized as a controlled document, assigned
a version number and date, and signed off by key players involved in performing
the assessment.

6.4 USE OF DESIGN OF EXPERIMENT (DOE) TO ELIMINATE AND
STUDY (C)PPS AT LABORATORY SCALE

Where a large number of factors, which could potentially impact the success
of the process, are identified, design of experiment allows a systematic method
to reduce the number of tests needed to study these factors as well as to study
potential interactions between parameters. When combined with prior knowledge,
it provides a superb tool for exploring and learning how process parameters need
to be controlled in order to achieve the (C)QAs. The outcome of small-scale
experiments will always require close scrutiny and documented verification in
a formal protocol when initial full-scale batches are produced. For elucidation
of these concepts and the requirement to capture the information subsequently
generated in a formal development report, refer to FDA’s Process Validation
Guidance [9].

For example, consider the synthesis of an API where, during the synthesis
step, there are numerous parameters that might influence the process such as the
following:

• concentration of reactants;
• pressure;
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TABLE 6.3 Initial Risk Prioritization and Rationale

Risk #
(Priority) Identified Risk Proposed Controls Rationale

1. Microbial
contamination

Facility classification,
equipment design
and disinfection;
personnel: gowning
and training;
materials
specifications and
handling
procedures

Microbial contamination
risk increased because
target population
immunocompromised

2. Analytical
methods

Select a more
sensitive method to
ensure accurate
quantitiation and
identification

Excipient known to
interact and affect
specificity of method

3. Stability Switch from
securitainer to
blister pack

Product sensitive to
moisture

4. API sensitive to
moisture

Use (existing) glove
box with humidity
control and
production facility
with humidity
microenvironment

Small quantities but
moisture sensitive

5. Cross-
contamination

Existing controls will
suffice

This product poses no
special risk—toxicity
profile known, low
potency

• temperature;
• mixing speed; and
• reaction time.

If these were placed in a matrix with a potential high range, low range, and mid
range (levels) for each of the parameters, the matrix would look like Table 6.4.

In a full factorial design, that is, where each of the six factors is tested at two
levels (low and high) leaving out the mid range, there would be 26 experiments
required = 128 experiments needed. Design of experiment software (commer-
cially available and inexpensive) allows a partial factorial design to be used
where, with prior knowledge (e.g., reactant 2 is present in excess, such that
this cannot be a factor affecting the success of the process), fewer than half
of the experiments are needed and information can be gained not only for the
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TABLE 6.4 Matrix for DOE of API Process

Parameter Low Range Mid Range High Range Units

Reactant 1 300 350 400 Kg
Reactant 2 500 550 600 Kg
Pressure N/A 1 1.2 Atmospheres
Mixing speed 60 80 120 Rpm
Temperature Room temperature 60 120 ◦C
Reaction time 60 120 240 Minutes

proven acceptable range (PAR) for each individual variable but also regarding
potential interactions between different factors. This information is then trans-
lated into batch manufacturing instructions that allow assignment of appropriate,
valid ranges to each parameter and successful manufacture of each batch as long
as each parameter is within its allowed range throughout the process. This will
ensure that the (C)QAs are met at the end of the process.
NOTE: Referring to the QTPP, one of the CQAs would include stability data at
the end of the product’s shelf life, which is not included in a product specification
but is of course essential.

A similar matrix can be designed after using an Ishikawa to brainstorm possible
modes of failure of an analytical method under development (refer to Figure 6.4
and Table 6.5).

Repeatable and 
reliable
(integrity)
of results

Materials

(Hu)man Machines

Facility

Preventive
maintenance

Train supervisors 
for oversight 
duties

Reference
standard

Reagents

Methods

LOD / LOQ

Column

Interfering
substances

Change
formulation

Operating
parameters

Microbial
controls

CPPs:
Column
flow rate
Temp
Injection
volume
Other?

Enhance
skills for better 
control of CPPs

Measurement

External expert(s) 
provides new skills

SPC for CPPs

SPC of reference 
standard results

Replace
HPLC with 
GC / LC- 
MS-MS

SPC for 
reference
standard

Chart deviations
Replace
column

Daily improvement 
program

Preliminary risk assessment – where is the risk?

Management

Provide
resources

Fund PM 
program

Provide
training resources

Characterization

Different
batches

Analytical

Replace HVAC 
to reduce dust

Age
supplier
water content 
other

PM = Preventive maintenance

Figure 6.4 Ishikawa diagram for analytical method development. (See insert for color
representation of the figure.)
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TABLE 6.5 DOE Matrix for Analytical Method
Development—Column Considerations

Parameter Low Range Mid Range High Range Units

Flow rate A B C
Injection volume A B C
Temperature A B C
Height A B C
Diameter A B C
Packaging volume A B C

Five variables at two levels would result in 64 experiments just for the
column and probably not all the parameters. Some of the parameters can be
eliminated on the basis of prior knowledge of similar methods, but in order
to perform methodical development, which will allow trouble-free analytical
testing, the use of a partial factorial design is needed to select the appropriate
experiments.

6.5 PRECLINICAL STUDIES AND RISK MANAGEMENT FOR
FIRST-IN-HUMAN TRIALS

Those active in the area of clinical trials and investigational medicinal prod-
ucts will remember the phase 1 trial of TGN1412 from March 2006 that took
place at Northwick Park Hospital Research Center. Six patients, participating in
a phase 1 trial to determine the safety of the product, took the drug, while two
were given placebo. The drug initiated a life-threatening cytokine storm in all
six patients, causing horrendous side effects because of an unanticipated biolog-
ical effect. Fortunately, the research unit was adjacent to the main hospital and
all participants received first-class treatment and apparently suffered no long-
term harm. Nevertheless, regulators and industry alike had numerous questions
regarding procedures for first-in-human trials and risk management. The out-
come was a guidance document from the European Medicines Agency (EMA)
on risk management [10] or, specifically, strategies to identify and mitigate risk
for first-in-human trials. The guidance ties in with preclinical studies and prior
knowledge, in particular, requiring the sponsor to demonstrate the relevance of
the animal model.

While not directly related to the risks identified in the aforementioned trial,
from the perspective of the drug product manufacturer, one critical risk control
is to ensure the formulation and analytical methods used to determine the assay
and impurity profile of the preclinical material are comparable to those used
to manufacture products for use in humans. Without this assurance, the animal
studies may not provide an accurate picture of the toxicological profile of the
drug product.
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6.6 PHASE 1 THROUGH PHASE 3 CLINICAL TRIALS

Risk management for early-stage trials tends to focus primarily on safety. At
this stage, the toxicity profile of the product may not yet be fully understood,
increasing the risks related to exposure of employees (research, manufacturing
and analytical) and of course potentially for the patient. While cleaning equip-
ment, usually the pilot plant, the inherent risks need to be considered, especially
because analytical methods may not be sufficiently developed to provide a full
impurity profile. Controls should focus on worst-case scenarios where clean-
ing is required to remove all traces down to a minimal acceptable level, often
using total organic carbon (TOC) testing and assuming that any measurement
is ascribed to the product, whereas in fact some will be because of detergent
residues or excipients.

Other factors of concern in early-phase trials could include, but are not limited
to, the following:

• level of supplier qualification for active and inactive substances;
• skills and familiarity with the process: may be the first time personnel have

produced at this scale, in which case risk mitigation might involve a “dry
run”—production of a “learning” batch that will not be used in humans;

• how to document production and how to provide written instructions;
• how much qualification of analytical methods; and
• how much stability data and determination of retest date/expiry or use by

date.

Table 6.6 shows an example of a preliminary risk assessment performed in one
company before phase 1 manufacture. At the time the company was only handling
a single API in a novel delivery platform. Since the API was well characterized,
the risks were significantly reduced as compared to a new chemical entity or
unknown molecule. Nevertheless, risk assessment is lengthy as will be the case
for any systematic assessment. This was a start-up company, so some of the
risks may be different (not necessarily greater or lesser) than for a development
department within an existing commercial company.

As can be seen in Table 6.6, a very detailed risk assessment has been con-
ducted, but without adopting a formal risk assessment tool of the type mentioned
in ICH Q9. There is no scoring system, not even low/medium/high. There is, how-
ever, an objective assessment of the risks involved, made by a multidisciplinary
team using a process flow diagram to systematically review the manufacturing
and control process for the batch to be produced for the phase 1 clinical trial.
Mitigation measures are identified and can therefore be communicated to the per-
sonnel responsible for manufacturing and controlling the batch—both as formal,
written instructions and “in frontal training” as well as “on-the job” training.

Table 6.7 shows a full FMEA table for just a few of the points in the
original table, revised for phase 3 production. In this case, the company has
introduced additional APIs so that there are new risks related to cleaning and
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124 PROCESS DEVELOPMENT AND CLINICAL PRODUCT MANUFACTURING

cross-contamination. The table has additional columns relating to failure causes
and, of course, assignment of risk scores using a scale of 1–5 for likelihood of
occurrence, and likelihood of detection and severity, respectively. A risk priority
number (RPN) is calculated by multiplying the occurrence by detection by sever-
ity and then prioritizing the risks by the size of the number obtained. The item
numbering is retained from Table 6.6 so that you can check back and see how
the controls have been ramped up and those that were acceptable for a phase 1
study are no longer accepted for a phase III (one step before commercialization
study).

To conclude this section, it is important to emphasize that there is no sin-
gle risk management tool that is appropriate for assessing the risks involved in
investigational products. The specific risks are product and process related and
are closely tied in with the quality system already existing within a particular
company. Incremental application of GMPs ties in with increased risks asso-
ciated with larger populations using the drug in late-stage trials, although the
safety of a few in early-phase trials cannot be overlooked. More importantly, a
company’s knowledge base increases as it moves through the phases of clinical
study, such that some risks designated as “high” in phase 1 are substantially
reduced by phase 3 (e.g., toxicity profile may now be well understood and found
to be benign). The common thread throughout the development process is risk
identification, development, and implementation of appropriate risk controls, risk
communication (most commonly overlooked or rushed), risk monitoring, and
then event review—deviations and unexpected events that might send you back
for a revision of your initial assessment and implementation of new controls.
Likewise, all these need to be documented with a brief rationale supporting the
decision.

6.7 PRODUCT SPECIFICATION FILE, DEVELOPMENT HISTORY,
AND TECHNOLOGY TRANSFER

The product specification file is defined in Annex 13 of the EU GMPs as “A refer-
ence file containing, or referring to files containing, all the information necessary
to draft the detailed written instructions on processing, packaging, quality control
testing, batch release and shipping of an investigational medicinal product.”

The annex requires the following information at a minimum to be available
or referenced in the product specification file:

• specifications and analytical methods for starting materials, packaging mate-
rials;

• intermediate, bulk, and finished products;
• manufacturing methods;
• in-process testing and methods;
• approved label copy;
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PRODUCT SPECIFICATION FILE, DEVELOPMENT HISTORY 125

• relevant clinical trial protocols and randomization codes, as appropriate;
• relevant technical agreements with contract givers, as appropriate;
• stability data; and
• storage and shipment conditions.

It is important to retain company memory of the development process. The devel-
opment history should be captured in a development report or the equivalent
of the medical devices quality system requirement (QSR)s Design History File
(see Reference 8). This report should provide an audit trail of manufacturing
instructions and analytical methods development including changes and showing
comparability from preclinical through commercialization. This should be a life
cycle document that is updated regularly, including after commercialization, as
additional knowledge of product and process is gained. FDA’s Process Valida-
tion Guidance describes the first stage of validation as process design. If the
history file/development report is carefully constructed with reference to small-
scale experiments, pilot batches, and scale-up through technology transfer, it may
meet the requirements for the first stage of validation. To that end, it would be
appropriate to write a protocol for data collection and analysis toward the later
stages of product and process development. The following points could be added
to the list of items to be identified in the product specification file:

• quality target product profile;
• list of (critical) process parameters;
• list of (critical) quality attributes;
• product control strategy;
• drug product development report;
• analytical method development report;
• review of comparability of batches from preclinical through human trials

for comparability;
• risk assessments;
• risk communication documentation; and
• risk review (including corrective and preventive actions (CAPA) and feed-

back).

Each of the documents in the product specification file will be controlled and
earlier versions will be archived to allow traceability of the development process
and transparency regarding the changes implemented.

The file should provide a compilation of all the necessary documentation for
successful technology transfer and initial commercial scale manufacture. This
documentation must contain the science and knowledge as well as risk manage-
ment to enable the repeated and reliable manufacture of batches while controlling
(C)PPs in order to ensure that each of the (C)QAs is achieved. A vital part of
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126 PROCESS DEVELOPMENT AND CLINICAL PRODUCT MANUFACTURING

the process is risk communication to concerned personnel to highlight the suc-
cesses and “failures” of the development process so that they may learn from the
collective company experience.

This is not to say that there will not be surprises during technology
transfer—there will be and those will be “risk events” that need to be assessed,
analyzed, and used as feedback to refine the risk assessments and issue new
versions of the batch manufacturing instructions and/or analytical control
procedures or shipping or labeling procedures. Continual improvement is the
final and overriding element in any quality system, so that there is no ultimate
state of “quality” but a constant feedback of knowledge gained to decrease
uncertainty and reduce risk in feedforward.

6.8 SUMMARY

To summarize, the use of risk management tools in process development and
manufacture of clinical trial material allows for increased process understanding.
By identifying (critical) control points and providing clearly defined risk mit-
igation measures, the product control strategy becomes a systematic means of
ensuring product and process consistency. By clearly documenting risks and the
measures implemented to reduce them, risk communication is greatly enhanced.
Personnel involved in the manufacture and quality control of the product can
be provided with clear, written instructions accompanied by focused emphasis
on identified risks. Those areas where there is increased uncertainty because the
risks are not yet clearly understood can also be identified and strategies including
increased sampling and testing may allow increasing the likelihood of detection
of any failures.

Documentation of the risk assessments and their outcomes as well as periodic
updating when new information comes to light ensure life cycle management and
maintenance of the product control strategy and a safe product for participants
in the trials.
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7
POINTS TO CONSIDER
FOR COMMISSIONING AND
QUALIFICATION OF
MANUFACTURING FACILITIES
AND EQUIPMENT

Harold S. Baseman and Michael Bogan

7.1 INTRODUCTION AND BACKGROUND

This chapter presents points to consider on the use of quality risk management
and assessments to help the reader make decisions needed to plan, develop, and
conduct more effective qualification efforts. The chapter is not meant to be an
all-inclusive discussion on how to perform installation and operational qualifica-
tion. Nor is the objective of this chapter to present an exclusive and complete
guide to the use of risk assessment techniques for commissioning and qualifica-
tion. Instead, the chapter presents some of the areas where risk assessment can
effectively be used to help develop and implement a sound, efficient qualification
program.

In order to assure that drug manufacturing processes perform as expected
and result in products meeting quality specifications, equipment and systems
supporting those processes must work in a reliable manner. Commissioning and
qualification efforts should be designed to ensure that these systems are designed,
installed, and operating properly.

Risk Management Applications in Pharmaceutical and Biopharmaceutical Manufacturing,
First Edition. Edited by A. Hamid Mollah, Mike Long, and Harold S. Baseman.
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130 POINTS TO CONSIDER FOR COMMISSIONING AND QUALIFICATION

The management of risk to product quality can be used to help companies
effectively plan, prioritize, and perform facility and equipment qualification stud-
ies. Risk assessment techniques can provide the information needed to make
decisions related to the following:

• which systems and components need to be qualified;
• the level to which this qualification needs to be performed;
• prioritization of the efforts needed to qualify these systems;
• determination of the appropriateness of information sources such as commis-

sioning, FAT (factory acceptance tests), and vendor-provided test data and
the extent to which this information needs to be independently confirmed;

• development of the acceptance criteria for qualification studies;
• addressing failures, discrepancies, and deviations uncovered during the exe-

cution of the qualification studies; and
• the extent, frequency, and criteria for repeating qualification studies.

Risk assessments should be used to help make sound and logical qualification-
related decisions. Risk assessments should not make the decision. They should
provide the information needed to make the decision. The key to an effective
qualification program is to understand the relationship between the function of
the facility/equipment and product quality. The risk to product quality and patient
safety should be considered when making decisions related to the planning and
performance of qualification studies.

7.1.1 Qualification, Risk, and Regulatory Expectations

Governmental regulatory agencies require companies marketing healthcare prod-
ucts to provide an assurance that the products are safe and effective. The US
FDA (Food and Drug Administration) states in Part 21 CFR 211.100 of the Cur-
rent Good Manufacturing Practice regulations that companies must have process
controls designed to assure the products possess the defined critical attributes of
strength, quality, identity, and purity [1]. Therefore, companies that manufacture
and distribute regulated healthcare products have an obligation to meet these
requirements and to provide safe products that meet the claims of effectiveness.
Assurance of product quality and process reliability is a regulatory requirement
as well as a sound business practice.

Reinforcing this requirement, in January 2011, the FDA published a revision
of its 1987 Guidance for Industry on process validation (PV): General Principles
and Practices [2]. The guidance presents a three-stage approach to the validation
of processes used to manufacture pharmaceutical and biopharmaceutical products.

• Stage 1–Process design: The commercial process is defined during this stage
based on knowledge gained through development and scale-up activities.
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INTRODUCTION AND BACKGROUND 131

• Stage 2–Process qualification (PQ): During this stage, the process design is
confirmed as being capable of reproducible commercial manufacturing.

• Stage 3–Continued process verification: Ongoing assurance is gained during
routine production that the process remains in a state of control.

Under Stage 2 a. Design of a Facility and Qualification of Utilities and Equip-
ment, the FDA states that “Proper design of a manufacturing facility is required
under part 211, subpart C, of the CGMP regulations on Buildings and Facili-
ties. It is essential that activities performed to assure proper facility design and
commissioning precede PPQ (process performance qualification). Here, the term
qualification refers to activities undertaken to demonstrate that utilities and equip-
ment are suitable for their intended use and perform properly. These activities
necessarily precede manufacturing products at the commercial scale [3].” The
linking of qualification to the GMPs indicates that the FDA considers the func-
tion and the qualification of equipment and facility to have an impact on product
quality. Therefore, decisions made to plan and perform qualification should be
based on risk to product quality.

Figure 7.1 illustrates a three-stage approach to validation similar to the one
discussed in the FDA PV guidance. Qualification steps, which are set between
process design and commercial manufacture, demonstrate and provide confidence
that the process or system design will result in reliable and consistent process
performance and, therefore, product quality.

The FDA PV guidance does not specifically endorse a method for facility and
equipment qualification. However, it is important to show that the equipment,
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132 POINTS TO CONSIDER FOR COMMISSIONING AND QUALIFICATION

systems, and components involved in the manufacturing process are suitable for
use and function properly, reliably, consistently, and predictably. The method for
doing so is to be determined by the manufacturing company. While the FDA PV
guidance does not contain specific sections on risk management and qualification,
there is an expectation that product quality and, therefore, qualification-related
decisions are made using information based on risk to product quality. The FDA
expects firms to develop programs for assuring that facilities and equipment
involved with critical process steps be qualified and that the rationale for the
qualification program should be based on risk to product quality.

While the FDA position on the use of formal risk assessments is not manda-
tory (at the time of this writing), regulators do expect companies to use a logical
approach, taking into consideration risk to product quality, when making deci-
sions related to regulated product manufacture and release. Therefore, the use of
risk assessment and risk management in decision making is considered important,
useful, and expected.

FDA citations reinforce the expectation of using risk assessment results as
decision-making criteria in facility design. In a 2006 warning letter, the FDA
noted: “Regardless of how often any product . . . is manufactured, because of the
potential risk of cross-contamination, a risk assessment is necessary to determine
whether you need separate and defined areas for manufacturing potent and nonpo-
tent products.” And further states “ . . . , your firm provides no risk assessment to
determine the hazard classification of your products [4].” It is interesting to note
that the firm did not appear to get the warning letter because it failed to do a risk
assessment; rather, the warning indicated a lack of clear decision-making criteria
linked to patient safety. In other words, performing formal risk assessment may
not be a requirement, but making sound decisions based on maintaining product
quality is and risk assessments help to achieve that.

The drug industry has presented its views on risk-based qualification. To help
industry clarify the relationship between proper design and the necessity of risk-
based qualification, the ASTM published its Standard Guide for Specification,
Design, and Verification of Pharmaceutical and Biopharmaceutical Manufactur-
ing Systems and Equipment (E2500-07) in July 2007. The document presents
an industry standard guidance, written to help people understand the relation-
ship between risk to product quality, process design, and having equipment and
facilities that work in a reliable manner. The ASTM E2500 Standard Guide states:

“Product and process information, as it relates to product quality and patient safety,
should be used as the basis for making science and risk-based decisions that ensure
that the manufacturing systems are designed and verified to be fit for their intended use.
Further, the Guide reinforces the need for sound engineering and design as the key
to effective facility and equipment qualification —good engineering practice (GEP)
should underpin and support the specification, design, and verification activities by
stating that quality by design concepts should be applied to ensure that critical aspects
are designed into systems during the specification and design process [5].”
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7.1.2 Risk-Based Qualification and Assurance of Quality

Proving assurance is to make certain, provide confidence, and remove doubt or
to be free from doubt. In the context of our industry, assurance can be achieved
by observation or prediction. Observation or verification is the confirmation by
examination and provision of objective evidence that specified requirements have
been fulfilled. One is assured that something exists because one can see it, observe
it, and test it. If one cannot observe something, then one must predict that it will
happen or has happened. Confidence in the prediction of an outcome based on
observation or evaluation of sampling is a key element of pharmaceutical PV.
Validation and qualification are ways to provide assurance of product quality
through assurance of process performance validation, or qualification is confir-
mation by examination and objective evidence that the particular requirements for
a specific intended use can be consistently fulfilled. In other words, validation is
a combination of what can be verified and our confidence that even with reduced
verification, that condition will still exist. Put another way, validation or qualifi-
cation is prediction of outcome we cannot fully observe based on conditions that
we can observe.

As long as the outcome, in this case product quality, can be observed, assur-
ance is achieved through observation or inspection. However, if the outcome
cannot be observed completely or always, then relying solely on observation or
inspection would not be effective. For that reason, there needs to be a way to
assure the reliability of the performance of the process in order to assure the
quality of the outcome. For the process to be reliable and predictable, the sys-
tems and equipment that support and perform the process must be reliable and
predictable. The systems and equipment must be fit for use and must perform in a
manner that will consistently result in the desired outcome. The desired outcome
is a process that results in a product of a specified quality and purity, a product
that is safe and effective.

Qualification confirms that systems operate in a manner that adequately sup-
ports the process. Qualification provides information and observable criteria,
including the design, installation, and operation of a system that supports a
process, which will be needed to predict the outcome of the process. A quality-
risk-based approach to qualification focuses efforts on those aspects and functions
that adversely affect product quality. There may be and there are sound reasons
to commission and qualify systems whose functions do not affect product qual-
ity. This chapter is not meant to dissuade those efforts. However, this chapter
focuses on the efforts required to qualify those functions and conditions affecting
product quality.

7.1.3 Role of Quality and the Quality Unit in Risk-Based Qualification

The ASTM E2500-07 Standard Guide states that the “acceptance criteria of crit-
ical aspects (that is, critical to product quality and patient safety) should be
approved by the quality unit .” This is consistent with requirements and expecta-
tions of many regulatory agencies including the U.S. FDA. The FDA presents
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requirements in Subparts C and D of 21 CFR Part 211, the cGMPs for assur-
ing proper design and function—the link to product quality and the requirement
stated in other sections, including 211.22, which assign the responsibility for
control of quality to the quality unit. These recommendations and requirements
reinforce the need for quality oversight of those efforts that qualify facility and
equipment design and function, which have the potential to adversely affect
product quality.

Following this logic, facilities and equipment that support critical process steps
and, therefore, whose failure would have an adverse affect on product quality
must be qualified and that qualification and acceptance criteria must be approved
by the company’s quality unit. Having said that, it would then be logical that
the function of those facility and equipment systems that do not support critical
process steps or the failure of which would not adversely affect product quality
do not have to be qualified. It is still prudent to have confidence that these
systems are installed and operating to specification and expectation. This can be
accomplished through commissioning efforts. In this case, these commissioning
efforts or their acceptance criteria would not have to be approved by the quality
unit.

In performing risk assessments, one should assemble as diverse a team as
practical. Team members should include relevant stakeholders who can contribute
to the assessment. It may not be necessary to include all stakeholders, if they
do not have such information or input. The quality unit, laboratory, engineering,
manufacturing, process development, technical support, validation, and others
may have information and input that are beneficial to the assessment effort and
therefore should be considered for inclusion on the team. The risk assessment
is an exercise to determine and mitigate risk elements. While it is not specially
designed to be a communication effort, it can still effectively work as such.
In that context, having quality involved in the early stages should allow for a
better understanding of the rationale on which decisions are based. The use of
a diverse team provides valuable input and also reduces the potential for biased
conclusions.

The quality unit has the responsibility to assure product quality and therefore
to approve the testing approach, acceptance criteria, and conclusions of the qual-
ification study, including data received from sources directly represented in the
qualification. As such, they will have a role in the transfer of qualified systems
to commercial manufacture and should be included in the planning and final
approval of qualification efforts.

7.1.4 Role of Commissioning in Risk-Based Qualification

The relationship between engineering, construction, commissioning, and qualifi-
cation phases of a new system or equipment project are illustrated in Figure 7.2.
Engineering represents the phase where design requirements are determined and
systems and equipment are designed. Construction represents the phase where
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Figure 7.2 Relationship between engineering, commissioning, and qualification.

the systems and equipment are fabricated and installed. Commissioning repre-
sents the phase which establishes that the systems and equipment are designed
and functioning as intended. Qualification represents the phase which confirms
or proves that the systems are suitable for and capable of functioning correctly.
There is overlap between phases and activities within each phase. This overlap
provides the opportunity to share and leverage information. The degree of over-
lap and which activities fall into each phase will in large part depend on the
company’s experience and confidence in the people performing these activities
and the systems in place for controlling these activities.

Healthcare product companies have an obligation to manufacture and distribute
products that are safe and effective. There is a regulatory requirement that these
companies assure that procedures and processes are in place to do so consis-
tently [6]. To meet this requirement, manufacturing processes affecting product
quality must be designed to control variables to the extent that the outcome is
predictable and consistent. The processes must be validated to prove that these
control measures are effective. A validated process relies on mechanical systems
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that are reliable and suitable. The systems must be well designed, fabricated, and
installed. They must be qualified to assure that their function meets expectations.
To be able to claim this, the systems should be commissioned to verify that they
are working properly and fit for use. The certainty of function of a system can be
obtained through design assessment (design qualification, design review), testing
(data acquisition), and the accumulation and evaluation of design, installation,
and operation-related information. The extent and effort of qualification should
be commensurate with the level of risk to product quality.

Qualification provides documented evidence that items, systems, and processes
are suitable for their intended purpose. These things must function in compliance
with regulations. There should be an understanding of the correlation between
the function and its impact on the quality, safety, efficacy, strength, or identity of
the product. The confirmation through a formal documentation procedure proves
that something is capable of its intended performance. Commissioning and FAT,
which are similar to qualification, can ensure acceptable qualification results and
if performed and documented properly may be used to supplement qualification
efforts.

Systems supporting product-quality-related processes should be commissioned
and must be qualified. Because companies possess limited resources, it is pru-
dent to prioritize the qualification of those systems based on their effect on
product quality. All systems affecting product quality should be qualified; how-
ever, qualification efforts and related acceptance criteria should be commensurate
with the level of risk associated with their respective process step or equipment
function.

Before a system can be qualified it must be in good working order. Systems
that are not in good working order are unreliable and may pose a risk to product
quality through malfunction. Commissioning confirms that facilities, equipment,
and systems are functioning properly. The ISPE defines commissioning “a well-
planned, documented, and managed engineering approach to the start-up and
turnover of facilities, systems, and equipment to the end-user, that results in a
safe and functional environment that meets established design requirements and
stakeholder expectations [7].”

Commissioning may involve the start-up of equipment and getting the equip-
ment to function correctly as expected. Once it has been started up and working
properly, qualification approaches can be used to confirm or assure that the system
functions the same way consistently, reliably, and predictably.

The relative effect on product quality of a system’s function can be obtained
through analysis of relative risk and impact of that function on product qual-
ity. This can be accomplished through a risk assessment or through an impact
assessment. The consideration of relative risk and the use of risk assessment
and risk management are essential to making decisions related to the commis-
sioning and qualification of facilities and equipment used for the manufacture of
pharmaceutical products.
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7.1.5 Qualification and Risk Management

There are key questions to consider when developing a risk-based qualification
approach.

1. Which items should be qualified?
2. What is the correlation between system function and product quality or

patient safety?
3. What are the acceptance criteria or information needed to qualify those

items?
4. What is the source of that information?
5. How will information or results be evaluated?

Quality risk management (QRM) can be a method for providing information
needed to help answer those questions. QRM can also be used to prioritize and
focus commensurate efforts on commissioning and qualifying those things, sys-
tems, and processes that, if they fail, could have an adverse affect on product
quality, specifically to the point of adversely affecting patient safety. Patient
safety is directly related to product quality. However, these terms are not syn-
onymous. System failures will result in loss of product quality, but if that failure
is detected or that product rejected before reaching the patient it will not cause
harm. On the other hand, disruption of product supply as a result of system failure
may adversely affect patient safety without affecting quality of product.

The pharmaceutical and biopharmaceutical industry has recognized the value
of QRM in the planning and performance of qualification activities. Figure 7.3
shows the results from a 2006 PDA survey of 129 companies. The response to
the question: “From a theoretical risk management perspective, what functional
area has the most need for risk assessment” indicated that companies felt that
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Figure 7.3 2006 Parenteral Drug Association survey on the functional area that has the
most need for risk assessments. (See insert for color representation of the figure.)
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qualification- and validation-related activities were among the most beneficial
uses for QRM and risk assessment [8].

The evaluation of the risk to quality should be based on scientific knowledge
and ultimately link to the protection of the patient. The level of effort, formality,
and documentation of the QRM process should be commensurate with the level of
risk. These principles should be applied to specification, design, and verification
of manufacturing systems. The scope and extent of QRM for specification are as
follows.

The ASTM Standard Guide states that “ . . . risk management should underpin
the specification, design, and verification process, and be applied appropriately
at each stage.” The evaluation of the risk to quality should be based on scientific
design, and verification activities and documentation should be based on the risk
to product quality and patient safety [9].

In May 2007, the ISPE published a draft revision of its Baseline® Pharma-
ceutical Engineering Guide for New and Renovated Facilities entitled Volume 5
– Installation and Verification – “A Revision to the Commissioning & Quali-
fication Baseline Guide” Version 0.2.1. The draft revision noted that “In 2005,
the international regulatory community published the final versions of ICH Q8,
Pharmaceutical Development , and ICH Q9, QRM . In 2006, the U.S. FDA pub-
lished Quality Systems Approach to Pharmaceutical cGMP Regulations and the
international regulatory community is working on ICH Q10, Quality Systems .
These documents emphasize a science-based process understanding and the use
of risk management principles to focus the quality management system including
the design and delivery of facilities [10].”

Science and process understanding are the starting point for the equipment,
system, automation, and facility design. Science and process understanding are
the bases by which deviations and changes are evaluated. Risk management
should underpin the specification, design, and verification process, and be applied
appropriately at each stage. The scope and extent of specification, design, and
verification activities and documentation should be based on the risk to product
quality and public health.

The primary principles of QRM as identified in ICH Q9 reinforce the concept
that manufacturing- and qualification-related decisions should be based on the
relative risk to product quality.

• The evaluation of the risk to product quality should be based on scientific
knowledge and ultimately link to the protection of the patient.

• The level of effort, formality, and documentation of the QRM process should
be commensurate with the level of risk [11].

QRM involves risk assessment. Risk assessments ask three sets of questions.

1. What can go wrong?
What are the hazards or failures associated with the process and the equip-
ment which supports that process?
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2. How bad is it if it does go wrong?
What is the impact of the failure on product quality?

3. What is the likelihood that it will go wrong?
What is the probability that the failure will occur to an extent where it will
adversely affect product quality?

The next sections of the chapter present some thoughts on the development of
an approach and plan for the qualification of facilities and equipment using risk
as a logical means for making qualification-related decisions.

7.2 RISK-BASED QUALIFICATION PLANNING

Commissioning, qualification, and risk-assessment-related activities should be
documented in formal procedures, policies, and directives. Evaluations, justifica-
tion, test methodology, acceptance criteria, and results should be documented in
properly prepared and approved plans, protocols, and reports.

A key element in risk-based qualification is the prioritization of tasks and
the allocation of resources commensurate with relative risk to product quality.
Poor prioritization and allocation can result in project delays and the potential to
overlook or miss activities essential to the qualification effort. A sound project
plan is an effective tool for a successful risk-based qualification project.

The starting point for risk-based qualification planning should be the develop-
ment of a plan that defines the who, what, when, where, and how of the project.
A typical project plan will address areas such as project description, roles and
responsibilities, project controls, schedule development strategies, information
leveraging and management, and overall integrated approach.

7.2.1 Project Description

The project description provides information on which the reader or reviewer can
rely on to ascertain if the approach will result in the qualification of the systems
and equipment. It should present an explanation of the project and may include
location, scope, facility or process function, and notable directives or policies. It
should also establish that decisions related to acceptance criteria will be based
on risk to product quality and patient safety.

Understanding the interdependence of processes related to risk to product qual-
ity is important. For example, a cooling water system used to cool a bulk product
may not be considered to have an effect on the product if there is an effective
monitoring system that indicates water and product temperature. However, for
that to be the case that monitoring system must be qualified. A less reliable
monitoring system might redirect efforts to qualifying the cooling water system.

To begin the planning process, one should assemble the key players that will be
involved in the project and outline the project description and business objectives
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along with the critical success factors. Some items such as a defined organiza-
tional structure, list of assumptions and dependencies, and business risks would
be critical aspects of the plan. Work streams should be outlined on the basis of
the project’s principal activities. These should align with the existing business
units as it is helpful to organize specific work streams with multidisciplinary
resources, focused on certain project activities.

Development of milestones should be identified. This is an important project
area that is sometimes overlooked. The title of the milestone should be defined, as
well as the extent of the deliverable. Key items such as mechanical completion,
care, custody, and control should be clearly defined, especially where there will be
a transfer of task ownership during commissioning and qualification. For example,
consider the impact to the schedule and budget if resources were planned and
mobilized to start commissioning and qualification activities only to find that the
definition of mechanical completion does not support the systems being in an
operational state.

Many aspects of the project contain interrelated activities. These activities may
need to be managed using an automated business tool or interactive data base, so
other teams can more easily sort through, utilize, and leverage the information
as needed. For example, changes in a particular system during construction and
commissioning may require additional assessment related to the design, and this
may change the approach to qualification of that system.

The plan should define project roles and responsibilities, identifying those
responsible for project controls, scheduling, overall project strategy, document
or study review and approval, change control, document preparation, study execu-
tion, punch list resolution, failure investigation, and other critical project planning
and execution activities. In order to clearly understand and outline roles and
responsibilities, process maps can be utilized. These process maps are helpful,
because they can easily identify main process steps as well as any changes in
ownership with the process steps outlined. As the project plan progresses, the
process map matures and helps outline even more detailed deliverables, durations
of activities, department specific activities such as review and approvals, criti-
cal inputs into building an effective schedule. A signature matrix should present
documents that require review and approvals. Each department, along with the
individuals responsible for those activities, is listed. Each department should
develop service-level agreements with all suppliers, vendors, and contractors.

Critical commitments such as review and approval of documentation should
be captured in the service-level agreement. By doing this, expectations are more
clearly defined rather than suggested or assumed. This document is particularly
useful, because people, commitments, and expectations over the term of the
project change as resources may be reassigned or added to the project.

7.2.2 Project Controls

A sound project control system can help ensure the qualification project is exe-
cuted efficiently. A poorly controlled qualification project may be prone to errors,
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which can affect the schedule and budget, but may also distract the efforts of
execution personnel and could therefore lead to errors by omission and possible
project quality issues.

Project controls should include the means to assure test functions and studies
are executed and completed in the proper manner and sequence and deviations
are addressed before release of the system for PV or commercial use. Systems
that represent higher risk to product quality, through impact of failure, probability
or occurrence, or control strategy should have more robust control measures that
assure satisfactory completion.

It would be difficult to manage any project without specific project controls.
These project controls not only address budget concerns but also the ability
to easily and effectively communicate the progress and status of activities that
impact the project. The development and use of dashboards or project summary
by the project team also requires the development of performance metrics (e.g.,
earned value curves, etc.). The dashboard is a one-page presentation that contains
all of the information needed to senior management to understand the current
progress of the various project work streams.

7.2.3 Project Performance Metrics

A good qualification program will include methods for monitoring the effort to
assure that the plan is being properly executed. The monitoring program should
be designed to uncover problems early, when it is less costly to make modifica-
tions to program design, schedule, and execution. This involves the development
of project performance metrics for the determination of performance based on
project quality, schedule, budget, safety, and effectiveness or compliance. Project
control systems should be in place to track, analyze, and report all relevant
project metrics. Clear project expectations may be one way to mitigate the risk
of inaccurate information and errors.

Performance metrics should be developed to easily help identify areas of con-
cern by listing certain high level project activities. For example, many projects
have a multitude of documents that require drafting, review, approval, and execu-
tion. The performance metrics should outline progress based on planned activities
completed versus actual activities completed within a specific timeline. It is help-
ful to add an outline of what is expected by the next update. Any metrics that
identify areas of concern may require corrective actions summarized at the end
of the dashboard.

7.2.4 Schedules

Schedules are an important tool employed in the management of any project. It
is important that agreed on durations and specific deliverables outlined from each
perspective work stream be included in the schedule. Selecting the appropriate
level of schedule detail is essential to the development of a useful schedule.
Information should not have too high or too low of a level of detail, such that
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each work stream cannot effectively manage the respective deliverable. Each
work stream should be scheduled to sufficient level of detail to manage the day-
to-day tasks and have available data to generate performance metrics. These work
stream schedules should then be fed into a higher level project schedule. The
higher level schedule would then be the driving force during multidepartmental
work stream meetings typically held on a daily basis in a “war room” setting.

Other strategies should be defined within the project plan so that all associated
work streams understand how any preceding work may impact their ability to
meet their commitments to the project. Defining the scope of your risk approach
as listed in the project charter or plan to a level where the assumptions, depen-
dencies, and constraints is a key to project success.

It is important to define project deliverables and understand the associated
process step dependencies. For example, clean room sanitization qualification
may include sampling of surfaces before cleaning, while clean room environment
qualification may include monitoring of the room after cleaning. Performing the
environmental study before the sanitization study could result in an ineffective
qualification and possible project delay. Another example might be the sampling
of clean steam condensate from the distribution loop before qualifying the clean
steam generator. In this case, the source of a failure would be difficult to discern,
as it could be from failure of the generator or failure of the distribution loop.

Other examples of schedule dependencies include the sealing of walls, block-
ing views of mechanical installations, or the installation of insulation on piping
before sloop verification. In these cases, improper scheduling could result in fail-
ure to adequately inspect the system and might result in risk to product quality.

Projects that fall behind schedule or exceed the budget may be subject to
resource or sequence compromises. These compromises could pose a risk to
product quality if the project is not executed properly. More care and control
may need to be placed on projects that have fallen behind schedule or budget to
assure that “corners are not cut” to the point where product quality is at risk.

7.2.5 Program-Level Alignment

Once the definition of the scope of work is complete, a list of all procedures
and policies to manage the project activities from one phase to another should be
developed. Each phase may be owned by a few different functional groups, which
would provide a detailed view of related activities. Usually, these functional
groups are related to the different phases of a project and therefore assigned
accordingly. Provided here is a list of typical functional areas, which is followed
by the activities, policies, and processes that will be the mechanism that provides
the information required to satisfy your qualification program.

It is important to know the “big picture.” Understanding the strategy being
employed by a preceding activity is critical to developing an overall project
execution program. Adjustments may be made to work streams to mitigate any
possible risks. Table 7.1 presents a list of interrelated activities, all of which are
programs and deliverables managed by various functional groups that can have an
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impact on project execution. They should take into account the interrelationship
of facility design, process requirements, product quality, regulatory expectations,
and system capability. Much can be learned from ineffective practices of the
past. This is helpful if system and component impact assessments are to be used
to leverage construction or engineering documentation to gain project execution
efficiency.

Integrated strategies for construction turnover, commissioning, qualification,
and equipment release should be developed and linked to product quality risk.
Construction of critical utilities that can affect product quality, such as HVAC,
purified water, clean steam, and transfer line piping, can be commissioned and
qualified on an individual equipment or system basis. Critical process systems,
such as bioreactors, buffer tanks, media tanks, and purification equipment, can be
commissioned and qualified on an individual or process system basis. Commis-
sioning and qualification of the process systems require prior completion of the
commissioning and qualification of the utility and support equipment systems.
This will mitigate the risk of changes to the utility systems, which can affect
the performance of the process systems. Consideration should also be given to
other nonproduct impact ancillary activities such as floor sealing, wall paint-
ing, and sealing of walls and ceilings. These activities may affect the ability to
perform commissioning checks, because of limits to plant and equipment acces-
sibility. These activities may also affect utility or process system performance.
For example, solvents from floor sealing or painting, dirt from construction, and
damage from installation adjacent to critical systems and lines may adversely
affect performance and product quality or at the least require additional cleaning
and repair steps.

7.2.6 System Boundaries

The commissioning and qualification plan should define boundaries between func-
tional areas for the listed programs. Boundaries are an important element in
protocol development as well as ongoing operations. The manner in which these
boundaries are defined and managed is critical to an effective project plan. They
will help organize tasks to ensure that critical systems are properly qualified and
not missed.

It is important that facility construction is managed in a disciplined manner.
Commissioning and qualification should be planned and executed on a system
level. Any system boundary may and will most likely contain components of
other systems with their boundaries. Systems boundaries are included in a risk
management strategy for traceability of routine operations. Once the initial project
is completed, validation maintenance or the procedures necessary to assure the
system remains in the state in which it was qualified are implemented. These
procedures include preventive and reparative maintenance, change control, soft-
ware security, audits, and risk assessment reviews. It is important to keep in mind
that throughout the project, people may move in and out of positions responsi-
ble for maintenance of the program. If not properly managed, maintaining the
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traceability of changes for future assessments could become a challenge. A well-
planned, organized project will reduce the potential for systems to be overlooked
or inadequately commissioned and qualified.

Once boundaries are defined and maintained on the P&IDs (piping and instru-
mentation diagrams), they should be managed as living documents and controlled
as part of the construction and/or engineering change control program. As many
changes will and do occur during construction, the change control programs must
accurately indicate the system and boundary in which the change occurs. Changes
during design and construction that are missed and inadequately addressed may
affect system performance and result in repeated testing and project delay.

It is not an efficient use of time and resources to continually modify CAD
(computer-aided design) red line drawings. A controlled program should be
employed to manage drawing red lines “on a stick.” Engineers should be able to
identify if the red line drawings reflect the most current approved changes or if
any approved changes are awaiting CAD modifications. Changes or modifications
to drawings that are not captured in change control may result in construction
issues or in commissioning and qualification problems. These may also result
in designs that are not in compliance with the approved basis of design, user
requirements, or regulatory expectations.

Project definitions such as mechanical completion or any other milestones
that indicate the completion of one operation and transfer of responsibilities and
deliverables to another functional area should be clearly defined. The definition of
mechanical completion usually indicates the finishing of a level or element of
construction and identifies that a system is ready for commissioning. However,
this does not necessarily mean that the system is functionally operable to per-
form the tasks linked to this activity. In some instances, it may not even indicate
that a system is completely installed. Depending on the interpretations, mechan-
ical completion may mean different things during the course of a project. The
definitions of these types of activities should be clear and not change to new defi-
nitions simply to claim completion of a milestone. Issues related to the definition
of project completions may include the following:

• failure to identify and control changes to critical systems;
• warranty and system ownership disputes;
• incomplete or inaccurate transfer of information needed for commissioning

and qualification; and
• delays in start-up, commissioning, and qualification.

Likewise, activities such as construction change control and engineering
change control have a direct impact on your risk-based strategy, particularly if
you are planning on leveraging documentation. It is important to understand
which changes occurred to a particular system within a defined system boundary,
so that material requests and approvals of changes have been documented and
are traceable. In some cases, it may be beneficial to employ quality approval
of those changes in the event the documentation will be leveraged into your
qualification.
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7.2.7 Leveraging Risk-Based Qualification Information

Information and data used to determine if a system or item is qualified may
come from the qualification study itself or from other sources. Regardless of the
source, it is essential that this information be accurate and complete. Inaccurate or
incomplete information can lead to incorrect decisions related to the qualification
of the system. This can result in false failures and unnecessary efforts, which
presents a risk to the efficient execution of the qualification project. It can also
lead to acceptance of systems that have not been properly qualified, which would
present a risk to product quality and perhaps patient safety.

Information may be obtained from sources other than the qualification study,
including design engineers, equipment vendors, and construction or mechanical
contractors. It is often beneficial to use or leverage this information to support
the qualification study or reduce efforts.

For best results, the equipment inspection plan and a vendor audit plan should
be aligned with the project plan. Information and data obtained from engineering
and construction personnel must be accurate and should support the qualification
effort. In other words, there should be a link to product quality. It should be
reliable and follow an appropriate level of good documentation practices (GDPs).
This would be a requirement for quality unit acceptance as information to be
leveraged for qualification. The decision to leverage information and the criteria
for making these decisions should be based on risk to product quality.

Information about the installation and operation of a critical system or piece
of equipment can come from several different sources, including design draw-
ings, submittals, fabrication and construction records, FAT, site acceptance testing
(SAT), commissioning and start-up records, the historical performance data from
similar systems, and formal qualification efforts. These efforts contain the infor-
mation that can be used or leveraged for the qualification program. The source
of this information can be from a multitude of companies and disciplines such
as A&E firms; design engineers; vendors; contractors; construction workers; and
mechanical, maintenance, operations, validation, and qualification contractors.

The challenge of relying on information from sources other than those specif-
ically responsible for qualification of the facility and the equipment is that the
objectives of those groups may not be aligned with the objectives of the qualifi-
cation effort. The key to successful leveraging is the alignment of objectives of
all parties involved. The objective of vendors and construction personnel may be
different from that of the qualification effort. For those responsible for building
the facility, the objective would be completion of the construction project. Those
responsible for qualification of the facility will have the objective of providing
assurance that the equipment and system function in a manner that adequately
supports the critical process steps. This is not to say that the vendor or contractor
is not trustworthy or would deliberately provide inaccurate information. To the
contrary, vendor and contractor personnel are often very aware of and sensitive
to the need for accurate information. However, they may not fully understand the
information needed, when it is needed, in what form the information is needed,
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or even why. In addition, their time and resource commitment may be limited
to completion of their construction objective. Therefore, it is an objective of
a risk-based qualification program to ensure that those providing the leveraged
information understand and appreciate the need for accuracy and reliability.

Having said this, there remain significant benefits for using vendors and con-
struction contractors to provide qualification-related information.

1. Vendors and construction personnel may have the best understanding of the
fabrication, construction, and installation process and, as such, are subject
matter experts (SMEs) in those efforts.

2. Using this information will reduce the need for additional qualification
efforts to obtain the information, thus eliminating redundant efforts and the
risk of transcription errors.

3. Vendor and construction staff represent a significant source of personnel
early in the project and can be a highly leveraged and valuable resource.

The leveraging of information from sources other than the qualification team
should be a risk-based exercise, considering the risk of inaccurate information to
the success of the project. The decision and justification to use vendor documen-
tation to support the verification of critical aspects of the manufacturing element,
including the intended use of the manufacturing system, should be documented
and approved by SMEs including the quality unit. Therefore, deciding on the
source of qualification information is a matter of risk management in and of
itself. The factors to be considered to mitigate information inaccuracy include
the following:

• experience of the vendor/source of information;
• experience with the vendor/source of information;
• criticality or function of system being built or installed;
• availability of redundant information sources or checks and balances; and
• robustness of the vendor quality system.

When planning the leveraged use of information it is prudent to consider the
risk that inaccurate information would have on product quality, as well as qual-
ification project success. Steps may be taken to mitigate such risks. For systems
with high criticality or potential effects on product quality, it may be prudent
to employ additional qualification testing or information gathering regardless of
vendor capability. Companies may also consider audit of information obtained
from the vendor or contractor. If errors are found, then additional testing may be
necessary.

Risk assessments can be used to provide information to help determine the
extent of additional confirmation required for acceptance of vendor-provided
information. Useful information can be developed during the design, fabrica-
tion, installation, commissioning, and vendor testing phases of a project. There
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may be less need to perform additional efforts to obtain similar information dur-
ing qualification studies and tests if this information is accurate and in a form
suitable for the support of the qualification program.

The key to effective leveraging of information is establishing a partnership
between vendors, contractors, and the qualification team. The way to assure a
good partnership is by aligning the objectives of all parties. The objectives of
parties performing project phases may differ. The role of the vendors building
the equipment is to provide equipment as per specification. The objective of
the vendor testing the equipment is to prove to the customer that the business
transaction has been completed by proving that the equipment has been built to
specification, thus motivating the customer to complete his end of the transaction
and pay the vendor. In providing this proof, the vendor may also be proving that
the equipment works as specified and therefore is ready for qualification. Under-
standing these differences in objectives and taking steps to better align objectives
will help ensure the efficient leveraging of vendor-provided information.

People commissioning the equipment are responsible for getting the system
in good working order and getting the system to work. Their objective is to
confirm that the system is working to the expectation of the user. In doing
so, the commissioning team will obtain information that confirms the system is
working properly. This is an important element in determining that the system will
work reliably and predictably to the level of performance needed to support the
process. Those qualifying the equipment are responsible for proving or providing
assurance that the system will work in the manner needed to support the process
to the level needed to produce safe and effective products. The objectives are
proof and confidence.

To accomplish this, the qualification team may choose to rely on vendor-
provided information or commissioning data or may choose to repeat, audit, or
confirm the accuracy of this information entirely or in part. The decision may be
based on the following risk-based criteria.

1. Source reliability
• Is the source of information reliable?
• Is it free of error, credible, accurate, and useful?
• What has been your experience with the source of information on this

project and other projects?
• Do you have any experience with this source of information? Are you

certain of the reliability of their performance?
2. Source capability

• Is the source knowledgeable in qualification-related efforts?
• Does the source of information have quality systems and training in place

to assure accuracy?
• Do they have experience with providing this type of information in a

qualification setting?
3. Impact of the information
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• What is the impact of inaccurate information on product quality and
patient safety?

• Are there additional safeguards in place to catch mistakes or are the
systems to which the information is used not of direct or significant
quality impact?

The less reliable the source, the more the qualification person should mitigate
the risk or impact of inaccurate information. Mitigation might take the form of
the following:

• not using the information;
• confirming the information through audit of systems and test results; or
• providing assistance to help the source provide more reliable information

through detailed specification of information needed or training.

Sometimes the accuracy of information is based on the level of understanding
between the source and the qualification person. The meaning of nomenclature
and terminology may differ from company to company, industry to industry, or
discipline to discipline.

To illustrate the point, consider the example of a simple steam line purge.
The qualification protocol called for a purge of the steam lines. The mechanical
contractor agreed to perform this step. After it was completed, the qualification
group tested the cleanliness of the line by inspecting the effluent for clarity and
lack of visible particles. They found an unacceptable level of particles, specks,
and debris. The test failed and the project was delayed. On investigation, it was
discovered that the person writing the protocol defined purge as running steam
through the line in a sufficient quantity to blow out any debris, thus cleaning the
line of residue. The contractor did in fact perform the purge, but to him a purge
of a steam line meant replacing the air in the line with steam. To accomplish
what the protocol writer had in mind was a simple task, but it was not a purge,
it was a steam cleaning or flushing operation. The result was a test failure. This
mistake presented a risk to the execution of the project. The risk of this type of
failure could have been mitigated by a common understanding of terminology;
perhaps through training, better specifications and test protocol descriptions, or
using a contractor more experienced in GMP facility testing.

Another example illustrates a potential risk to product quality as a result
of accepting information which would not be reconfirmed later and occurred
shortly after on a different project. In this example, the commissioning effort
included verification of process line slope. The slope was needed to provide
proper drainage and allow for cleaning and reduce the possibility of pooled
material and contamination. As the mechanical contractor needed to verify line
slope at the completion of their work and possessed the expertise to do so, it was
decided to use that verification in the qualification protocol and not require an
additional qualification team measurement. The line sloops were verified by the
mechanical contractors properly as soon as the system installation was completed.
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The sloop verification was performed well and accurately documented as part of
the system close out. Several weeks later, the HVAC contractors moved into
the same space as the process lines. In order to move around in the confined
space they were constantly bumping up against, leaning on, and in a couple of
instances standing on the process lines. This activity could have and in this case
did change the sloop of some of the lines. The result could have been process
failure during cleaning or contamination control. Mitigating this risk of failure
could have been accomplished by more schedule coordination, training, HVAC
contractor selection, notices, or subsequent and final sloop verification as part of
qualification at the end of the project.

Utilization of information is a risk management exercise in and of itself. A key
element of a successful qualification program is being able to efficiently leverage
information from different sources. However, the information must be accurate.
The key to accurate information is making sure the prerequisite support programs
are in place. These include vendor quality systems and training, construction,
and engineering change. Definitions must be clear and consistent. Procedures for
maintaining qualified systems must be in place. Can the quality unit allow the
acceptance of vendor-generated information? Do they have enough confidence
in the accuracy of the information? Is the information accurate and is it useful?

The ASTM E2500-07 Standard Guide suggests that “ . . . if inadequacies are
found in the vendor quality system, technical capability, or application of GEP,
then the regulated company may choose to mitigate potential risks by apply-
ing specific, targeted, additional verification checks or other controls rather than
repeating vendor activities and replicating vendor documentation [12].”

If inaccurate information is found, then how does that affect all of the other
leveraged information? This, again, may depend on the level and cause of the
inaccuracy. To mitigate the risk of inaccurate information, the following steps
have to be taken.

• Audit vendors.
• Monitor vendor performance.
• Provide vendor personnel training.
• Communicate expectations to vendor personnel.
• Choose vendors with relevant experience.
• Provide quality unit review of critical studies.

Having said this, companies using vendor-provided information should be
careful not to overreact to inaccuracies or errors, as well as overrely on accuracy
of the information. Information from vendors, including FAT and SAT, should
be useful, as well as accurate. The information needs to fit the objective of
the qualification. To assure that relevant qualification information can be gleaned
from FAT and SAT, prepare and communicate qualification test functions, studies,
and acceptance criteria to the vendor as soon in the project as practical. The
requirement for this information as well as expected documentation quality should
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be included as part of the purchase agreement to avoid misunderstandings later
in the project.

7.2.8 Other Types of Information Leveraging

Aside from leveraging of information from vendor and contractor sources, com-
panies may find it useful to leverage information from similar equipment testing
and qualification, previous qualification testing, and historical performance of
this equipment or of similar equipment.

Information from these sources may be beneficial in supporting the qualifi-
cation effort, in deciding if a system is qualified, or in determining if particular
functions or conditions pose a risk to product quality.

When deciding whether or to what extent to use this information, consider the
following:

• the credibility of the source;
• its accuracy of information;
• the controls in place when it was generated;
• any changes that may have occurred since it was generated; and
• the relevance it has to the equipment, system, or function being qualified.

7.2.9 Information Management as a Tool for Risk Management

A challenge to the use of accurate information comes from mistakes or omissions
in recording and transferring information between phases of the commissioning
and qualification of the project, just as inaccurate information and transmis-
sion mistakes without further controls can result in a risk to project execution
efficiency as well as a risk to product quality. An interactive project informa-
tion management database is helpful for the efficient capture and transfer of
information from design through engineering, construction, commissioning, and
qualification, and ultimately transfers that information to operations for inclusion
in maintenance and operational procedures. The project information management
system should be designed to assure accurate transfer of information, including
changes to the appropriate project teams on a timely basis. Seamless transfer of
information should result in a more efficient use of resources, but will also result
in less data-transcription-related errors.

Automated project information management systems can reduce the risk of
inaccurate or incomplete information because of errors in transmission and tran-
scription, as well as, and therefore, reduce deviations. Project information man-
agement systems can be used to capture and transfer changes, thereby reducing
risk of errors, omissions, and deviations.

Project information management systems are typically automated, often
web-based applications that can facilitate architectural/engineering/construction
project management by providing a single repository of project-related
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documentation and data. Web-based systems can provide access to project data
from remote locations and can alleviate the issues stemming from global project
team collaboration. The systems should include security administration to ensure
that users have appropriate access to data. Project information management
systems can include online repositories for engineering data that allow users to
maintain engineered system information and provide access to the most current
and relevant project data. They can also include a project library, allowing
users to catalog and classify project change and project documentation as part
of the project life cycle. Systems may allow users to define workflows for
project library items and include e-mail notifications to ensure all project team
members are kept updated on outstanding and upcoming deliverables; and may
include integrated project punch listing, request for information tracking, project
estimating, detailed cost control, and forecasting.

From a commissioning and qualification perspective, when used as the sin-
gle repository of project-related documentation and data, a project information
management system allows users to accurately capture and transfer the informa-
tion needed to qualify and operate systems. This mitigates the risk of corruption
of data that can occur when it passes through multiple levels of handling and
transfer from one user to another.

7.3 IMPLEMENTATION

7.3.1 Risk-Based Qualification Plan

Regulatory guidance recommends the preparation of qualification plans as a
means to perform an effective qualification program. The FDA states in the
2011 process validation guidance that [13]:

Qualification of utilities and equipment can be covered under individual plans
or as part of an overall project plan. The plan should consider the requirements
of use and can incorporate risk management to prioritize certain activities and to
identify a level of effort in both the performance and documentation of qualifi-
cation activities. The plan should identify the following items:

1. the studies or tests to use;
2. the criteria appropriate to assess outcomes;
3. the timing of qualification activities;
4. the responsibilities of relevant departments and the quality unit; and
5. the procedures for documenting and approving the qualification.

The project plan should also include the firm’s requirements for the evaluation
of changes. Qualification activities should be documented and summarized in a
report with conclusions that address criteria in the plan. The quality control unit
must review and approve the qualification plan and report (21CFR part 211.22).
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However, compliance with regulatory expectations should not be the only
reason to plan and perform qualification programs. The overall objective of a
qualification program should be to create a robust and reliable process which
assures that the process is capable of manufacturing a product that meets the
company’s requirements for product quality. Companies can make costly mis-
takes when planning and conducting commissioning and qualification of a facility
by qualifying beyond what is necessary to mitigate risk to product quality or by
not adequately qualifying systems that may pose a risk to product quality. They
may choose to include systems and efforts that are redundant and unnecessary.
Limited time and resources may then result in the potential to overlook or not
adequately qualify items that should be included in the qualification. An approach
based on relative risk to product quality can help a company prepare an optimal
plan that will be effective, efficient, and compliant.

7.3.2 Define which Items to Qualify

To understand the role of risk assessment in qualification, it is helpful to note that
risk and uncertainty are directly related. The less certain something is, the more
risky it is. Qualification can reduce uncertainty by providing assurance of system
function reliability and appropriateness of design in relation to process outcome.
As such, qualification is a means of reducing risk. However, effective qualifi-
cation approaches rely on an understanding of the correlation between system
function and process outcome. Without that correlation, it is difficult to design
an effective means to test and challenge the function. The correlation between
the process step failure and product quality should be defined. Table 7.2 presents
a simple correlation analysis between process steps and the quality attributes they
affect.

Table 7.2 illustrates the correlation between process steps, associated equip-
ment, and product quality attributes. In this example, failure of the mixing process

TABLE 7.2 Correlation between Process Step and Quality Attribute

Process step/operation

1. Mixing

2. Cleaning & sterilization 

3. Labeling & coding

4. Stability testing

5. Lighting

Product quality/patient safety

Efficacy, strength

Purity, safety

Identity

Efficacy, strength, safety

Strength, identity, purity
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or failure of the equipment performing the mixing process would likely have an
adverse effect on the strength and therefore effectiveness of the product, as it
could cause nonuniformity of active ingredient or solubility issues. This failure
could be a result of improper mixer design, impeller sizing, positioning, or speed
variation. Likewise, failure of the cleaning or sterilization systems could be the
result of clean-in-place pumps malfunction, improper line sloping, and so on. On
the basis of this analysis, both mixing and cleaning are process steps that should
be qualified. Further, the equipment and systems installed to control these steps
should be qualified.

It is essential to understand the relationship between product quality—the
process steps that can adversely affect quality—and the facility conditions and
equipment that affect or perform those process steps. Item 5 is facility lighting.
Can lighting affect product quality? It depends on what the lighting is used for. If
it is used for illuminating a process floor—perhaps, but the effect would not be
direct. What if the lighting was used to illuminate an inspection box where filled
vials are inspected by visual observation? What if the product is light sensitive?

7.3.3 Linking Product Quality Risk to Qualification Testing

Deciding on items and systems to test as part of risked-based qualification follows
a logical and sequential approach. The approach can help identify the elements
of a process that can adversely affect product quality and choose test methods to
confirm that those elements are properly functioning and controlled. Figure 7.4
presents a simple example using an aseptic process. The sequence starts with
identifying the critical quality attributes (CQAs) of the product. The CQAs are
those elements or characteristics of the product that define it for commercial use.
Columns 1 and 2 list the CQA categories and the attributes that define the product
as safe, effective, pure, and identifiable. Column 3 lists the corresponding process
steps that can have an adverse effect on those CQAs. Column 4 lists the systems
that support those steps. Column 5 lists the function that the system performs.
Once this is understood, the next step, as presented in column 6, would be
to determine test functions and acceptance criteria for demonstrating that those
functions occur on a consistent and reliable basis. These tests may also include
documentation of proper design and installation. In this way, a link has been
created from the qualification test back to a particular CQA. This assures that
qualification tests are performed on systems where there may be an affect or risk
to the product.

7.3.4 Impact Assessment: Deciding What to Qualify

One method for determining what to qualify is to use a system impact assess-
ment. An impact assessment is a form of risk assessment, where the impact of
the function of a system, piece of equipment, or facility condition on product
quality is determined. It is a method of determining whether a system or system
component requires qualification or to what extent it should be qualified. This

کوفا
دنیاي ش



155

Foreign substance 

Critical
quality

attributes
(CQAs)

Systems and
conditions

Operating
variables and
parameters

Test functions
and

acceptance
criteria

What is 
critical? How is it achieved?

What could go wrong,
(failure) and affect 

CQA?

Prove the
process is

capable

Safety

Strength

Purity

Identity

Sterility
Endotoxinfree
Contamination free
Potency
Weight/volume

Contamination free
Labeling
Insert included
Lot number

Filtration
Component
Sterilization
Depyrogenation
Mixing
Cleaning
Printing
Cartoning

Filter
Transfer lines
Tunnel
Reactor vessel
Clean in place
Ink jet
Cartoner

Microbial retention
Filter integrity
Condensate
Temperature/time
Agitator speed
Flow, pressure, 
Temperature
Software
Mechanical function

Filter challenge
Temperature
Distribution
Biological indicator 
Challenge
Tachometer
Flow and pressure-
calculation and 
testing
Computer system 
validation
Operational
qualification

1. Category 2. CQA 6. Test5. Function4. System3. Process step

Process
steps
which

affect CQA

Figure 7.4 Qualification sequence.کوفا
دنیاي ش



156 POINTS TO CONSIDER FOR COMMISSIONING AND QUALIFICATION

involves listing all of the systems and components in the process and then deter-
mining if each item has an impact on product quality. To be able to assess the
impact of a system or component to product quality, one must understand the
process, the variables inherent in the process, the source of process variation, and
the effect of variation.

The system or component is assessed as to the effect its failure may have on
the quality of the product. If the failure of the system or component affects the
quality of the product, then it should be qualified. A relative impact assessment
would determine to what level the failure would affect quality. The greater the
effect on product quality, the more important the qualification. As the concern is
ultimately patient safety, detection of process failure or loss of product quality
attribute plays a role in mitigating the risk. If the failure or its effect can be
detected and removed before reaching the patient, then the risk to patient safety
is eliminated. The risk to product quality may still remain and would result in the
loss of the product. If detection is used as a mitigating factor, then the detection
method should be qualified.

The impact on quality of a system or component will vary according to the
process step it is supporting. For illustrative purposes, let us continue to use
lighting as an example. Lighting to illuminate an area may or may not require
qualification, depending on the effect on product quality. While lighting in an
inspection booth where visible defects are inspected would likely require qualifi-
cation, lighting to strictly illuminate the packaging area floor may not. Lighting
in a stability chamber, where the product may be light sensitive, may require
qualification, while the lighting in the laboratory room may not.

Systems with functions that affect product quality are sometimes referred to as
direct impact systems, quality impact systems, or GMP impact systems. However,
some systems may affect the ability to manufacture the product, but not the
quality of the product. In other words, failure of these systems may shut down
operations or limit yields. For example, a vacuum system that transports waste
might not affect product quality and therefore not require qualification, but a
vacuum system that removes dust from a tableting operation might have an
effect on the quality of the product and would require qualification. Another
such system might be plant steam. If plant steam is lost, then production may
not be possible. However, the quality of the product is not affected. In this case,
the company could choose not to qualify the plant steam system, and rely on
commissioning to assure reliable operation.

Although it may be sound business judgment to qualify or commission these
systems in some way to ensure proper functionality and capability, it may not be
necessary to qualify these systems to assure product quality and patient safety.
However, the failure of a clean steam system, which produces steam for the
autoclave and does contact filler parts, may affect product quality if it results
in poor quality steam. A notable exception might be assurance of continued
product supply. If patient safety is an objective, the loss of product because of
the malfunction or failure of “nonimpact systems” while not affecting product
quality might still result in harm. For the purpose of this chapter, product supply
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issues are not addressed. However, it is worth mentioning that it would be logical
to consider inclusion of these systems in the qualification program.

In any case, an impact assessment could provide information that will guide
decisions related to the design of the qualification study, including the extent of
qualification. Equipment systems could be categorized as having direct impact,
indirect impact, or no impact on product quality. To that end, basic impact assess-
ment guidance questions might include the following:

• Does the system or component contact the product or a material that contacts
the product?

• Does the system or component control or maintain a critical environment?
• Does the system or component control or measure a parameter or condition

that can affect product quality?
• Will the failure of the system or component affect product quality?

7.3.5 System- and Component-Level Impact Assessments

System- and component-level impact assessments are critical to the risk manage-
ment strategy. Not all systems require qualification and not all components require
qualification. The basis of this program requires an accurate system and compo-
nent list. This can be a challenge because complete system lists are sometimes
difficult to find early in the project and accurately maintain.

The initial system list may be a result of previous engineering activities and
thus be documented in an engineering design review report. Equipment and com-
ponents may be obtained by review of approved P&IDs, design-related equipment
lists, or process descriptions. There should be a system in place to accurately
identify when the P&IDs are updated with additions or deletions of systems.
Components of systems may also be obtained by review of material requisitions,
which is also labor intensive.

Subsequent to the initial documentation of the systems and components, these
lists need to be managed as living documents and therefore controlled as part
of the construction and/or engineering change control program. Changes may
and likely will occur during construction. The change control programs must
accurately contain information necessary to complete impact assessments, be
easily located, and contain a trigger to revise impact assessments.

7.3.6 System Impact Assessments

A good system impact assessment approach starts by defining different levels
or classifications of impact. These might include GMP critical (direct impact),
cGMP noncritical (indirect impact), and no impact. The approach should include
a series of questions that will help determine the systems classification. This
is best completed during a risk assessment review session with stakeholders
having information that could contribute to the decision to classify the system.
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Stakeholders who are interested but do not have information to contribute may
still be included as a means to communicate the results of the assessment. Again,
effective impact assessment relies on a sound understanding on the process,
process variables, and the effect of equipment and systems on the cause and
control of those variables.

An example of specific impact assessment questions might include the fol-
lowing:

1. Does the system come in direct physical contact with the product (e.g.,
excipients, ingredients, solvents, or processing materials or aids) at, or
after, a critical process step?

2. Does the system directly affect product quality (e.g., does the system clean,
sanitize, and sterilize or does the system maintain a classified environment)?

3. Do the system measurements directly influence or impact the product char-
acterization or impurity profile? Are they control critical process parameters
(CPPs)?

4. Does the system preserve product status? Is the system used to store and
preserve the status (e.g., preserve temperature, humidity, etc.) of interim
and final products or product sample?

5. Does the system generate data used or evaluated to support product dispo-
sition and regulatory filings?

7.3.7 Component Impact Assessments

Component impact assessments are similar to system impact assessments, but are
focused on the elements that make up the system. Component impact questions
might include the following:

1. Is the component used to demonstrate compliance with production records
requirements?

2. Does the normal operation or control of the component have a direct effect
on product quality?

3. Does failure or alarm of the component have a direct effect on product
quality?

4. Is information from this component recorded as part of the production
record, lot release data, or other cGMP-related data?

5. Does the component have direct contact with the drug product, its excipi-
ents, or device contact surfaces?

6. Does the component control critical process elements that may affect prod-
uct quality, without independent verification of the control system perfor-
mance?

7. Is the component used to create or preserve a critical system status?
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Once the impact assessments are completed, the information can be used
to develop the specific commissioning and qualification plans. Systems or
components that have a direct impact will likely require qualification and quality
unit oversight/acceptance criteria approval. Systems or components that have
an indirect impact may require qualification depending on the level of impact.
Systems or components that have no impact on product quality may not require
qualification. All systems may require commissioning to assure proper function.
However, the commissioning of direct and indirect impact systems may require
additional levels of control and quality unit review, if that information is to be
leveraged as part of the qualification effort.

It is important to note that the information obtained from the impact assess-
ments may also be considered when entered into the maintenance program and
change control/change management procedure. The impact items have on product
quality should be considered when addressing the response to process, system,
or procedural changes. Noncritical components on a critical system would not
need to undergo qualification. A simple work order might suffice. However, if a
new piece of equipment or component was added to a system or removed, then
the assessment would need to be revised. This is a much more time-effective
activity than qualification.

Table 7.3 presents an example of an impact assessment. The answers to the
following questions will determine if a system is direct, indirect, or no impact.
An affirmative answer to questions #1 through #6 generally indicates that the
system is direct impact. An affirmative answer to only question #7 generally
indicates that the system is indirect impact. If the answer to each question is
negative, then the system may be deemed no impact.

TABLE 7.3 System Assessment

Direct Impact System Assessment Criteria Yes/No

1 Does the system have direct contact with the product? No
2 Does the system produce or have direct contact with raw material,

excipient, or solvent that comes in contact with the product?
No

3 Is the system used in cleaning or sanitizing production equipment or
systems?

No

4 Does the system preserve product status (physical, chemical or
microbiological integrity)?

Yes

5 Does the system produce data that is used to accept or reject product,
medical devices, or stability data that will be used to make future
quality or regulatory decisions?

Yes

6 Is the system a process control system that may affect product
quality and there is no system for independent verification of
control system performance in place?

No

7 Does the system supply a utility or function to a direct impact system
or otherwise affect the performance of a direct impact system?

Yes
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For the purpose of this example, consider the lighting in a semi-manual inspec-
tion booth, where inspectors look for particulates and defects in vials of a product.

On the basis of this assessment, the system, the inspection booth, and the
lighting in the booth would be deemed critical according to affirmative answers
to #5 and #6. Utilities that support the booth, such as electrical power, would
be deemed as having indirect impact. So the booth and the lighting should be
qualified. The decision to qualify the electrical power source would depend on the
amount of variation in the power source, the effect on lighting intensity that such
a variation might have, and the effect of intensity variation on product quality or
the ability of the inspector to see and reject defective units.

7.3.8 To What Extent Would it be Qualified?

Once a system or component has been classified according to level of impact, a
decision should be taken as to how to assure the correct function of that system.
This can be done by asking the question—what could go wrong and what would
cause such a situation or failure? Tools such as fault tree analysis, partially
illustrated in Figure 7.5, and fishbone analysis, partially illustrated in Figure 7.6,
can be helpful in identifying those process steps or conditions that pose a risk to
product quality. These tools are designed to break the process into smaller steps
where risk can more effectively be addressed and reduced.

Inability to
effectively

inspect units

Lighting
failure

Broken or
missing
bulbs

Variation in
power supply

Human
error

Unit
vibration

Control
system

malfunction

Shadowing
effects

Corroded
connections

Inadequate
wiring

Improper
set up

Excessive line
speed

Figure 7.5 Fault tree analysis example.
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Figure 7.6 Ishikawa Fishbone analysis example. (See insert for color representation of
the figure.)

7.3.9 Criticality Analysis

Another method of impact assessment might ask questions related to: How impor-
tant is the function of the equipment or system to the quality of the product? Let
us look at this from the perspective of the light example.

1. What is the impact on product quality if this process step—visual
inspection—fails?

2. How important is the system or component—lighting—to the success of
the process step?

3. How robust is the process? How much variance can the process take and
still be effective—what are the operating parameters?

4. How effective or reliable are the control systems in place to control varia-
tion and prevent failure?

5. How effective are the ways to detect a failure before it adversely affects
the quality of the product or patient safety?

6. What is the control strategy or risk mitigation/risk reduction strategy for
assuring that process results remain in specification?

For the purpose of this exercise—one could use a simple HIGH, MEDIUM,
and LOW rating system. HIGH means very important, severe, definitely could
happen. LOW means not very important, not of much concern, doubtful it would
happen; MEDIUM is everything in between. Question (6) requires a more exten-
sive answer.
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TABLE 7.4 System Risk Determination

Question Answer or Consideration Risk Ranking

A What is the impact on product
quality if the visual
inspection process step fails?

Particulates could be
overlooked and therefore
cause vascular damage
and clotting

HIGH

B How important is the system or
component lighting to the
success of the visual
inspection process step?

This is a manual system,
dependent on lighting
conditions

HIGH

C How robust is the visual
inspection process? How
much lighting variance can
the process take and still be
effective?

There needs to be adequate
lighting, but that covers a
relatively broad range

MEDIUM

D How effective or reliable are
the systems in place to
control the process within
acceptable levels of variation
and prevent failure?

Lights are not adjustable
and there are no meters,
but the procedure requires
a check that all
lights/bulbs are
functioning and turned on

MEDIUM

E How effective are the ways to
detect a visual inspection
failure before it adversely
affects the quality of the
product or patient safety?

Statistical sampling and
testing of finished product
is performed before
shipment

MEDIUM

F What is the mitigation strategy
for reducing the risk and
assuring that process results
remain in specification?

Use of rheostats and light
meters to set the level of
lighting and design of
system with adequate
lighting sources

LOW

Table 7.4 presents the questions, considerations, and answers. Where high risk
potential is identified in any of the questions, it would be prudent to seek ways
to mitigate or reduce that risk through process design changes. Risks that remain
higher than desired may require additional qualification and validation efforts to
provide assurance of adequate process control.

In this case, qualifying the lighting may be of moderate but not high impor-
tance, because the process is relatively robust and the likelihood of failure of the
system going undetected (i.e., bulb out) is low. The qualification would involve
confirmation that rheostats and meters are operating correctly and that lighting
system, bulbs and background materials, have been installed as per specifica-
tion. With these systems confirmed, the PQ might involve running sets of defects
through the inspection system and confirming trained inspector performance given
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TABLE 7.5 Example of an FMEA Template

Process
Step/Unit
Operation

Failure SEV Cause OCC Current
Control

DET RPN Risk
Accepted

system function, speed, lighting levels, etc. The qualification would verify that
the system will function in a consistent manner.

7.3.10 Risk Ranking Level of Detail

Risk assessment and risk ranking tools provide the information needed to help
make an informed risk-based decision. However, they should not necessarily
make the decision. The focus should be on evaluating the outcome of the risk
assessment, rather than evaluating strictly the risk ranking value.

Consider how an FMEA (failure mode effects analysis) model is used to rank
risk. Table 7.5 presents a typical FMEA spreadsheet template for ranking risk.
The level of numeration detail or granularity of the ranking choices, shown in
Table 7.6, is the number or quantity of choices one has in ranking risk elements,
including severity, occurrence, and detection. Some FMEA models utilize ranking
value choices ranging from 1 to 10. This would represent a relatively high detail
or granularity method. Some models use less numbers or qualitative choices, such
as high, medium, and low as illustrated in Table 7.8. This represents a relatively
low detail or granularity method.

Where quantitative data is available, such as number or rate of defects, pro-
duction yields, or failure rates, higher granularity methods should be objective
and useful. However, where quantitative data is not readily available and qualita-
tive ranking is used, such as quality of, confidence in, or experience of a vendor;
a lower granularity method may be more useful and effective. In these cases,
lower granularity, such as high, medium, and low may reduce the potential for
bias and ranking value “debate.”

In the FMEA assessment example presented in Tables 7.6 through 7.8, the
difference between a “marginal” and a “critical” risk is one point, 500 versus
501. Taking into account the descriptions presented in Table 7.7, this may mean
that the difference between an acceptable and unacceptable risk is one point. In
this case, the assessment team may be “tempted” to select individual scores in
order to achieve a lower risk ranking. For instance, the team might spend much
of the time debating whether an occurrence value, is a four, a five, or a six.

If, on the other hand, the choices were high, medium, and low, as presented in
Table 7.8, then occurrence might be often (high) or seldom (low), or anything in
between (medium). The team would ask questions such as: Does the event occur
often? If so, then the value is high. Does it occur seldom? If so, then the value
is low. Otherwise it is medium. This might lead to productive discussion over
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TABLE 7.6 Example of a 10-Point Quantitative FMEA Risk Analysis Calculation,
Where: Risk = Risk Priority Number = Sev × Occ × Det

• Severity (SEV): Classify the severity or importance of the effect.

• Very low to no impact 1

• Unimportant failure 2–3

• Failure of medium importance, may cause customer dissatisfaction 4–6

• Critical failure, may cause harm to patient 7–8

Extremely critical failure, will likely cause significant harm to patient 9–10

• Occurrence (OCC): Estimate the probability of occurrence of the failure.

• Very low probability 1

• Failure might happen, but very seldom 2–3

• Failure happens from time to time 4–6

• Failure happens frequently 7–8

High probability that failure will happen 9–10

• Detection (DET): Evaluate the probability of the failure detection.

• Failure detection is ensured 1

• High probability of failure detection 2–3

• Failure detection not certain 4–6

• Low probability of failure detection 7–8

Failure detection is highly improbable 9–10

TABLE 7.7 Examples of Risk Category Descriptions and Risk Priority Rankings
for a 10-Point Quantitative FMEA

Category Description

Category I
Catastrophic

Serious and/or unexpected product adverse experiences or serious
bodily injury

Category II
Critical

Unexpected product adverse experiences, severe injury, or
inconvenience

Category III
Marginal

Minor injury or inconvenience, or possible product adverse
experience

Category IV
Minor

Not serious enough to cause injury or inconvenience or other product
adverse experiences

Risk Priority Number Category Description Category

1–125 Very low process risk Category IV
126–250 Low process risk Category IV
251–500 Moderate process risk Category III
501–750 High to very high process risk Category II
751–850 Very high process risk Category II
851–1000 Extreme-critical process risk Category I
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the relative risk of the occurrence, than discussion over what the risk “number”
should be.

While these examples are purely hypothetical and do not represent specific
manufacturing situations, they present descriptions that are not uncommon in the
industry and could indicate potential ranking determination considerations.

7.3.11 Test Function and Acceptance Criteria

Qualification test functions should be developed to demonstrate the capability of
equipment as it relates to process performance and product quality. It may not
be necessary to test equipment and systems capability beyond the range expected
during the process. However, the tests should be based on sound scientific and
engineering criteria and match with those functions that affect product quality.

The FDA process validation guidance suggests that qualification of utilities
and equipment verify that the utility system and equipment operate in accor-
dance with the process requirements in all anticipated operating ranges [15].
This should include challenging the equipment or system functions while under
load comparable to that expected during routine production.

The acceptance criteria should be useful, attainable, and verifiable. Useful
means that the criteria represent a challenge to the system. It should not be so
easily obtained that it does not provide confidence of the continued reliability
of the system operation. An example might be qualifying a clean room, which
must meet Class 100 or less than 100 particles of 0.5 microns or larger per cubic
foot per minute sample. Modern, well-designed clean rooms should be able to
perform below the 100 limit. Setting criteria at 100 may be technically correct,
but may not provide an indication if the system is performing properly.

Attainable means that the criteria are not beyond the range of performance
and therefore too difficult to obtain. An example might be setting automated
inspection machine qualification limits at zero. This certainly is the optimal per-
formance level, but obtaining zero may not be realistic using current technology
or may result in unacceptable levels of “false” defects rejected. A more real-
istic level of defect rejection, above zero, may be attainable and represent an
acceptable risk level to patient safety.

Verifiable means that the criteria can be quantified or objectively confirmed. An
example of unverifiable criteria might be requiring that the fill line run well or the
vessel be “free of foreign material residue.” These terms lack quantifiable limits.
They would be subjective, open to interpretation, and difficult to prove. Likewise,
setting criteria that all product transfer line surfaces be visually inspected and
shown to be free-of-pitting might be an acceptable criteria, but the test function
might be impossible to perform. In this case, the test function to satisfy the free-
of-pitting criterion might be a confirmation of material of construction combined
with an inspection of a representative sampling of surfaces.

Risk to patient safety and product quality should be considered in determining
the test function and acceptance criteria. Let us say the transfer lines will carry
a relatively noncorrosive material, which will go through further downstream
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purification steps. The test function and acceptance criteria might be confirmation
of material along with weld inspection. However, what if the material is more
corrosive, with no further purification? Then, the test function might include more
extensive confirmation, perhaps metallurgic analysis along with a higher level of
inspection.

7.3.12 Qualification Plan Implementation Notes

7.3.12.1 Subject Matter Experts SMEs are responsible for the preparation of
respective qualification documents and plans. The ASTM E2500-07 Standard
Guide defines SMEs as “individuals with specific expertise and responsibility in
a particular area or field” . . . who “should take the lead role in the verification
(commissioning and qualification) of manufacturing systems as appropriate within
their area of expertise and responsibility . . . includ(ing) planning and defining ver-
ification strategies and acceptance criteria . . . [16]” As such, it is important that
the SME has a good understanding of the individual and collective risk and
impact of systems on process performance and product quality. SMEs should
participate in risk and impact assessments, and use product quality risk as a
decision-making criteria.

7.3.13 Risk-Based Design Review

Merely testing the system for proper function is often not sufficient to con-
firm reliable and suitable function. An essential part of a risk-based qualification
approach includes review of the facility, equipment, or system design. In a risk-
based review, the reviewer should focus on those characteristics or aspects of
the design that can affect product quality. The review should confirm that user
requirements and quality specifications have been addressed in the design of
the system. The basic user requirement may require that a process transfer line
be cleanable and drainable. Therefore, the design should include smooth, non-
reactive materials of construction, welds, slope, and sanitary fittings. This can
be determined during the design review. Later, tests can be incorporated in the
qualification or leveraged from prior information to confirm these aspects of the
installation.

A design review should familiarize the reviewer to the layout of the system,
including those characteristics that could affect the qualification test and infor-
mation gathering. Attention should be on installation of systems that may be
covered by walls or otherwise may not be easily viewed after construction, e.g.,
utility piping, transfer lines, duct work, wiring, slope of insulated line, etc. The
incorrect installation of these components may pose a risk to product quality and
should be confirmed. Confirmation may need to be performed before construction
completion or the qualification team may need to leverage or rely on construction
installation information rather than direct observation.

A design review should also confirm or identify sampling ports and places for
line transporting fluids, steam, gases, and other materials. A qualification test may
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require direct sampling of materials in lines or as confirmation of cleanliness;
there, the review should confirm that these places or ports are included.

7.3.14 Risk of Using Information before Identification of Critical Process
Parameters

One of the potential pitfalls of using early leveraged commissioning information
is not knowing the critical process parameters and operating conditions needed to
successfully perform the process. At times, the commissioning must be performed
before the process has been fully developed and finalized. If the process parame-
ters and conditions are not fully understood, then it may be possible that the tests
conducted during commissioning will not adequately challenge or demonstrate
the operating ranges. To mitigate that risk, one can perform the following:

• Test at the full capability or at an expanded operating range of the system.
• Utilize smaller scale process development studies or engineering studies to

determine most likely operating parameters and ranges.
• Repeat testing during qualification, if CPPs fall out of ranges tested during

commissioning.

7.3.15 Installation Qualification

The installation qualification confirms that the facility and the equipment have
been constructed and installed to user specification and regulatory requirements.
To do this, the installation qualification relies on the inclusion and alignment of
engineering and commissioning documentation. However, very often qualification
risk management strategies are outlined without consideration of the preceding
engineering activities. The result, if not managed properly, can undermine the
entire process late in the project where cost and schedule are adversely impacted.
For example, it is important to capture the numbering strategy used to uniquely
identify each protocol so that the equipment itself, as well as the type of protocol,
can be archived and easily retrieved for future reference. Manufacturing plants
must have efficient and effective means to retrieve historical information.

There may be a benefit to creating and using commissioning and support func-
tion templates with test details, instructions, acceptance criteria, and executable
attachments. Different functional areas may have the ability or need to change
template wording to suit specific applications. However, these changes should
not change the original intent of the tests or the acceptance criteria to an extent
that could affect the use or leveraging of the information. Consideration should
also be given to developing templates that are conducive to retesting.

Organizations vary on their level of comfort or tolerance to risk when devel-
oping and using commissioning templates. One suggestion is to outline the
execution attachments. These outlines may later be used to create the detailed
commissioning or engineering documents. The installation qualification execu-
tion attachment can then list what will be attached and referenced back to the
commissioning documents.
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For example, the P&ID section will list the drawings associated with that
particular system and then document the location of the commission execution
attachment that lists the P&IDs that were walked down and required red lines.
P&IDs listed in the qualification document, but missing from the commissioning
documentation would then require a deviation to resolve the discrepancy. Like-
wise, any P&ID that is missing from the qualification document will also require
a deviation to resolve the discrepancy.

Another suggestion would be to utilize the installation verification portion of
the protocol. This section should list each system and component assessed as crit-
ical with the associated criticality assessment and will list what will be attached
or reference back to the commissioning documents. All applicable sections of the
protocol should be presented in an approved template so that all tests included
meet the expectations of your organization. Similar critical components should
have the same level of qualification or attributes inspected and qualified. The
component-level assessments discussed earlier can be used to find similarities in
common systems and assure a consistent qualification approach.

It is possible to streamline the installation qualification process through use of
commissioning and information. However, the qualification process works best
when it is aligned with the commissioning process. Discrepancies need to be
resolved, reviewed, and approved before close of the protocol. These discrepan-
cies are resolved using an approved deviation process, which can have the ability
to consume time and adversely impact time and cost savings. One way these dis-
crepancies can be avoided is by ensuring that they are adequately addressed in
the punch listing process, which should be included as an aspect of construction
and/or engineering change control. A method should be employed to track the
deviations by deviation types. Metrics can be established to track the occurrences.
This can provide the ability to see what types of deviations and how many of
each type occurred during execution.

This also provides the opportunity to focus on the “low-lying fruit” and
develop mitigation plans that eliminated those deviations. Rather than focus-
ing on the most painful deviations that seem to draw attention and resources
from the project team, consider focusing on the deviations that had the largest
numbers and relatively fastest corrective actions. These deviations usually can
be quickly and easily mitigated by minor adjustments in strategies, policies, or
procedures resulting in a dramatic gain of efficiencies.

7.3.16 Operational Qualification

Operational qualification provides assurance that the facility and equipment func-
tion in a reliable manner to the level of performance needed to support the
process. This involves the development of test functions, studies, and acceptance
criteria designed to challenge the system through its intended operating ranges.
The functions to be tested and the ranges of operation should be based on support
of those process steps that can affect product quality. These tests can be based
on information uncovered during the impact and risk assessments.
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In many cases, information can be gleaned from prequalification testing. This
includes construction testing, FAT and SAT, as well as commissioning tests. It
is important that this information is accurate, from a reliable source, follows
GDP, and is aligned with the qualification requirements. As mentioned earlier,
the qualification team should consider risk to product quality as a criterion for
deciding what prequalification information to use in lieu of or in combination with
qualification tests. A simple risk formula analysis can be used to help determine
the use of the information.

Risk = Severity × Occurrence × Detection

Risk is a factor of severity or impact of a failure, the probability of the failure
occurring, and the likelihood that the failure will be detected and corrected before
it can affect product quality. For equipment functions that have a relatively low
impact on product quality, are not likely to fail, and have other controls in place
to detect the results of such a failure, accepting prequalification information
may be an efficient and effective means of obtaining qualification information.
However, higher impact functions or those with no or little means of detection
represent higher risk and may require additional testing. The functions that may
be prone to failure should be considered for redesign as a means of mitigation.
Again, the capability of and confidence in vendors and construction personnel will
also be a strong factor in considering the use of prequalification information. In
many cases, the vendor and construction personnel have such a strong expertise
or utility in the testing as to overcome process failure concerns. Quality unit
review and approval is recommended for any product-quality-risk-related test
information and results.

7.3.17 Computer System Validation

Many of the points presented in this chapter on general system and equipment
qualification are applicable to computer system qualification. Systems should be
designed to user requirements and specification. System and instrument instal-
lation, wiring, and component verification should be based on risk to product
quality, as should functional and operational checks, alarms, and monitoring
results and displays.

Some automated systems perform multiple functions, with some affecting
product quality and some not. It may not be possible to qualify those functions
that impact quality without also testing those functions that do not—especially
if the functions are interrelated. Caution should be used to assure that non-
impact functions do not interfere with impact functions. Security of the entire
system—including access restriction, change control, and audit trail may be inter-
related. This may especially be relevant to open systems that have connections
to larger systems or to the Internet.

A clear understanding of the computer system function, including a review of
software logic, would mitigate the risk of inadvertent or unexpected interference
between applications.
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Qualification efforts, including software validation, verification, and testing
should be based on the level of confidence in the system as well as the use
of the system and complexity (FDA guidance). Consider the effect of software
modifications on product quality. Modifications to critical function modules may
be controlled, but modifications to noncritical functions or applications may not
be—although they may indirectly have an effect on product quality. Computer
system functions or software requiring additional efforts may include systems
that:

• control, monitor, record operations that can adversely affect product quality
or patient safety;

• collect, manipulate, or report data used to make decisions that may have an
adverse affect on product quality or patient safety;

• are relatively new or for which the company does not have previous expe-
rience; and

• affect complex operation that could have an adverse affect on product quality
or patient.

Other computer system qualification points to consider are as follows:

• Risk to product quality may include interaction with nonvalidated systems,
including Internet access.

• Systems should provide access security and audit trail for changes.
• Automated control systems should be qualified before the qualification of

the mechanical systems they control, monitor, or operate.
• Companies may use information from automated monitoring systems to

show that operating or environmental systems are operating properly if those
automated systems have been qualified.

• Be cautious of changes made by the vendor after FAT or other commission-
ing testing.

• Be cautious of damage to electronic circuitry during shipment and storage
post-FAT or commissioning testing.

7.3.18 Requalification

Qualified systems should be maintained in their qualified state. A program for
doing so should include the following:

• preventive maintenance;
• calibration;
• evaluation of system performance;
• change control;
• investigation of process performance; and
• quality audit.
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Requalification can range from complete data analysis to selected testing to
full qualification. It can be triggered if an event occurs, putting in question the
qualification of the system. Such events may include the following:

• changes in equipment or process;
• changes in components or materials run on equipment;
• changes in use of equipment;
• repeated failures;
• changes in procedures; and
• changes in regulatory expectations or requirements.

Requalification can also be performed on a periodic basis. The FDA process
validation guidance addresses periodic reevaluation of qualification by stating
that: “Maintenance of the facility, utilities, and equipment is another important
aspect of ensuring that a process remains in control. Once established, qual-
ification status must be maintained through routine monitoring, maintenance,
and calibration procedures and schedules (21 CFR part 211, subparts C and D).
The equipment and facility qualification data should be assessed periodically to
determine whether requalification should be performed and the extent of that
requalification. Maintenance and calibration frequency should be adjusted on the
basis of feedback from these activities [17].” A reason for periodic requalifi-
cation would be that the complexity of systems does not allow for complete
knowledge of all changes, effects of wear, and unknown occurrences that may
cause variations in performance.

Risk assessments and evaluations can be used to address the need for and
extent of requalification. Factors that need to be considered are as follows:

• robustness or reliability of processes or systems;
• experience with systems;
• redundancy in process and system controls; and
• potential impact of system failure on product quality and patient safety.

Written procedures should be in place to address evaluation, decision criteria,
justification, and requalification methodology and schedule.

7.3.19 Performance Qualification: Contamination Control

Product contamination represents a notable risk to product quality. Contamination
from microorganisms and other foreign substances is often difficult to detect and
may result in considerable harm to the patient. Contamination control process
steps such as cleaning, disinfection, sanitization, sterilization, and holding of
sterilized materials are almost always deemed as critical and direct impact. Risk
assessment techniques can be used to help determine worst case configurations
and conditions to be qualified and areas and items that are most difficult to clean
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or sterilize. It can also be used to help develop bracketing and family approaches
to qualification studies.

A bracketing approach is one where equipment configuration at extreme ends
of the range is qualified, with the assumption that the results will qualify all con-
figurations in between. In order to do this, it is important to know the range and
whether there are any differences in the process conditions in between the range
limits, which could affect product quality or process performance. Risk assess-
ment methods, designed to uncover process risk conditions and steps, such as
fishbone and fault tree analysis, can be used to identify these risks and assist the
study designer in determining where the bracketing approach can effectively be
used. The most effective use of bracketing will occur when configurational con-
ditions are. Some of these might include length of process transfer line, holding
time durations, size of similar vessels, autoclave loads, etc.

A family approach is based on similar assumptions. The premise is that if
all items are of the same design, installation, and operational capabilities, then
they are essentially the same. If they are the same, then the PQ successfully
performed on one item should qualify all others. In order for this to work, the
commissioning and qualification of these items must show that all are equal and
that there are no material differences that can affect quality-related performance.
Risk assessment methods can be used to determine the critical aspects of the
equipment, which must be similar.

Risk assessment can also be used to design test functions and acceptance
criteria. Test functions should be set to the process-related objective of equip-
ment function, rather than the overall functional capability of the equipment. An
example is the washing of parenteral glassware or vials. Some vial washers claim
endotoxin reduction capability. It is difficult to remove all endotoxin from the
surfaces of smaller vials when the flow of rinse water is relatively low. There-
fore, it is difficult to qualify this depyrogenation process. A risk assessment of
the overall process would determine that the glassware washing process was not
utilized to depyrogenate, but rather to remove foreign substances and particles.
The depyrogenation step was the subsequent dry heat oven or tunnel exposure.
Therefore, a failure of the glassware washer to remove endotoxin should not
necessarily constitute a qualification failure.

Another area where risk assessment could be used might be the inclusion
of overkill parameters in moist heat sterilization processes. Where controls and
processes are in place to control bioburden and result in a more predictable
bioburden level, time and temperature parameters beyond those needed to achieve
10−6 sterility assurance levels may not be as necessary as would be the case with
a less well controlled and less predictable situation.

7.3.20 Change Control

Change management and change control have an important role in commission-
ing and qualification. Changes made in the design, construction, and installation
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of facility and equipment must be communicated to those preparing or execut-
ing the qualification protocols. Even noncritical changes to impact systems may
result in deviations, errors, and delays during execution. In some instances, the
changes may not be consistent with process requirements or may not be com-
pliant with regulatory expectations. For this reason, a good engineering change
control system should be in place as early as practical on the project. Changes
should be evaluated as to their potential impact on product quality and process
performance. Where they are found to have an impact, steps should be taken to
mitigate or minimize any adverse affects on product quality or related process
performance.

Chapter 13 presents an in-depth discussion of the use of risk management
for change management and change control. Therefore, this chapter will not
go into detail on methodology. However, care should be taken to address the
effects or unintended consequences of change. Additional risks remaining after
changes are made, sometimes referred to as residual risk , should be evaluated and
reduced to acceptable levels. Once addressed, changes should be communicated
to all parties who will make decisions based on the information related to the
changed system, including those responsible for development of commissioning,
qualification, and validation protocols. Some changes to equipment or process
steps may alter the results of impact assessment, moving items from one category
to another. For example, a process step change that adds a sterile addition to an
upstream compounding procedure may move certain environmental conditions
from indirect or relatively low impact to relatively critical direct impact. Likewise,
a change from an elastic gasket to a more rigid gasket material, coupled with
the need for sterilization may result in the need for additional testing to assure
integrity of the sealed system after steaming.

7.3.21 Failure Investigation

Deviations or discrepancies may be the result of unacceptable study results, inac-
curate information, or poorly executed protocols. Where deviations are the result
of study failures, and investigation should be conducted to determine if and to
what extent the failure has an impact on or represents a risk to product qual-
ity. Corrective actions should be determined and implemented before repeating
the study. Actions should be commensurate with the level of risk the failure or
systems function represents to product quality.

One should avoid repeating studies, without corrective actions, until results
are satisfactory. If the deviation is a result of study execution or testing, then
the study may be repeated. If the deviation is a result of inaccurate information
transfer, then the study may not have to be repeated. In most cases, deviations
should be investigated with the conclusion and subsequent actions documented.
Avoid initiating an investigation with a predetermined conclusion as the objective.
Any corrective actions that affect operating procedures or parameters should be
communicated to the appropriate individuals. Any investigations that involve
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equipment, processes, or steps, which have an impact on product quality, should
be reviewed by the quality unit.

7.3.22 Project Close Out

Once the qualification project is complete, the result should be reported to those
individuals responsible for the review and approval of the study results. Com-
missioning and prequalification activities should be complete. The protocol and
report should be complete. Investigations should be closed out. Deviations should
be addressed. Corrective actions should be implemented. Changes should be iden-
tified and documented. All documentation should be available and suitable for
review and approval. Information that is critical to the operation of the equip-
ment and system, including preventive maintenance and operating parameters,
should be transferred to operations and included in the appropriate procedures.
PPQ protocols should reflect any changes in design or process uncovered and
confirmed, during the qualification studies. These changes should be included in
system descriptions and where applicable PPQ test functions, data sheets, and
forms. The result of the qualification and conclusion should be stated. If the con-
clusion is that the equipment is suitable for release to the next step of process
qualification or validation, then this should be clearly articulated.

7.4 CONCLUSION

QRM plays an important role in facility and equipment qualification. Risk assess-
ment techniques can be used to help develop and execute effective facility and
equipment qualification plans. Qualification efforts should be based in part and
commensurate with the effect on product quality, which the facility system or
equipment poses. Risk assessment techniques can be useful in providing informa-
tion needed to make decisions related to which items to qualify, the prioritization
of qualification efforts, setting of useful acceptance criteria, the effective role of
the quality unit, leverage of prequalification and commissioning information, and
the addressing of design changes and study failure.

A risk-based approach to qualification should provide confidence that the
dependent process will perform in a consistent and predictable manner. Having
a strong level of confidence of process performance before commercial manu-
facture commitment is logical, beneficial, as well as compliant. If the study is
designed properly, then qualification failure is an indication that something is
wrong with the equipment and must be corrected. If studies are not designed or
executed properly, then successful completion may not be a complete indication
of successful system installation and function.

It may be true that sometimes qualification appears to be more effort than
necessary. This may be because our industry tends to be overly cautious. On
the other hand, in order for processes to perform to expectations, systems and
equipment must work properly. Inaccurate information, poor design/installation,

کوفا
دنیاي ش



176 POINTS TO CONSIDER FOR COMMISSIONING AND QUALIFICATION

and ineffective commissioning practices can also result in systems that cannot
or do not function as expected. Qualification programs should be designed to
assure the required function of any, all, and only facility and equipment features
that could affect product quality. A good qualification program will do this in
an effective and efficient manner, utilizing all reliable sources of information,
including where applicable prequalification information and sources.

Risk assessment may be used to eliminate redundant and limited value efforts,
such as those involved with the qualification of items that pose no risk to prod-
uct quality or patient safety. It may also be used to provide guidance on the
leveraging of information from prequalification efforts such as design, fabrica-
tion, construction, installation, acceptance testing, and commissioning. In doing
so, risk assessments provide a valuable tool for developing and executing an
effective and efficient qualification program.

It is an expectation of many regulatory agencies that companies consider risk to
product quality and patient safety when making product manufacturing decisions.
These expectations are reflected in recent FDA guidance and industry standard
guides. The specific method for considering or assessing risk is largely left to the
companies. In most cases, it is not essential that a particular method or tool be
employed, rather that some logical method for considering risk be used. Many of
the methods and tools discussed in other chapters may be found to be useful for
the assessment of risk with respect to qualification, including FMEA and FMECA
(failure mode effects and criticality analysis), Ishikawa or fishbone analysis, fault
tree analysis, and impact assessments.

This chapter has attempted to present some suggestions and points to consider
when developing a risk-based qualification program. It was not meant to give an
exhaustive or prescriptive procedure for qualification or to cover all topics related
to the qualification of pharmaceutical facilities, equipment, and systems. Rather, it
is the hope of the authors that the reader will be able to use the information in this
chapter to formulate better plans and more pragmatic programs for qualification
efforts based on risk and science.
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8
PROCESS LIFECYCLE VALIDATION

A. Hamid Mollah and Scott Bozzone

8.1 INTRODUCTION

Process validation (PV) is a requirement of the Current Good Manufacturing
Practices Regulations for Finished Pharmaceuticals (21 CFR Parts 210/211 and
EU GMPs) [1,2]. Since 1987, when the U.S. FDA issued guidance [3], the
pharmaceutical industry approach to PV has typically been to evaluate three
consecutive, prospective batches. This approach was used regardless of risks
associated with aspects such as complexity of the process or dosage form, type
of unit operation, or development history. There has historically been limited
application of risk management in defining the amount of data or number of
batches required for PV studies. In contrast, a science- and risk-based approach
applied throughout the process lifecycle is a more holistic and robust approach.
Table 8.1 shows a comparison between traditional, and science- and risk-based
process approaches.

Risk management can be applied in several areas of PV, from early process
design/development through maintenance of validated states during commercial
manufacturing [4]. Some of the benefits of applying a science- and risk-based
approach during PV are as follows:

• improves process understanding by proactive identification of failure modes
(hazards), and managing the identified risks as early on in the product life-
cycle as possible;

Risk Management Applications in Pharmaceutical and Biopharmaceutical Manufacturing,
First Edition. Edited by A. Hamid Mollah, Mike Long, and Harold S. Baseman.
© 2013 John Wiley & Sons, Inc. Published 2013 by John Wiley & Sons, Inc.
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180 PROCESS LIFECYCLE VALIDATION

TABLE 8.1 Traditional versus Science and Risk-Based Lifecycle Approach

Traditional Approach Science and Risk-Based Lifecycle Approach

• One time activity focuses on
final product testing

• Demonstrates process based
on current understanding

• Process runs at established
set points

• Facilitates increased process understanding

• Proactive and iterative activities throughout the
process lifecycle

• Process monitoring is tied to process validation
through the control strategy

• Arbitrarily selecting three
batches for initial validation
(e.g., qualification batches)

• Selecting three batches
typically for process changes

• Uses scientific rationale to determine number of
batches/amount of data required

• Determines scope of validation by analyzing
data and significance of change

• Uses statistical tools during development, initial
validation, and process monitoring

• Considers all potential risk factors in designing
process validation studies

• Prioritizes critical aspects and reduces effort on
aspects that are not important

• Study design is based on
template and/or existing
practice

• Leverages historical knowledge and experience

• Determines extent of validation testing/sampling

• Analyzes validation data and determine controls
• Deviation is seen as a

setback
• Deviation may provide an opportunity to

increase process understanding and avoid
failures during commercial manufacturing

• enables science-, data-, and risk-based discussions by a team of subject
matter experts (SMEs) so that decisions and outcomes are sound and robust;

• ensures that high risk, critical aspects of the process are well understood by
appropriately designed studies;

• reduces product and process failures;
• saves cost and time by focusing on the pertinent components of process and

establishing priorities that separate essentials from “nice to haves.”

The risk-based approach does not mean doing less, but doing the right amount
at the right time and avoiding non-value-added activities. While equipment and
systems are qualified before the start of qualification (also known as validation,
demonstration, and consistency) batches, commercial-scale PV, and cleaning val-
idation (CV) are performed during the qualification campaign. There are many
similarities between PV and CV: both include a process development phase and
have regulatory requirements to be qualified at the commercial scale, both have
potential critical process parameters (CPPs), utilize a continued verification phase
during commercial manufacturing, and are a significant aspect in establishing
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product quality. In addition, one major concern addressed with CV is the impact
to product quality because of contamination or cross-contamination from other
products and processes. Because of the similarities, this chapter discusses quality
risk management (QRM) application in PV, and also describes relevant aspects
of CV. The chapter is not meant to provide a detailed description on how to
perform PV and CV. Instead, it discusses utilization of a risk-based approach
to develop and implement a sound, efficient validation program. A risk-based
approach can utilize various formal and informal risk assessment (RA) tools.

8.2 REGULATORY GUIDANCE FOR QRM IN PROCESS VALIDATION

QRM has been described in various recent regulatory guidances for several
aspects of PV, such as the following:

Lifecycle approach
• QRM can be used at different stages during product and process develop-

ment and manufacturing (e.g., risk analyses and functional relationships
linking material attributes and process parameters to product critical qual-
ity attributes (CQAs)) [5].

Extent of validation
• An RA approach should be used to determine the scope and extent of

validation and revalidation [2,6], including the sampling, testing, and
amount of data required.

Critical quality attributes and CPPs
• QRM should be used to prioritize or rank the list of potential critical qual-

ity attributes (pCQAs and CPPs for subsequent evaluation and validation
studies. An iterative process of QRM and experimentation can identify
relevant CQAs and assess the extent their variation impacts product qual-
ity [5,7]. RAs and experimentation can be used to establish relationships
between CQAs and CPPs in the manufacturing process. On the basis of
these relationships, a control strategy can be designed to demonstrate that
a product of uniform quality is produced consistently. Material attributes
that may have an impact on product CQAs should also be evaluated [5].

Design of experiments
• RA tools should be used to screen potential variables for design of

experiments (DoE) studies in process development and characterization
to minimize the total number of experiments needed while maximizing
knowledge gained [4].

Sampling plans and statistical confidence levels
• Risk analysis should be used to determine the confidence intervals (e.g.,

80, 90, 95, 99, 99.5%) to be used in determining sampling and acceptance
criteria [4], particularly for final dosage forms.
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Training
• Risk assessors should be qualified and trained [6].

8.3 TYPICAL QRM TOOLS USED

QRM is a good way to proactively analyze a process to improve the process
understanding needed for PV and CV [8–10]. Common QRM tools used in
PV, process transfer, and CV can range from general qualitative-risk-based
approaches (e.g., checklist, decision tree, risk ranking, and filtering, techni-
cal/scientific rationale based on historical data, prior experience, etc.) to specific
risk scoring methodologies (e.g., preliminary hazard analysis (PHA), failure
modes and effects analysis (FMEA), hazard analysis and critical control point
(HACCP), etc.). Refer to Chapter 4 for details on various RA tools. Per ICH Q9,
risk is defined as “the combination of the probability of occurrence of harm, if
at all possible, and severity of that harm” [11]. Risk management should focus
as much as possible on reducing the probability of occurrence, reducing the
severity of harm, if at all possible, and fast detection capabilities. Some of the
scoring RA tools involve the use of detection as a third component, in addition to
severity and probability of occurrence. The detection component (although it is
not a part of the ICH definition of “risk”) factors in the ability to recognize a risk
and manage it appropriately before it can cause harm, the detection component
becomes especially important in risk management if the risk cannot be managed
by further reduction of severity or probability of occurrence of harm.

NOTE: Probability of occurrence, frequency, and likelihood are used interchangeably
in this chapter .

The detection component plays an important role in PV because of the nature
of the drug inspection and quality review processes. For example, the ability to
detect or monitor the drift in a CPP and CQA before it approaches a limit could
be a factor in the evaluation. The degree of criticality aids in determining the
amount of control and/or detectability of the CPP and CQA. If the risk can be
found and the defects removed before they impact product quality and/or reach
the user, then there is minimal risk to patient safety.

• Some techniques do not use detection [11]. In these two-component risk
analysis, severity and probably are used. The degree of probability of a
hazard or failure mode occurring and causing harm will be dependent on
the degree of an existing detectability. However, the ability to detect does
not change probability of occurrence, but it can help mitigate the overall
risk to an acceptable level if the level of detection is sufficient. For example,
with a known sensor or alarm in place, the probability of an OOS causing
harm could be assessed as very unlikely.
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• The use of detection in an overall risk score should increase as the project
moves from development into the validation or process performance qual-
ification (PPQ) stage. Detections are controls and the evaluation of the
effectiveness of these controls is an essential part of validating a system.
Thus, the value of using detection could be determined on a case-by-case
basis.

Appropriate statistical methods should be applied throughout the PV program
as a means of ensuring the robustness of the experimental design and result-
ing data, as well as supporting the application of QRM [12,13]. The statistical
approach and methods, including justification and rationale, should be docu-
mented. Potential application of statistical methods includes the following:

• setting of acceptance criteria;
• design of testing and sampling plans;
• data analysis and trending; and
• process robustness and capability analysis.

8.4 GENERAL CONSIDERATIONS OF QRM IN PROCESS
VALIDATION

A number of factors such as manufacturing equipment, raw materials, and pro-
cessing conditions are likely to impact product quality. Assurance of product
quality is derived from product and process design, adequate control of input
process parameters, and testing of in-process and finished product samples. Each
step of the manufacturing process must be controlled to maximize the probability
that the finished product meets all quality and process requirements. The valida-
tion project plan (VPP) or master plan should document a complete list of PV
studies required for product/process licensure. Note that any study that supports
process parameter ranges in the license application and/or master batch record is
identified as a PV study that includes development, characterization, and valida-
tion studies. The plan may incorporate a risk-based approach to rank activities
based on risk and/or criticality and frequency of the activity. In addition, this
will help identify an appropriate level of effort and timing of PV activities.

The following are some factors that may lead to unsuccessful PV; this is not
an all inclusive list.

1. Inadequate risk management, inappropriate RA tool selection, lack of
involvement of the SMEs, inadequate identification of hazards, inaccurate
evaluation of risks, or insufficient or lack of timely control of unacceptable
risks.

2. Poorly written protocol execution cannot be completed as written or
repeated by other operators.
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3. Lack of rationale for protocol acceptance criteria such that it is not defend-
able to a regulatory agency.

4. Acceptance criteria are too restrictive and likely results in unnecessary
failures or deviations.

5. Lack of process understanding. No development data available
before validation (e.g., no supporting data on equipment capability),
hence no assurance of successful validation protocol design and
execution.

6. Process is not robust and validation sampling is not representative of
manufacturing conditions, hence increased likelihood of finding problems
during commercial manufacturing.

7. Small-scale studies not representative of commercial-scale manufacturing:
operating ranges were not challenged or verified.

8. Sampling plan is not appropriate and/or assays are not suitable.
9. No statistical consideration for sampling plan.

10. Inadequate training on validation and sampling procedures.

A science- and risk-based approach may alleviate some of these potential
sources of failures, and potential factors that should be considered are described
in the following sections.

8.4.1 Process Steps

Every processing step does not pose the same level of risk; hence, validation
efforts need to be proportional to the level of risk to product quality and patient
safety. For example, leachables from upstream operations would be a lower risk to
product quality when there are subsequent purification steps compared to down-
stream operations. Hence, vendor-generated data for leachables may be sufficient
for an upstream product contract surfaces, but robust leachables/extractables stud-
ies are required for downstream equipment. Risks during physical processing of
drug substance and drug product (e.g., mixing components, and compression) are
different from risks associated with chemical and biological processing, where the
active molecule is formed via chemical or biochemical reactions and subsequently
purified.

8.4.2 Closeness to Patient

As the process moves from upstream to downstream steps in manufacturing,
product quality and patient safety risks increase [14]. For example, bioburden
contamination in a bioreactor could be detected easily and likely result in discard-
ing the batch, and the problem could be resolved before starting the next product
batch. On the other hand, contamination in the final product vial is unlikely
to be detected by limited batch release testing and poses a greater risk to the
patient. Leachables from product vial stoppers may cause an adverse reaction to
the patient [15].
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8.4.3 Level of Testing and Number of Studies

The study type and testing required for PV will depend on a number of factors,
such as the processing goal, input and output parameters, amount and type of
data needed to demonstrate process control, process variability, routine testing of
in-process and final product, risk control strategy, and process monitoring.

The number of studies required to fully validate a process will also depend
on the complexity of the manufacturing steps. The biologic drug substance man-
ufacturing process is very complex; hence, a large number of studies are usually
required for its PV [16,9]. Application of an appropriate RA tool such as risk
ranking of the activities based on complexity, robustness, previous laboratory and
pilot studies, and knowledge from similar products (e.g., platform technology for
biologics) can be helpful in prioritization of risks. The decision to omit a study
creates its own risk and should be assessed for risk of limited (or lack of) process
knowledge and risks to product approval.

A sampling plan (i.e., number of samples and locations) for a validation study
should be based on statistical consideration, process/equipment design, and/or
potential worst-case location considerations. For example, samples in a filling pro-
cess should include first and last vials in addition to other samples to account for
variation at the start and end of processing. A mixing study needs to be performed
in product pool tanks to ensure homogeneous conditions. For lyophilization pro-
cesses, worst case location(s) should be established from temperature mapping
and that location(s) must be part of the lyophilizer sampling plan. One key con-
sideration during sampling is patient (or product quality) risk versus business
risk. For example, a nonrepresentative sample is a potential patient/product qual-
ity risk in that it is not able to capture worst-case conditions. Bioburden sampling
for CV in a noncontrolled area may pose a business risk for possible false failure
(i.e., false positive).

8.4.4 Validation Approach

Grouping strategies (e.g., family, bracketing, worst-case, modular, and generic
approach) may be justified through a scientific and risk-based approach to deter-
mine an appropriate level of testing. The modular approach used in biologics
(also known as platform strategy) is the use of data from a study performed on
a specific unit operation for one product to support the manufacturing process
for a different product. A science- and risk-based approach related to the process
parameters should be performed to apply the modular approach. To accomplish
this, a set of scientific criteria should be developed to compare the process
parameters for the process under development with the process parameters of
previously validated product(s). A unit operation in the manufacturing process
should meet the following conditions/requirements in order to apply modular
validation.

• The unit operation is robust and comparable raw materials are used.
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• The unit operation has been validated for other product(s) of the same type
(e.g., monoclonal antibodies, water-soluble mixing), and comparable results
are obtained.

• Process parameters of the new process fall within the limits of the previously
validated processes.

8.5 CHALLENGES IN USING RISK-BASED VALIDATION

Owing to the increasing regulatory expectations, companies appear reluctant to
implement new approaches that they are not fully familiar with and that may
delay product approval. Before the FDA’s 2002 initiative on risk-based approach
“Pharmaceutical GMPs for the 21st Century,” most firms used the traditional
validation approach of selecting three batches, which has been generally accept-
able and incurred little inspectional scrutiny. Risk-based approaches are currently
well accepted by the regulatory agencies. The challenge is determining the appro-
priate amount of validation data to ensure product quality and patient safety as
well as to deliver confidence to the company and regulators. If sound science
and reasoning is used along with documented rationale, the confidence goal is
attainable. However, the risk-based approach/strategy should not be an excuse to
avoid or minimize validation; even if a risk is deemed acceptable with current
controls and no new controls are required, the validation requirements still need
to be assessed and focused.

One approach to achieve that goal is by using a team of SMEs and fully
documenting the RAs and the scientific rationale used. In addition, it is essential
for risks to be communicated to appropriate stakeholders and decision makers at
various stages of the risk management process.

The following issues should be addressed when conducting formal RAs for
PV in order to make them successful and acceptable to the regulatory authorities.

1. Minimizing subjectivity during risk ranking that can lead to uncertainty
and bias in the results obtained. An unbiased facilitator who is trained in
the application of the formal RA tool plays an important role in ensuring
the success of the RA. Note that regulators may challenge the risk scoring
and the outcomes of the RA if the risk scores are inadequately justified.
Hence, the main focus should be on documenting the risks, controls, and
any supporting rationale that are truly scientific, knowledge based, and/or
data based.

2. Clarity of business versus GMP risks and patient versus compliance risks
is essential.

3. Document GMP controls and the risk acceptance and risk control decisions
made from the risk management exercise.

4. Robustness, flexibility, and documentation of the individual risk evalua-
tions (assigning of numerical scales and values). Use of appropriate RA
tools and training is essential.
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5. Consider and document all the risk factors, not prematurely ruling out
while identifying risks because they may appear negligible.

6. Ensure management support for risk management program, with adequate
resources and investment at the beginning.

7. Have a process for ensuring communication of risks to appropriate stake-
holders including decision makers at various stages of the risk manage-
ment process.

8. Ensure that the RA establishes connections between process monitoring
and the initial validation as appropriate.

9. Ensure RA documents are usable at multiple sites.
10. Maintain RA documents current.

8.6 LIFECYCLE APPROACH

With the issuance of the FDA guide on PV, the activities of PV should be
viewed from a lifecycle approach [4]. The three applicable stages are process
design (e.g., process development, characterization, and validation), performance
qualification (e.g., equipment/utilities qualification and process performance qual-
ification), and maintenance of validated state (e.g., process monitoring, change
evaluation, and verification) (Table 8.2). Note that the FDA guide includes both
system (equipment and utility) qualification and PV. (Refer to Chapter 7 for QRM
application for system commissioning and qualification.) This chapter discusses
process development, characterization and validation, process performance qual-
ification (PPQ), and process monitoring as well as CV and cross-contamination
risks. Examples of QRM application in this chapter encompass process design
through continued process verification stages, including cleaning. PV studies add
to the knowledge throughout the lifecycle.

8.7 PROCESS DESIGN

Process design, such as process development, scale-up and characterization, starts
with the identification of the properties of a target molecule or new chemical
entity. As the product moves through preclinical and clinical studies (Phase I to
III), scale-up and manufacturing process optimization takes place. The process is
finalized before qualification batches at the commercial scale (also known as PPQ
batches). Before the start of PPQ, studies supporting commercial-scale manufac-
turing can be performed at any scale as long as it is representative of commercial-
scale manufacturing. Scaled-down models are used in process development and
characterization to increase process knowledge through increasing the number of
conditions tested. Any planned, documented study that adds process knowledge
and supports product licensure is considered part of PV in this chapter (e.g.,
development, characterization, validation, comparability, and compatibility).
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Process development and characterization is performed to establish a reliable
manufacturing process and to evaluate the effects of selected process parame-
ters and critical material attributes (CMAs) on process performance and product
quality. Quality by design (QbD) principles should be used when designing a
process. QbD is a risk- and science-based concept for the development of prod-
ucts and processes which recognize that quality cannot be tested into products but
should be built in by proper design. QbD principles increase product and process
understanding through the application of RAs and innovative tools and method-
ologies [18]. QbD results in robust manufacturing processes with boundaries that
can consistently deliver the desired product quality. The basis for the selection of
parameters or evaluation in process studies should include scientific rationale and
the use of risk-based approaches where relevant. The highest risk characteristics
(i.e., parameters with the greatest likelihood of product compromise) should be
evaluated first. All CPPs and CMAs for that unit operation or process step need
to be evaluated in PV studies. Screening experiments, fractional factorial design,
and response surface design studies can be used to determine CPPs [19,17].

Process development studies may be performed at laboratory, pilot, or man-
ufacturing scale. The cost of running experiments is exponentially higher at the
commercial scale compared to small scale. On the other hand, scaled-down sys-
tems can be completed independent of manufacturing operations. The studies
performed at the small scale must be representative of the manufacturing-scale
process in appropriate conditions and rationale, including equipment type/scale,
instrument calibration, and assay must be documented. Risk-based approaches
could be used to determine study type (e.g., generic or product-specific), number
of experiments, and scale. In the example given for roller compaction process of a
solid oral dosage product, the relative importance of inputs into the DoE is based
on an FMEA. Polymer concentration received the highest score and excipient
particle size the lowest, as shown in Figure 8.1. Hence, polymer concentration,
roller gap width, and roller gap force were subsequently evaluated in a DoE.

8.7.1 Risk-Based Study Design

Process input and output parameters must be identified for developing study
plans/protocols. Knowledge from other similar products and processes may be
leveraged to help design the study for a new product. At a minimum, the process
unit operations established during development (studies) should be defined before
the start of characterization or validation studies. pCQAs are identified using
scientific and clinical data before the start of formal PV [20]. When assessing
risks, all relevant data/information should be considered, such as product-specific
process development data, process knowledge from similar products (i.e., modular
data), manufacturing history (clinical and commercial), and scientific knowledge.
Process mapping is performed to document all input and output parameters.
Figure 8.2 shows the steps and considerations for PV in a risk-based approach. A
new study is not required if the process parameter range does not pose any risk to
product quality and patient safety. RAs can be used for study design, e.g., DOEs
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Figure 8.1 Pareto chart for relative importance of input parameters for DoE.
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Figure 8.2 Incorporating risk assessment into study design.
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and multivariate or univariate approaches [8]. Residual risk should be assessed
and documented in the RA report.

The risk-based approach uses risk ranking to classify process variables based
on their potential impact to CQAs, process performance, and possible interaction
with other parameters. Process parameters can be divided into three groups:
(i) parameters warranting multivariate evaluation; (ii) parameters whose ranges
could be supported by univariate studies; and (iii) parameters that do not require
new studies, but instead would employ ranges based on knowledge space or
modular claims established from prior knowledge. Each parameter was assigned
two rankings: one based on the potential impact to CQAs or other attributes (main
effect) and the other based on the potential of interactions with other parameters
(interaction effect). Main and interaction effects were multiplied to calculate the
overall severity score. The severity score serves as the basis for identifying study
types: multivariate studies (high scores), univariate studies (medium scores), or
no further study needed (low scores).

The following factors should be considered when performing RA:

• level of existing knowledge on effect magnitudes and potential interactions;
• historical data and scientific rationale that may indicate minimal risk and

justify that no additional studies are required;
• higher risk associated with impact on CQAs;
• potential of an unexpected interaction effect for a parameter with a high

impact main effect.

Table 8.3 shows a template to score main and interaction effects. On the basis
of the severity score (equal to main effect × interaction effect), studies can be
divided into various categories as shown in Table 8.4.

8.7.2 Critical Process Parameters

CPP is defined as a process parameter whose variability has an impact on a CQA
and therefore should be monitored or controlled to ensure the process produces
the desired quality [5]. CQA is a physical, chemical, biological, or microbiolog-
ical property or characteristic that should be within an appropriate limit, range,
or distribution to ensure the desired product quality. A process parameter that

TABLE 8.3 Template for Effects and Risk Scoring
Proposed Range Main

Effect Interaction Severity Process Potential
Process Rank Effect Score Outputs Interaction
Parameter (M ) Rank (I ) (MxI) Affected Partners Rationale
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TABLE 8.4 Severity Score and Study Strategy

Severity Score Experimental Strategy

High Multivariate study (DoE)
Medium Univariate study
Low No additional study required

influences important process performance outputs (e.g., titer, step yields or other
key performance indicators), but does not influence product quality is called a
key process parameter (KPP) by many biological firms [16]. Note that KPP could
influence product quality if an extreme deviation in that parameter were to occur.
Given here is an example of a risk-based approach for the identification of CPPs.
It is recommended that if an RA is used, it should follow a defined work pro-
cess (guidelines, expectations, milestones during development), which provides
support and training for conducting appropriate RAs for selecting potential CPPs.

8.7.2.1 New Products For new products, an RA can be incorporated in the
study design to determine whether there is a direct relationship between the pro-
cess parameters and a CQA. Also, the use of pilot, scale-up and manufacturing-
scale data will help determine if there are more CPPs.

8.7.2.2 Existing Products RAs and experimentation may need to be performed
to understand the nature of the change and the impact of process parameters and
material attributes on CQAs in the case of product/process improvement projects
that are in commercial manufacturing (Stage 3), such as:

• improving an existing quality characteristic;
• reducing or eliminating complaint(s);
• resolving an inspection observation;
• instituting a more efficient process (e.g., continuous process);
• instituting a real-time verification or monitoring program; and
• instituting new technologies such as PAT or real-time release testing.

This would include refining the criticality continuum (i.e., complete range of
scoring) in the initial relationships between CQAs and CPPs. On the basis of
an enhanced understanding of these relationships, an initial control strategy can
be designed or redesigned to demonstrate that a product of uniform quality is
produced consistently throughout the manufacturing process.

8.7.2.3 Effect of Processing Steps Some of the steps of drug product man-
ufacturing are notoriously more difficult than others. For example, blending a
powder mixture containing a very low percentage of an active ingredient such
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as 1%–2% would be a critical step unless there is a downstream blending step
that assures content uniformity, especially if the particle sizes of the ingredients
are not well controlled. Mixing a sparingly soluble ingredient into a solution at
nearly saturated concentrations is typically a critical step and parameters such
as mixing speed, rate of addition, and solution temperature may be CPPs. In an
RA for tablet manufacturing [21], several processing steps were viewed as high
risk (scores of 4–5 on a 5-point scale): compression (tablet), granulation (wet
and dry), mixing-blending, and pelleting. Measuring or weighing and primary
packaging were viewed as lower risk (scores of 3 or less on a 5-point scale).

8.7.2.4 Normal Operating Range and Proven Acceptable Range For an exist-
ing product, comparing the normal operating range (NOR) to the proven accept-
able range (PAR) should be considered when performing an RA of potential
CPPs. The assessment should also include consideration of the interaction of
potential parameters. The NOR is typically the range specified in the master
batch record, whereas PAR is demonstrated during development or characteriza-
tion/validation studies. An acceptable product is produced within the PAR range
[5]. It is paramount to know the variability of both the control parameters and
measurements at the target (set-point) and the limits. The variability of control
parameters and measurements will determine the level of risk. The probability of
exceeding the NOR/PAR limit and the consequence (i.e., severity) will determine
the level of criticality. A comparison of the NOR and PAR will typically reveal
one of the following general situations:

(I) When PAR is unknown: In this case, the PAR has not been identified or his-
torical information does not provide substantiation of acceptable ranges broader
than the NOR. It may be possible to establish the PAR from historical experience
with the process (e.g., from investigations). Another possibility is to assume that
the NOR and PAR are the same.

Figure 8.3 illustrates the case when NOR equals PAR and for two different
distribution patterns around the set points, A and B. This example shows how
control variability around the set-point is important. The likelihood or risk of
exceeding the operating limit for scenario A is much less than scenario B based
on the variability of the control from the set-point.

A higher risk of reaching the limit is apparent when the parameter’s variability
is greater and/or the set-point approaches the limit. For an existing process, if
PAR is unknown and variability of the parameter is

a) Lower (i.e., scenario A in Figure 8.3) compared to the limit then it is safe
to assume that PAR is equal to NOR. There is little value in determining
the PAR value as the risk or probability is extremely low of ever reaching
the approved limit.

b) Higher and/or close to the limit (i.e., scenario B in Figure 8.3), the likeli-
hood of reaching the limit becomes high and the parameter is considered a
CPP. In this case, it would be value added in determining the PAR, which
may be beyond the NOR.
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Set points

Normal operating range = 
Proven acceptable range

Higher risk

A

B

Figure 8.3 When PAR is unknown and considered equal to NOR. (See insert for color
representation of the figure.)

(II) When PAR is known: Compare NOR to PAR and size of the � (differ-
ence between NOR and PAR limits) (Figure 8.4). It is also important to know
the variability of the parameter within the NOR near the limits (e.g., normal
distributions). This will impact the likelihood or probability of maintaining con-
trol within the NOR. When the risk of exceeding the PAR is negligible or none,
knowledge of the edge of failure (EOF) is insignificant. The EOF could be near or
far from PAR, but would be inconsequential as it would never be reached. Also,
it is possible to tighten the NOR based on historical results and then ascertain
the level of risk.

• NOR is a significantly smaller range than PAR (as depicted in Figure 8.4,
scenario A). The value of � is relatively large and/or the variation of the

Set point

Normal operating range

Proven acceptable range

Δ Δ1

A
B

Figure 8.4 Determining level of risk-based on the spread between PAR and NOR,
variability of the operating parameter, and the location of the set-point. (See insert for
color representation of the figure.)
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parameter at the limit is relatively small. One can conclude that such param-
eters are not critical to product quality as the magnitude of � minimizes the
risk of exceeding PAR.

• NOR is close to one or both limits established by PAR and the value of � is
relatively small or the variability is large. In these cases, the parameter is a
potential CPP as the likelihood and risk of exceeding the PAR is higher. In
Figure 8.4, the higher variability of the parameter in scenario B compared to
A along with the smaller difference � (i.e., the distance between the dashed
line and solid line limits of PAR, �1) would increase the risk and thus lead
to categorizing it as a CPP.

Using RA of process parameters and selection of CPPs is consistent with
strategies used in industry publications [16,22–24]. The risk analysis used to
select the CPPs may be influenced by the ability of the equipment and supporting
systems to control process variables (e.g., temperature, pressure, agitation, com-
pression force, etc.). The equipment’s capability to control process parameters
within defined limits is typically demonstrated by commissioning and qualifica-
tion of the process equipment. Figure 8.5 shows a decision tree for evaluation
of CPPs and the role of RAs. A risk-based approach for CPPs is applicable in
both QbD and traditional approaches, but is slightly more extensive in the QbD
approach.

Other aspects of process control that are not operational parameters (e.g.,
output of an intermediate step) should be evaluated as part of the RA. These may
influence equipment qualification, method validation, and/or additional studies
that may be needed because of their importance to product quality, for example,
a performance parameter such as an in-process control (IPC) that may impact a
product CQA:

• endpoint of reaction of an API process;
• blend homogeneity of a drug product;
• level of insoluble particulate matter after filtration;
• environmental condition (e.g., temperature or humidity);
• equipment set points and configurations (nonoperational parameters but they

impact CQA);
• processing time limits, if the probable adverse consequence of exceeding a

time limit results in a risk of unacceptable final product quality, such as the
following:
• permitting an excessive reaction time in a synthetic API process when

this allows formation of an unacceptable amount of a process impurity
not adequately controlled by other means;

• delay in the processing of a mixture;
• other hold time limits that should be identified to understand process

capabilities.
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Risk assessment:
* Relationship of NOR to PAR
* Knowledge of edge of failure 
* Process robustness 
* Established control strategy
* Understanding of multivariate relationships

Non-critical parameter

Control strategy
based on
traditional

specification
setting

Control strategy
based on criticality

assessment of
variables

Yes No

Potential for variables to 
impact product quality?

No

Critical parameter

Low risk

High risk

Increased process understanding/knowledge

Yes

Risk assessment:
* Comparison of NOR and PARs
* Knowledge of equipment capabilities

Low risk

High risk

Knowledge space and
quality systems support

risk-based control
strategy?

Quality by design
approach

Traditional
approach

Figure 8.5 Decision tree for evaluation of CPPs using risk assessments.
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8.7.3 Example 1: Defining Controls for Tablet Compression/Coating Process

In this example, risk scoring is used to select controls for tablet compres-
sion/coating process. In the beginning, scales for severity, frequency of parameter
being out of range, and action thresholds are defined (Tables 8.5 and 8.6).

8.7.3.1 Determination of Overall Risk The overall risk is determined by a risk
index (RI). The RI is calculated as follows: RI = Severity (S) × Frequency (F).
Using the risk scoring described, an RI threshold was established to classify a
parameter as a CPP (Table 8.6).

Thresholds for action (or for determining criticality) based on risk scoring
should be agreed on by reviewers before performing RA. An example of action
thresholds based on this scoring strategy is shown here. Justification of val-
ues assigned to severity and frequency for each evaluated risk should be pro-
vided in the RA documentation. Table 8.7 shows an example of the output of
the RA.

TABLE 8.5 Four Level Scales of Severity and Frequency for a Process Parameter

Severity (S ) Definition Interpretation

8 High Predicted to cause severe impact to
quality

4 Moderate Predicted to cause significant impact
to quality

2 Low Predicted to cause minor impact on
quality

1 None Predicted to have no impact on
quality of product

Frequency (F ) or
Probability of
Occurrence Definition Interpretation

10 High Problem likely to occur frequently
(expected or has occurred multiple
times in the past)

7 Moderate Problem has occurred in the past and
can be expected to reoccur if action
is not taken to correct or prevent

3 Low Problem unlikely to occur but is
possible

1 Remote Highly unlikely to occur (probability
of failure occurring is so low that
it can be assumed that the failure
will not reoccur)
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TABLE 8.6 Three Action Thresholds

Risk category Risk Index, Maximum 80 Interpretation

Intolerable region RI ≥40: intolerable risk The risk is so severe that
it must be mitigated
and/or controlled

Broadly unacceptable
level of risk

RI <40 and >24: risk is
tolerable only if
reduction is
impractical (as low as
reasonably
practical-ALARP), or
costs of risk reduction
are disproportionate to
the benefit

Parameters with risk in
this region are
potential CPPs and
should be evaluated
bearing in mind the
benefits of accepting
the risk and the costs
of further risk
reduction. Risk
acceptance is based on
a case-by-case basis

Broadly acceptable level
of risk

RI ≤ 24: negligible risk The risk is negligible
(non-CPP). Further
risk reduction is not
necessary, however for
business reasons, or
decision makers may
decide to reduce the
risk further

8.7.4 Example 2: Mixing Study for Solutions and Product Pool

Biopharmaceutical manufacturing processes typically involve pooling of differ-
ent liquids or dissolution of powders into solution. The mixing process must
assure consistency and homogeneity without product degradation or other detri-
ment to product quality characteristics. The appropriate input parameters (e.g.,
temperature, mixing speed, time) and output (e.g., density, conductivity, clarity
of solution, pH, and product degradation) parameters for the solution should be
identified and measured during the mixing study. The mixing procedures that
may impact CQAs should be evaluated extensively to ensure the consistency of
manufacturing performance. QRM can be used to design and prioritize mixing
studies. Using science- and risk-based principles, a family approach (using the
hardest to mix solutions) or a modular approach (applying mixing times obtained
from other processes) can be utilized when justified. Relevant characteristics
and variables should be included in determining worst-case scenarios such as
solubility [25].

Factors that may impact solution mixing performance include tank design
and size, impeller type and position, liquid volume, temperature, mixing speed,
and time. On the basis of the expected outcome, mixing studies can be divided
into two types: 1) mixing that is likely to cause no product impact (e.g., salt

کوفا
دنیاي ش



T
A

B
L

E
8.

7
E

xa
m

pl
e

of
R

is
k

A
ss

es
sm

en
t

fo
r

C
au

se
/E

ff
ec

t
P

ro
ce

ss
P

ar
am

et
er

an
d

Id
en

ti
fic

at
io

n
of

C
P

P
s

R
ec

om
m

en
de

d
Pa

ra
m

et
er

/
A

cc
ep

ta
bl

e
Fa

ilu
re

Se
ve

ri
ty

Fr
eq

ue
nc

y
R

I
R

is
k

C
on

tr
ol

C
on

tr
ol

R
an

ge
M

od
e

E
ff

ec
t

C
au

se
C

on
tr

ol
s

(S
)

(F
)

(S
*F

)
A

ct
io

ns
D

ec
is

io
n

Pr
es

s
sp

ee
d

30
–

70
rp

m
O

ut
-o

f-
ra

ng
e

sp
ee

ds
(h

ig
h

or
lo

w
)

C
an

gi
ve

no
nu

ni
fo

rm
ta

bl
et

w
ei

gh
ts

,
th

ic
kn

es
se

s,
fr

ia
bi

lit
y,

an
d

ha
rd

ne
ss

,
im

pa
ct

in
g

pr
od

uc
t

po
te

nc
y,

an
d

di
ss

ol
ut

io
n

M
ac

hi
ne

sp
ee

d
co

n-
tr

ol
le

d
by op

er
at

or
(m

an
-

ua
l)

1)
D

efi
ni

ng
pr

es
s

se
t-

po
in

t
an

d
m

on
ito

ri
ng

of
pr

es
s

an
d

ta
bl

et
s,

2)
Pr

es
s

ve
ri

fic
at

io
n

or
qu

al
ifi

ca
tio

n,
3)

Ta
bl

et
te

st
s

at
va

ri
ou

s
pr

es
s

sp
ee

ds

8
3

24
Pe

rf
or

m
co

nt
in

uo
us

m
on

ito
ri

ng
,

al
ar

m
s

N
ot

C
PP

Fe
ed

er
sp

ee
d

60
–

10
0

rp
m

O
ut

of
ra

ng
e

(h
ig

h
or

lo
w

)

Im
pa

ct
s

ta
bl

et
w

ei
gh

t,
bu

t
no

im
pa

ct
to

pr
od

uc
t

qu
al

ity

M
ac

hi
ne

sp
ee

d
co

n-
tr

ol
le

d
by op

er
at

or
(m

an
-

ua
l)

1)
Fe

ed
er

ve
ri

fic
at

io
n

or
qu

al
ifi

ca
tio

n,
2)

Ta
bl

et
te

st
s

at
va

ri
ou

s
fe

ed
er

sp
ee

ds
,

3)
D

efi
ni

ng
fe

ed
er

se
t-

po
in

t
an

d
m

on
ito

ri
ng

of
fe

ed
er

an
d

ta
bl

et
s

2
7

14
Pe

rf
or

m
co

nt
in

uo
us

m
on

ito
ri

ng
of

ta
bl

et
ch

ar
ac

te
ri

st
ic

s
w

ith
ad

ju
st

m
en

ts
m

ad
e

to
en

su
re

re
qu

ir
ed

pr
od

uc
t

ch
ar

ac
te

ri
st

ic
s

ar
e

m
et

N
ot

C
PP

(c
on

ti
nu

ed
)

199

کوفا
دنیاي ش



T
A

B
L

E
8.

7
(C

on
tin

ue
d

)

R
ec

om
m

en
de

d
Pa

ra
m

et
er

/
A

cc
ep

ta
bl

e
Fa

ilu
re

Se
ve

ri
ty

Fr
eq

ue
nc

y
R

I
R

is
k

C
on

tr
ol

C
on

tr
ol

R
an

ge
M

od
e

E
ff

ec
t

C
au

se
C

on
tr

ol
s

(S
)

(F
)

(S
*F

)
A

ct
io

ns
D

ec
is

io
n

O
ve

rl
oa

d
se

tti
ng

M
ax

im
um

40
K

N
ew

to
ns

(N
O

R
)

H
ig

he
r

Po
te

nt
ia

l
im

pa
ct

to
ta

bl
et

w
ei

gh
t,

ha
rd

ne
ss

,
th

ic
kn

es
s,

fr
ia

bi
lit

y

M
ac

hi
ne

se
t-

up
er

ro
r

C
om

pa
re

to
ol

in
g

sp
ec

s
ve

rs
us

pr
es

s
ov

er
lo

ad
ca

pa
bi

lit
y

an
d

co
nt

ro
ls

;
M

an
uf

.
B

at
ch

R
ec

or
d

ch
ec

k

8
3

24
D

et
er

m
in

e
sp

ec
ifi

c
m

ax
im

um
fo

rc
e

al
lo

w
ed

to
av

oi
d

to
ol

in
g

da
m

ag
e;

ve
ri

fy
pr

op
er

m
ac

hi
ne

se
t-

up

N
ot

C
PP

Sp
ra

y
ra

te
To

ta
l

38
0

–
42

0
g/

m
in

fo
r

al
l

gu
ns

O
ut

of
ra

ng
e

(h
ig

h
or

lo
w

)

H
ig

h
sp

ra
y

ra
te

m
ay

im
pa

ct
ta

bl
et

ap
pe

ar
an

ce
an

d
di

ss
ol

ut
io

n.
L

ow
sp

ra
y

ra
te

ex
te

nd
s

co
at

in
g

pr
oc

es
s

tim
es

bu
t

no
t

cr
iti

ca
l

to
pr

od
uc

t
qu

al
ity

.

Sp
ra

y
ra

te
go

v-
er

ne
d

by
au

to
-

m
at

ed
co

nt
ro

ls
w

ith
lim

it
al

ar
m

s

Sp
ra

y
gu

n
no

zz
le

si
ze

,
an

d
nu

m
be

r
of

gu
ns

pl
ac

em
en

t
de

fin
ed

an
d

co
nt

ro
lle

d

8
7

56
R

at
e

pe
ri

od
ic

al
ly

ve
ri

fie
d

w
ith

in
ra

ng
e

by
op

er
at

or
;

co
nfi

rm
co

nt
ro

l
st

ra
te

gy
an

d
re

gu
la

to
ry

co
m

m
itm

en
t

C
PP

200

کوفا
دنیاي ش



Pa
n

lo
ad

w
ei

gh
t

26
0

–
34

0
kg

O
ut

of
ra

ng
e

(h
ig

h
or

lo
w

)

H
ig

h
lo

ad
w

ei
gh

t
m

ay
ex

ce
ed

fil
m

-c
oa

tin
g

eq
ui

pm
en

t
w

or
ki

ng
ca

pa
ci

ty
an

d
pr

oc
es

s
pe

rf
or

m
an

ce
.

L
ow

lo
ad

w
ei

gh
t

m
ay

ca
us

e
no

nu
ni

fo
rm

co
at

in
g

to
ta

bl
et

s.

Im
pa

ct
of

Pa
n

lo
ad

ch
ar

ge
is

un
kn

ow
n

m
on

ito
ri

ng
pa

n
lo

ad
ve

rs
us

fil
m

-c
oa

tin
g

ac
ce

pt
ab

ili
ty

8
3

24
A

dj
us

t
pa

ra
m

et
er

s
fo

r
ea

ch
pa

n
lo

ad
to

en
su

re
ap

pr
op

ri
at

e
pr

oc
es

s
pe

rf
or

m
an

ce

N
ot

C
PP

201

کوفا
دنیاي ش



202 PROCESS LIFECYCLE VALIDATION

solution); 2) mixing with potential product impact (e.g., shear-sensitive prod-
uct). Undermixing (i.e., inadequate) would be a concern in both cases because
of a nonhomogeneous condition that may cause a nonrepresentative assay sam-
ple, quality, or yield impact; however, overmixing (i.e., excessive) should be
prevented for shear-sensitive products because of potential product degradation
or physical breakdown. The factors that impact mixing and could contribute
to product impact because of overmixing are power per volume, mixing time,
agitation style, temperature, product type, and concentration.

The first step in a risk-based approach is to identify mixing equipment, size
and configuration, and mixer type by the process steps. Risk analysis of the
mixing process parameters (i.e., input variables) and their impact on product
quality would then help design the mixing study to determine appropriate mixing
parameters for manufacturing operations. Figure 8.6 shows mixing behavior (i.e.,
homogeneity) in a 15,000 liter tank for solutions, where the sample was collected
from a sample port. As expected, concentration varied initially with time, but a
homogeneous condition is achieved within 6 min of time for working volumes of
2001–14,997 liters (Fig. 8.6). Sampling at various locations would have revealed
additional data on mixing dynamics at the prehomogeneous state; however, sam-
pling from the top, middle, and bottom of the tank is not required to determine
a homogenous condition. Solution samples from any location should provide the
same results (except measurement variability) once a homogeneous condition is
reached. As shown in Figure 8.6, a homogeneous condition is independent of
sample locations; hence, there is no need to create a special sampling device to
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Figure 8.6 Mixing in a 15,000 L tank. (See insert for color representation of the figure.)
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Figure 8.7 Mixing time as a function of power/volume.

sample from the top, middle, and bottom for liquid mixing. However, samples
at various locations may be required for mixing with potential product impact or
nonsteady-state condition.

Figure 8.7 shows a relationship between power/volume and mixing time to
establish mixing time and speed for a mixing process. An appropriate mixing
speed can be selected using the data on equipment capability and manufacturing
needs, including product characteristics (e.g., physical processing, shear-sensitive
solution). Higher speed and shorter time is appropriate for physical mixing,
whereas low speed and longer time would be desirable for shear-sensitive mixing.
Table 8.8 shows the RA of mixing parameters and their impacts for product pool
mixing in biologics manufacturing to develop a small-scale study. Historical data
showed that there was a decrease in filterability because of protein aggregates
formation or precipitation.

8.7.5 Example 3: Hold Times Study for Solutions and Product Pool

The chemical/biochemical stability of process solutions and intermediates should
be studied for storage time and condition. The validation approach should include
physico–chemical/biochemical stability and contamination control (e.g., biobur-
den, and endotoxin). In-process hold stability studies should be performed to
demonstrate product stability throughout specified in-process hold times and man-
ufacturing conditions (e.g., temperature, pH, etc.).

Contamination control and stability studies can be combined into one study
or performed separately. Stability of the solutions is typically performed
using scaled-down models, and assays include the measurement of chemical
attributes, such as pH, conductivity, or component concentration, over time.
The scaled-down container must be made of identical material as used in the
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TABLE 8.8 Risk Analysis of Mixing Parameters to Design Small-Scale Studies

Factor that may Impact or Effect on Approach for
Impact Mixing Product Quality Study Design

Type of mixing
equipment

1) Filterability decreases with
long exposure to bottom
mounted magnetically
driven mixers,

2) little or no impact with top
mounted mixers or bottom
mounted shaft driver mixer

Develop scale-down model
for both top mounted shaft
driver and bottom mounted
magnetically driven mixers

Power/volume As agitation rate and
power/volume increases,
filterability decreases

Use worst-case power/volume
target for each type of
mixer

Time As mixing time increases,
filterability decreases

Evaluate the impact of
holding up to and past
validated hold time at
temperature range

Temperature As temperature increases,
filterability decreases

Evaluate the impact of
temperature range at
holding up to and past
validated hold time

Product pool As concentration increases,
downstream filterability
decreases

Use pool with highest product
concentration (e.g., diluted
ultra filtration/diafiltration
(UF/DF) pool)

Known vulnerability to
precipitation caused by pH
and temperature changes

Test pools that have a
tendency toward
precipitation

commercial process and must represent a worst-case scenario with respect to
the solution–container and the air–liquid interfaces.

In a traditional hold time study, the solution is held at a desired condition for a
specific duration in triplicate and samples are collected at the beginning and end.
The validated hold time is then established on the basis of the end points meeting
acceptance criteria, such as 5 hours in Figure 8.8. This study does not provide
any information about the behavior of the solution after the maximum time of 5
h; hence, an additional study is required for instances where any time-validated
hold time is exceeded during manufacturing.

In a risk-based hold time study, the impact of hold on process parameters (e.g.,
time, temperature, concentration, etc.) is analyzed to determine the potential effect
on product or solution characteristics. Then the solution is held at a worst-case
condition (e.g., temperature and mixing speed) for an extended period of time
(i.e., beyond 5 h in this example). Samples are taken at various time points
and a maximum hold time without significant change in output characteristics is
considered the maximum validated hold time (Fig. 8.9). Note that the decision
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Figure 8.8 Traditional hold time validation (performing three experiments). (See insert
for color representation of the figure.)
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Figure 8.9 Risk-based hold time study (samples at various time points).

on testing of total number of samples may be taken on the basis of the results of
end point samples. More data points in this case would help with making batch
release decisions when the hold time exceeds the NOR and for determining the
rate and trend with time. For example, the product should be rejected when a time
of 5 h is exceeded for solution #2 as a significant measurable decline occurred
after 5 h. However, the hold time may be extended for solution #1 for up to 10
h based on solution stability (i.e., lack of decline in the trend line). This risk-
based approach provides more information about the solution behavior with time
compared to the traditional method.

8.7.6 Risk Prioritization in Large-Scale Experiments

Running commercial-scale experiments is expensive and requires considerable
plant time and resources. RAs can be used to identify the processing parameters
that pose the highest risk to product quality [26]. Given here are the steps for
risk prioritization for commercial-scale experimental design at sterile fill/finish
and packaging operations.
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Step 1: Gather Information (e.g., Process Mapping, Flow Charts, Historical)
Perform process mapping and list all processing steps, operating parameters, and
IPCs.

Step 2: Identify Potential Sources of Harm, Hazards, or Parameters to be Ranked
Identify all potential risk factors, failure modes, hazards, or parameters in the sys-
tem. At this step, it is important not to judge or evaluate the risk but to brainstorm
all potential hazards regardless of severity or frequency of occurrence. Potential
risks for fill/finish operations include patient safety; product degradation and
misbranding; microbial, endotoxin, viral, and chemical contaminations; product
quality and stability; vial integrity; and appearance.

Step 3: Define Scales (Severity, Occurrence, Detection) and Thresholds of the
Ranking Evaluate each risk factor, hazard, or parameter against the predeter-
mined scales and perform the ranking. FMEA or any other RA tool can be used
to determine risk ranking. Severity scales would be the consequences to prod-
uct quality or patient safety if the hazard were to result in harm. What are the
failure modes/hazards and their effects, pathways/sources/controls, and detection
mechanisms? Then, prioritize the risk based on the risk scores.

Step 4: Identify Area that Poses Highest Risk From the risk ranking data identify
steps or areas with highest risk scores using a Pareto analysis (Fig. 8.10). Scores
reflect cumulative risk profile per hazard/risk type to ensure controls are aligned
accordingly. Similarly, ranking can be performed to identify manufacturing steps
with highest risk, or alternatively an RA tool such as HACCP can be used
to identify, rank, monitor, and control the critical points in the manufacturing
process. Note: Critical control points (CCPs) may not be the same as CPPs.

Step 5: Experiment Design and Execution A DoE should be performed to deter-
mine design space and control range for CPPs. For parameters that pose minimum
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Figure 8.10 Pareto chart of hazard analysis for bulk thaw and freeze process.
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risk, commercial-scale experiments are not required. Here are the steps for exper-
imental design and execution.

1. Collect input from SME(s) to identify input parameters that may impact
product quality attributes.

2. Identify potential interactions between two or more parameters.
3. Define preliminary operating ranges for each mechanical parameter.
4. Design and execute specific experiments (e.g., DoEs) to study parameter

interactions and their impact on product quality.
5. Use the DoE results to define key mechanical parameter operating windows

for optimal equipment set points.

Benefits of commercial-scale mechanical DoE study include the following:

• improved understanding of production processes and equipment through
hands-on experimentation;

• identification of high risk activities;
• definition of optimal process windows (parameter operating ranges);
• discovery of equipment issues/mismatches;
• more reliable production output; and
• more consistent product quality.

Step 6: Risk Control Strategy and its Effectiveness Develop and document a
risk control strategy. It should include a summary of the results obtained from
the RA, the actions that were or need to be taken to control the identified risks,
any risk acceptance decisions, and the estimation of the residual risk remaining
in the product/process, together with the rationale as to why this level of risk is
acceptable.

The effectiveness of the risk reduction strategies developed and implemented
as a result of the QRM process needs to be monitored on an ongoing basis
following its implementation. This monitoring can take the form of changes to
existing production documentation to ensure the appropriate testing implemented
becomes part of the standard manufacturing process for the product. The follow-
ing tools, data and information can be used to determine the effectiveness of a
control strategy:

• inputs process variables—statistical process control (SPC) and process capa-
bility indices for critical input parameters;

• outputs (quality control assay results)—SPC and process capability indices
for critical and key quality attributes; and

• discrepancies, CAPA (corrective and preventive action), deviations, and
product complaints.
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8.8 PROCESS PERFORMANCE QUALIFICATION

Data must exist to demonstrate that the commercial-scale manufacturing process
is reproducible, can be maintained within established parameters, and consis-
tently produces products that meet specifications. This could be done by actual
commercial-scale batches or by process knowledge and data from PV studies,
which must be statistically and scientifically sound. Successful PPQ is reflected
by the level of robustness of the manufacturing formula, process recipe and SOPs.
Equipment and supporting systems to be used for the PPQ need to be qualified in
accordance with GMPs [4,6,27]. In most cases, PPQ will have a higher level of
sampling, additional testing, and greater scrutiny of process performance. Consis-
tency beyond the initial qualification batches is demonstrated through continued
monitoring of a subset of the original parameters evaluated during PPQ.

In the past, it has been generally considered acceptable for three consecutive
batches under routine operating conditions to constitute initial validation of the
process or changes to an existing process. This became the norm in the industry
with limited or no inspectional scrutiny from the agencies. Under the new concept
of using a science- and risk-based approach, when selecting the number of batches
in PPQ, appropriate use of scientific data, risk management, and statistical tools
should be considered. Three batches should not be selected without taking these
considerations into account. A FDA colleague has stated that between 2 and 30
would be a range probably used to satisfy the FDA’s new paradigm [28]. Note
that international guidances currently maintain an approach that is less risk based
and typically follow a three-batch approach [6,7].

Robustness of contamination controls that prevent bioburden, endotoxin, or
foreign contaminants into a process must be demonstrated. This is accomplished
through a combination of process controls such as raw material specifications and
testing, equipment cleaning and sanitization, operational control, and in-process
monitoring during the production of drug substances and drug products. Clean-
ing, sanitization, sampling, sterilization, and depyrogenation processes should be
qualified or validated to limit the introduction of bioburden into the process.
The manufacture of sterile drug products is subject to specific validation require-
ments, depending on whether the product is terminally sterilized or aseptically
processed, in order to minimize the risk of microbiological and pyrogen contam-
ination. Aseptic processing operations, such as sterile sampling, filtration, filling,
and lyophilization are considered by regulators as higher risk processes. For
mammalian cell culture processes, viral clearance studies must be performed
to assess effectiveness of the process steps in inactivating/removing viruses
and to measure quantitatively the overall level of virus clearance by the pro-
cess.

The scope and extent of validation-related testing of qualification batches may
exceed that of routine commercial manufacturing. In addition to standard speci-
fication tests, comparability studies may include those additional tests needed to
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document that the processes operate comparably and produce comparable prod-
ucts. Evaluation of historical data from multiple commercial manufacturing sites
may be included in this assessment.

8.8.1 Technology Transfer

The goal of technology transfer activities is to transfer product and process
knowledge between development and manufacturing, and within or between
manufacturing sites to achieve product realization [17]. The transfer must
demonstrate comparability of the product and process between the donor and
recipient sites. Changes to the recipient site facility, equipment, or automation
systems, and process should utilize quality approved change control processes
during all phases of the transfer. Verification of GMP readiness of the equipment
and systems is required before manufacturing of commercial-scale batches.
The process transfer should follow a structured process with defined milestones
as described in a master transfer plan (MTP). The level of detail in the MTP
documentation should be commensurate with the level of complexity of the
transfer and should include the following elements: objective, scope, governance
structure (i.e., management and decision-making responsibilities), transfer
responsibilities, transfer acceptance criteria, transfer deliverables, and target
dates.

Transfer deliverables should include (but not be limited to) the following:

• QC methods transfer report;
• raw materials transfer report;
• equipment/systems assessment, including materials of construction and capa-

bilities;
• risk assessments;
• recipient site manufacturing batch records and SOPs;
• validation summary reports (e.g., equipment, automation, cleaning, process);

and
• MTP summary report confirming that acceptance criteria for the transfer

have been met and the process has been successfully transferred.

There may be multiple RAs associated with a technology transfer (e.g., RAs for
process changes, facility and equipment changes, method transfer, multiproduct
operations, etc.). Therefore, it is important that QRM activities are adequately
planned; this QRM planning can be incorporated into the MTP. As noted earlier,
the risk-based approach may be qualitative (e.g., technical rationale, checklist,
decision tree, etc.) or may involve the use of specific scoring tools (e.g., PHA,
FMEA, etc.). When risk scoring methodologies are used, it is important to ensure
consistency in the scoring and risk evaluation (e.g., risk priority number (RPN)
matrix) criteria used for all transfers. Given here are some risk management
activities that may be useful in a typical technology transfer. QRM application
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for multiproduct operations in order to avoid cross-contaminations is shown in
Example 4.

Multiproduct Facility Risk Assessment This RA should be performed during
the introduction of a new product to assess and review any potential cross-
contamination or nonroutine risks of mix-up between existing products at the
facility and the new product. An example of a nonroutine risk is loading of an
incorrect automation recipe as the operator may have recipes for multiple prod-
ucts to select from. On review of these risks, appropriate multiproduct controls
should be identified and implemented, as determined through the RA. If no new
multiproduct risks are identified with the introduction of the new product, the
existing multiproduct RA does not require further update.

Process Change Risk Assessment If any process changes are being made as
part of the transfer, an assessment should be performed to ensure that the process
changes do not introduce any unacceptable quality risks and that proper controls
are in place for the manufacturing process. A PHA, FMEA or FTA may be
used to evaluate the hazards or failure modes associated with differences in the
manufacturing process between the donor and recipient site.

Facility/System/Equipment Modifications for Process Fit The risks associated
with modifications to existing facility, systems, or introduction of new equip-
ment to ensure process fit at the recipient site should be assessed and managed
adequately. Where RAs exist for the impacted system/equipment, they should be
reviewed and updated for any new risks associated with the change being made.
This RA should identify if additional controls or commissioning/qualification
activities are needed to support the implementation of that change.

Analytical Methods Transfer Analytical methods are transferred to a receiving
site to support in-process and release testing. The methods transfer should be
performed in accordance with a methods transfer protocol. The risks associated
with the methods transfer can be assessed through a technical rationale or by the
use of an RA tool similar to a PHA. The results of the RA should help determine
if additional controls are required for transferring and executing the method at
the recipient site.

Risk Control After completion of the RA, decisions need to be taken on further
risk reduction or risk acceptance. It is essential to identify the decision mak-
ers (person with the competence and authority to make appropriate and timely
QRM decisions and document the risk control decisions including the associated
rationale where needed [11].

When a risk scoring methodology is used, the following approach is an
example for determining the order of risk control actions (NOTE: Risk control
includes risk reduction and risk acceptance).
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1. High risk scores (RIs or RPNs): address those with highest severity first
for risks with identical RIs or RPNs.

2. High severity: consider controlling items of extreme severity even if total
RI or RPN is not very high.

3. High occurrence: recurring problems indicate improvement opportunities.
4. Low detection: improving detection can allow the risk to be noticed when

it occurs and managed before it impacts product quality or patient safety.
5. Risk acceptance: if it is not practicable to reduce the risk further the ratio-

nale for why the risk is being accepted (e.g., a risk benefit analysis) and the
persons accountable for the risk acceptance decision, as well as monitoring
plan, should be documented.

Results of the RA and risk control implementation should be documented
and residual risks should be evaluated to determine if further risk reduction
is required. Formal acceptability of the residual risk should be approved by
appropriate decision makers.

Risk Management Report The risk management report summarizes the results
of the RA, risk control strategies, residual risk, and rationale for why the level
of risk is acceptable and the frequency for periodic review. The report should
be approved by the appropriate decision makers including process owner and
quality unit.

Risk Review On the successful technology transfer and operational startup of
the process, completion of the initial RAs and implementation of risk control
strategies, residual risks need to be monitored to ensure that risk controls are
appropriate and that no new risks have been introduced without appropriate con-
sideration. The RA and risk control strategies should be reviewed and updated to
maintain risk management as a “living” process. One or more of the following
instances will require updates to the RA document:

1. identification of new risks or changes to existing risk profile during routine
operations;

2. introduction of new controls or changes made to existing controls; and
3. need for change in previous risk control decisions.

Some instances where changes to risks or controls can occur are changes
that could potentially impact system/process configuration (e.g., changes to open
vs closed processing), changes to QC testing requirements, changes that could
potentially impact filter design, use, or operation, or in case of significant events
such as investigations (e.g., contamination, etc.) or adverse monitoring trends.
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8.8.2 Example 4: QRM Application for Multiproduct Operations

The scope includes assessing the risks of cross-contamination and nonroutine
operations (e.g., mix-ups between product operations such as loading of an incor-
rect automation recipe) pertinent to multiproduct manufacturing, including risks
associated with difficult-to-clean equipment, breaches of closed systems, and
incremental controls in addition to single product controls for the manufacture
of multiple commercial products.

In this example, a cross-functional team of SMEs performs a touch point
assessment using the FMEA tool to quantify the relative risk and document
current controls used to minimize the risk for multiproduct operations. The touch
point assessment performed for this RA is a comprehensive evaluation of shared
personnel, space, equipment, tools, and utilities. The FMEA includes risks typical
to a multiuse facility and baseline controls. Severity is scored based on cross-
contamination between commercial products. Occurrence and detection scoring
are based on operations and current detection methods.

Step 1: Risk Identification A process map is created to identify all steps in
the manufacturing process. For each process step, failure modes related to cross-
contamination and nonroutine events are identified for the following categories:

• cleaning;
• maintenance;
• waste handling;
• storage;
• sampling;
• small parts;
• shared corridors and common areas and rooms;
• utilities;
• shared equipment and instruments; and
• personnel/gowning.

For each cross-contamination category and identified risk, the multiproduct RA
team conducts a touch point assessment. The touch point assessment is based on
the assumption that contamination is a three-step process:

• release of a contaminant out of a process or product stream;
• transport of a contaminant between process or product streams;
• entry of a contaminant into a process or product stream that is different from

the process or product stream that released the contaminant.

For contamination to occur there must be a point of contact, or touch point
between a contaminant, a mechanism of transport, and an uncontaminated produc-
tion process. This touch point allows the possibility of transporting components
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from one product stream into another product stream. Without a touch point, the
cross-contamination process flow is interrupted and transport cannot occur.

Certain general facility risks, which are inherent to the facility and are not spe-
cific to cross-contamination risks, may be excluded from this evaluation. General
facility risks include the following:

• environmental factors inherent to biochemical manufacturing (e.g., biobur-
den);

• activities that occur outside of the facility (e.g., transport of personnel and
materials);

• receipt of raw materials; and
• QC testing of multiple products.

Step 2: Risk Analysis Following the identification of cross-contamination and
nonroutine event risks, a detailed RA is performed. The FMEA tool is used
for this analysis of all multiproduct touch points. Each identified risk is analyzed
using the severity, occurrence, and detection scoring criteria. The severity of fail-
ure, probability of occurrence, and the ability to detect a failure that could result
in cross-contamination or nonroutine event is determined for each risk identified
and scored. The severity of the cross-contamination event is determined based
on the type of cross-contamination or nonroutine event between two commercial
products.

Probability of occurrence is based on the general multiproduct controls as well
as facility-specific controls that help reduce the occurrence of the failure mode.
The detection score is based on the ability to detect the failure mode or potential
cause of the failure mode. The cross-contamination risk is estimated for each
identified risk and a RPN is calculated.

Step 3: Risk Evaluation and Risk Control Strategy The cross-contamination risk
prioritization matrix is used to determine risk acceptability and assess mitigation
controls needed on the basis of the calculated RPN value. For example, critical
risk, high risk, medium risk, and low risk. The critical risks must be mitigated
immediately and the high risks need active mitigation projects. Low and medium
risks are those considered acceptable and no further action is required.

The RA also identifies additional risks classified as acceptable with controls,
such as the following:

• transport of waste in shared corridors and common areas;
• transport of soiled equipment and parts in shared corridors and common

areas;
• cleaning supplies and equipment that are not product dedicated; and
• cross-contamination via small parts, shared equipment, and shared areas.
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For each of these items, further evaluation of the controls is required. Addi-
tional corrective and preventative actions may be implemented on the basis of
these evaluations. When a new product is being introduced to the facility, it
will be evaluated against the approved RA to determine if additional incremental
controls need to be considered.

8.9 CONTINUED PROCESS VERIFICATION

Assurance that validated processes continue to perform as originally validated
is achieved through IPCs, testing against in-process limits and product speci-
fications, change control, ongoing process monitoring, annual product reviews,
and ongoing risk management. Ongoing process monitoring and review should
be performed to assure that processes are operating in the validated state and
confirms initial decisions on PPQ acceptance criteria. The monitoring strategy
should be documented (e.g., parameter monitoring, SPC).

Various changes that occur during a manufacturing process lifetime include
normal process variability over time, changes in equipment and control system,
and process improvement. Trending of process monitoring data at established
intervals is useful in the ongoing evaluation of the process. Statistical analy-
sis and trending of the data should be applied to alert any undesirable process
behavior. Where no significant changes have been made and process monitoring
or continuous verification confirms that cumulative changes have not impacted the
validated state of the system or process, and that they are consistently producing
results or the product meeting its specification, then there is no need for pro-
cess revalidation, unless explicitly required by regulatory authorities. Changes
to processes, raw materials, specifications, methods, procedures, labeling, and
packaging systems must be evaluated per approved change control procedure.
RAs and other actions that support the implementation of a change should also
be documented and approved.

The evaluation of process changes can determine the significance of the change
and define the necessary supporting validation study requirements and any poten-
tial requirements for regulatory reporting. Validation of changes may require a
repetition of studies originally used to validate the process or new studies to
test specific aspects of a change. An evaluation of the potential impact of a
change on that unit operation, as well as potentially impacted steps downstream
of that unit operation, is made to determine the scope of required validation.
When evaluating the potential impact of a change, the associated risks for the
parameters that impact product quality should be reexamined. Revisiting the RA
should include all parameters that may impact product quality, not just those
identified earlier as CPPs. While overall it may appear that no quality impact is
likely, some aspects of a change can alter the potential risk of deviation, perhaps
leading to a different conclusion of whether a parameter should be classified or
reclassified as a CPP. See Chapter 13 for details on QRM application in change
control.
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8.9.1 Determining the Significance of a Process Change

When defining a need to conduct additional validation for a process change, the
risks associated with that change should be evaluated to determine the impact
of the change (e.g., the degree of significance) and the likelihood of that change
leading to any potential failure. The following are examples of questions that
could be asked relating to the significance of the change and answers would lead
to the ranking of the change based on associated risks:

• degree of sameness or similarity to the existing conditions, formulation,
process, etc.;

• impact on a CPP, CQA, AQL, or release criteria;
• nature of the change or correction: permanent or temporary, severe or mild;
• location of the change in the overall process (e.g., final product—early or

late in the process);
• type of dosage form;
• impact on validation: is the change within validated range?
• impact on compliance with a regulation, GMP guideline, regulatory-filed

condition or parameter;
• impact on the patient or customer; and
• impact on the firm’s reputation, supply, or business.

The likelihood of occurrence of a failure or problem could be based on the
following:

• amount of process understanding and knowledge;
• past history of the area, part, or item that is being changed;
• deviations in the past with respect to this change or similar type of change;
• ability to detect failure as quickly as possible and no later than before the

product leaves the site or manufacturing area, if there is a problem with the
change (i.e., detection component of RA);

• comparison of before and after the change, whether it includes any studies
that may demonstrate reduction in further likelihood of occurrence; and

• history of inspectional or regulatory observations, citations, etc.

Where a risk scoring tool is used, risk scores obtained by combining the
two components, degree of severity and frequency, would lead to the final RI
score, which could then be used to determine the extent and timing of any
additional validation studies. Note that the detectability component may be added
on the basis of the RA tool used (e.g., FMEA). Similar to Example 1, scales
and predetermined thresholds need to be established before scoring the risks for
severity and frequency (and detectability).
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8.9.2 Defining a Periodic Review Schedule of Validated Process/Systems

When defining a review schedule of validated systems/process, a risk-based
approach could be used to rank the systems or classify them according to com-
mon features. For example, potential sources or factors influencing the schedule
could be as follows:

• criticality of the quality attribute being measured;
• deviations or past history of the system; and
• production volume or use of the system.

Four levels of severity and probability are defined in this example. Severity
would be a measure of the criticality or impact on the validated system. Table 8.9
shows that severity depends on four levels of control of CQAs and CPPs. Fre-
quency is based on percentage of batches with deviations and production volume,
also with four levels. Those systems that directly control or impact a CQA or CPP
would be the most severe, whereas monitoring a noncritical parameter would be
the least. If a system has frequent deviations (>2%) or use (>50 batches/year),
the system would have the highest frequency.

In this example, risk scores (i.e., Severity × Frequency) would range from 1
to 16 (Table 8.9). Predetermined thresholds of review periods could be ranked or
grouped into periods of time. A risk score was used to rank systems into three

TABLE 8.9 Definition of Severity and Probability for Review Scheduling of
Validated Systems

Ranking Severity Probability or Frequency

1 Monitors a quality
attribute(s) that is
classified as noncritical

No deviations for 5 years and/or
low production volume (≤3
batches/yr)

2 Monitors critical quality
attributes

No deviations since last review
(2–5 years) and/or low
production volume (4–8
batches/yr)

3 Indirectly controls critical
process parameter/critical
quality attribute

Deviations ≤2% of the batches
produced since the last review
(2 years) and/or moderate
production volume (9–50
batches/yr)

4 Directly controls critical
process parameter/critical
quality attribute

Deviations observed in >2% of
the batches produced since the
last review (2 years) and/or
moderate production volume
(>50 batches/yr)
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predetermined thresholds, leading to review periods of 1–5 years. For example, a
risk score above 12 (out of 16) would be reviewed annually, intermediate scores
6–9 would be reviewed every two years and no periodic review is required for
scores <6.

8.10 CLEANING VALIDATION AND CROSS CONTAMINATION RISKS

CV is establishing documented evidence through a collection and evaluation of
data that will provide a high degree of assurance that a specific cleaning process
will produce cleaning results that are consistent and reproducible, meeting its
predetermined level [29]. The purpose of CV is to:

• ensure that cleaning procedures are adequate for cleaning new products
and/or new equipment;

• ensure that residues after cleaning of equipment are reduced to an acceptable
level before the manufacture of the next batch and/or the next product in
the same equipment;

• assess a new product and/or new equipment for cleanability before GMP
production;

• provide ongoing assurance of a state of control of validated cleaning proce-
dures through monitoring and periodic revalidation; and

• evaluate changes to cleaning processes, other manufacturing processes, and
equipment to maintain these validated cleaning processes in a state of
control.

The design and cycle development for an automated cleaning process is con-
sidered a prerequisite for CV. Maximum allowable time intervals for dirty or
noncleaned hold times (time between equipment use and cleaning or steriliza-
tion) and clean hold times (time elapsed between cleaning and equipment use)
should be established [7,14]. The dirty and clean hold times should be reasonable
and not excessive and lengthy; risk-based approaches may be used to determine
the extent of validation of these parameters.

According to the ICH Q9 Guide, risk-based approaches are acceptable in
differentiating efforts in cleaning of equipment based on intended use [11]. A
risk-based approach could be used to determine validation strategy, sample sites
and testing, acceptance criteria, small-scale study, number of commercial-scale
experiments, and appropriate control to prevent cleaning failures [30]. There are
several elements of cleaning process development, control, and validation includ-
ing but not limited to cleaning solution, cycle parameters, equipment type, hold
times, sampling techniques, analytical assays, and acceptance criteria [31,32].
Small-scale cleaning studies may provide a useful model to evaluate cleanabiltiy
of new products relative to the worst case and determine the need to perform
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validation [33]. Unlike cleaning development studies on a commercial scale,
which require large amounts of material, small-scale cleaning studies can be per-
formed with very low material requirements and well in advance of technology
transfer to the manufacturing facility. They also provide the benefit of perform-
ing cleaning evaluations under controlled simulated conditions, thereby offering a
useful tool to characterize the cleaning process. However, small-scale data should
be verified at the commercial scale. Authors observed that cleaning without any
detergent could be as effective in some instances (such as buffer tank), thereby
eliminating the risk of product contamination by residual detergent.

Absence of a risk-based approach makes the validation unnecessarily complex
and/or time consuming. Finally, the extent of revalidation after a change should
be justified on the basis of the risks associated with the change.

The following are some of guidances/references related to QRM application
in CV:

• Product grouping can be accomplished through RAs [6]. Worst-case prod-
ucts, equipment, or limits can be determined on the basis of solubility,
potency, toxicity, difficulty of detection, cleaning behavior, etc. Determining
the most-difficult-to-clean product (i.e., worst-case product) from a group of
products should involve a risk ranking based on cleaning behavior, history,
and solubility.

• Cleaning limits and sampling locations should be determined on the basis
of RA [10]. For example, limits could be based on risk for potential car-
ryover, toxicity, detectability, past history, safety factors, etc. For sampling
locations, areas or equipment could be ranked or classified on the basis
of severity/impact to product quality (e.g., nature of operation, toxicity,
extent and impact of contamination), likelihood of occurrence (e.g., possi-
bility of contamination), detectability (capability to detect, inspect), or any
combination of these three elements.

• Level of containment based on severity (i.e., toxicology, acceptable daily
intake, hazardous nature of the compound(s)) and the frequency (degree
of exposure) of contamination of drug product and/or manufacturing
personnel [34]. Contamination and cross-contamination issues may be
directly related to CV and would be good areas for use of a risk-based
approach [14].

8.10.1 Equipment Dirty Hold Time in Cleaning Validation

There is little guidance on how to establish or extend equipment hold times
in CV, other than three commercial-scale validation experiments. Using a risk-
based approach is one possibility. For example, a site producing multiple products
used an FMEA to establish the number of experiments required for establishing
the dirty equipment hold time (DEHT). Severity, occurrence, and detection were
defined on a scale of 1–10 (Table 8.10). RPN (severity × occurrence × detection)
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TABLE 8.10 Severity, Occurrence, and Detection Rating for Cleaning Studies
Extreme Risk−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→

No Risk

Rating Severity Occurrence Detection

10 Extremely
high, cause
harm to the
patient

Very high,
failure
almost
inevitable

No detection,
defect caused
by failure is
not
detectable

7 High High Significant risk
of no
detection

5 Moderate,
customer
experiences
some dis-
satisfaction

Moderate,
e.g., once
a month

Probable
detection,
process is
monitored
with
manually
inspection

3 Minor Low Very high
chance of
detection

1 None, no
effect

Remote,
almost
never

Almost certain
to detect,
defect is
obvious and
can be kept
from
affecting the
customer, all
units are
automatically
inspected

TABLE 8.11 Determining Number of Hold Time Experiments or Extent of
Sampling Using RPN

RPN Number of Experiments (Extent or Sampling Required)

<125 0–1 (minimal or none)
125–150 1–2 (confirmation or moderate)
>150 >3 (multiples or extensive)

thresholds were established to determine the experimentation needed to justify
dirty hold times (Table 8.11).

The following risk factors should be considered for establishing the DEHT:

1. Drying on product surface: Certain organic compounds, APIs, waxes, or
polymeric formulations may harden or dry on standing, making them more
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difficult to remove. Examples are polymethylacrylates as coating polymers
and residues in bioreactor after production campaign. In some cases, it is
possible that after drying of the residue during normal manufacturing, fur-
ther increase in hold time will have no effect on the difficulty of cleaning to
remove product residue. For example, this may be the case when process-
ing conditions are significantly more severe than idle hold time conditions
(e.g., drying a product in a Rosenmund filter for three days at 70◦C versus
idle hold time of the empty noncleaned filter at room temperature). In some
cases, it may become easier to clean when dried as residues flaking onto
plastic-type surfaces.

2. Adhesion of material on surface: If exposed to humid conditions, hygro-
scopic materials may become sticky and more difficult to remove (e.g.,
starch).

3. Solubility of residue in cleaning agents: In some cases, where the solubility
of the residue in the cleaning agent is very high, dirty equipment hold time
does not affect cleanability.

4. Potential for degradation: Degradants may have different solubility, tox-
icity, and cleanability characteristics than the original compound. These
may be easier or more difficult to clean and should be evaluated on a
case-by-case basis.

5. Equipment surfaces: The nature of the equipment surface such as aluminum,
steel, hastelloy, plastic, or rubber may be affected by the duration of the
contact or porosity of materials. For example, staining may result from
certain APIs or dyes that can cause this quickly on contact. Also, residues
dried onto plastics may completely flake off, making it easier to vacuum
or blow down before cleaning.

6. Microbiological accumulation and proliferation: Organisms may grow
exponentially if wet residues or stagnant water is left in equipment.
Microbiological considerations should be evaluated when water rinsing is
used. A microbiological assessment of residual product over time on the
noncleaned equipment should be considered. Conditions of temperature,
exposure, time, and product history should be evaluated with respect to
the ability of microorganisms to proliferate. The ability of the cleaning
process to reduce microorganisms would also be a factor, along with
the subsequent dosage form of the next product to be produced in the
equipment.

7. Data on cleaning and failure history: A product or equipment piece with
a history of cleaning problems may be an indication that dirty equipment
hold times is a factor that should be considered. On the other hand, data
may point to a noncritical condition by having the following:
• Routine verification after each changeover cleaning (e.g., routine rinse

sampling and testing for major equipment, routine visual inspection for
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minor equipment where the visual limit is at or below the residue accept-
ability limit) may provide adequate data to support the conclusion that
dirty equipment hold times for product residues are not critical. For
example, rinse checks after cleaning are required for changeover cleaning
of major equipment that cannot be visually inspected in API manufac-
turing.

• Laboratory recovery study data for the product residues may have been
generated when residues are dried on representative sample surfaces
(coupons). These data may also support noncleaned equipment hold time
rationales or data demonstrating that DEHT is not critical. This may be
more applicable for chemical APIs, where only a single component is
typically removed during cleaning (versus active and excipient mixtures
in drug product).

8. Firm’s Standards: Company requirements were reviewed to ensure compli-
ance.

9. Regulations: Local GMP regulations and inspectors’ expectations.

Product groups and equipment groups can also be used in the analysis. In the
risk evaluation, products should be evaluated for each of these risk factors for
their potential failure mode. If necessary, additional mitigation can be achieved
by initiating cleaning immediately after equipment use to reduce or eliminate
the significance of dirty hold times with respect to product residue. This can
include post-campaign/batch flushing of the equipment. The type, complexity,
and amount of disassembly of equipment (valves, lines, and hoses) may influence
the amount of sampling needed to extend the hold time. Table 8.12 shows a
simplified example of FMEA.

8.11 SUMMARY

QRM is currently recognized by the industry and regulatory authorities as a valu-
able tool to define the type and extent of PV or performance qualification required
for product licensure. Performing new RAs involves upfront costs with potential
pay-off later both in terms of product quality and cost saving. To minimize any
subjectivity of the outcome, QRM application including tool selection should be
appropriate and robust, facilitated by trained QRM personnel, and the outcomes
and decisions documented and communicated.

QRM is not only a good business practice but it also meets regulatory expec-
tations. With early investment made in the validation lifecycle, the risk-based
approach focuses on performing appropriate studies, scientific data, and rationale,
and avoids non-value-added activities. It can be used to make decisions, prioritize
activities, investigate deviation, and achieve a level of confidence in the process.
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As it is used throughout the process lifecycle, QRM documents are living and
should be maintained in the current state through timely review and update.

This chapter presents QRM application in PV, typical tools, risk factors, and
challenges in applying risk-based validation. PV activities at all three stages of
PV lifecycle are discussed, along with examples of QRM application in process
design, PPQ and continued process verification. It shows risk-based validation in
study designs, such as univariable and multivariable studies, and mixing and hold
time studies. QRM tools can be utilized in determining CPPs, identifying high risk
areas, defining controls and risk control strategies, determining the significance
of process changes and the periodic review schedule. Considering the higher cost
of running experiments at the commercial scale, the risk prioritization tool can be
used to identify areas that pose the highest risk, design space, and control range
for CPPs. Integration of QRM in technology transfer would ensure successful
process transfer.

CV is an integral part of successful licensure and commercial manufacturing.
This chapter also discusses risk factors for CV and multiproduct operations.
Finally, a list of applicable regulatory guidances for CV and PV was provided.

DISCLAIMER

The information provided in this paper reflects the authors’ view and is not
intended to represent the official position of our companies. Actual processes
previously or currently implemented by the company may differ from those dis-
closed in this paper. Author makes no representations or warranties regarding
these processes as may be implemented by readers of this chapter.

REFERENCES

1. 21 CFR 210 and 211: Current Good Manufacturing Practice In Manufacturing, Pro-
cessing, Packing, or Holding of Drugs: General. April 1, 2009 (revised).

2. EudraLex by the European Commission, Volume 4—Medicinal Products for Human
and Veterinary Use: Good Manufacturing Practice; Annex 15 to the EU Guide, Qual-
ification and Validation, July 2001.

3. FDA Guideline on General Principles of Process Validation, May 1987.

4. FDA Guideline on General Principles of Process Validation, January 2011.

5. Q8 (R2) Pharmaceutical. Development, ICH Harmonised Tripartite Guideline, August
2009.

6. Supplementary guidelines on good manufacturing practices: Validation, Annex 4,
WHO Technical Report Series, No. 937, 2006.

7. PIC/S Guide to Good Manufacturing Practice for Medicinal Products Annexes,
September 2009.

8. CMC Biotech Working Group, Product Development and Realisation Case Study:
A-Mab, Version 2.1, 30th October 2009.

کوفا
دنیاي ش



224 PROCESS LIFECYCLE VALIDATION

9. Mollah AH. Risk Analysis and Process Validation. Bioprocess International, oct
2004;2(9):28–35.

10. Mollah AH. Application of FMEA for Process Risk Assessment. Bioprocess Interna-
tional; Nov 2005;3(10):12–20.

11. Q9, Quality Risk Management, ICH Harmonised Tripartite Guideline, Nov 2005.
12. Validation by Design: The Statistical Handbook for Pharmaceutical Process Valida-

tion, Lynn D. Torbeck, Co-Published PDA Books, 2010.
13. Wang X, Germansderfer A, Harms J, Rathore AS. Using statistical analysis for

setting process validation acceptance criteria for biotech products. Biotech Prog
2007;23:55–60.

14. Q7, Good Manufacturing Practice Guide for Active Pharmaceutical Ingredients, ICH
Harmonised Tripartite Guideline, November 2000.

15. Boven K, Stryker S, et al. The increased incidence of pure red cell apla-
sia with an Eprex formulation in uncoated rubber stopper syringes. Kidney Int
2005;67:2346–2353.

16. Process Validation of Protein Manufacturing, PDA Technical Report No. 42, 2005.
17. Q10, Pharmaceutical Quality System, ICH Harmonised Tripartite Guideline, June

2008.
18. Amit Banerjee, Designing in quality: approaches to defining the design space for

a monoclonal antibody process: how to use risk assessment strategies to integrate
operations, BioPharm Int, May 2010;23(5):26–40.

19. Steven Walfish and Thomas Harrington, Practical Application of Design of Experi-
ments in Biopharmaceutical Process Characterization, IBC’s 2009 Process Validation,
March 2009.

20. EMEA/CVMP/598/99, Note for Guidance on Process Validation (March 2001)
CPMP/QWP/848/96.

21. Tran, N.L., Hasselbalch, B., et al., Elicitation of expert knowledge about risks
associated with pharmaceutical manufacturing processes, Pharm Eng, 25(4):24–38,
July/Aug 2005.

22. Ganzer WP, Materna JA, et al. Current Thoughts on Critical Process Parame-
ters and API Synthesis. Pharm Technol; July 2005. http://www.pharmtech.com/
pharmtech/article/articleDetail.jsp?id=170114.

23. Potter, C., PQLI application of science- and risk-based approaches (ICH Q8, Q9, and
Q10) to existing products, J. Pharm Innovation; 4:4–23, March 2009.

24. PQRI Workgroup Members, Process robustness—a PQRI white paper, PQRI working
group, Pharm Eng, Nov/Dec 2006, vol 26, No. 6. Exclusive On-line article, p.1–11.

25. Hospira warning letter by FDA, 12 April 2010 (http://www.fda.gov/ICECI/
EnforcementActions/WarningLetters/ucm208691.htm).

26. Louis Johnson and and Sarah Burrows, For Starbucks, It’s in the Bag: How the
Java Giant Fine-Tuned its Sealing Process and Improved Product Quality, Quality
Progress, p. 19–23, March 2011.

27. PIC/S Guide to Validation Master Plan, Installation and Operational Qualification,
Non-Sterile Process Validation and Cleaning Validation, 25 September 2007.

28. Brian Hasselbalch, FDA at the PDA/FDA Workshop Oct 26, 2009, Bethesda, Mary-
land, Presentation “Process Validation: A Lifecycle Approach” and Q&A on Stage
2– Performance qualification.

کوفا
دنیاي ش



REFERENCES 225

29. Mollah, A. H., Cleaning Validation for biopharmaceutical manufacturing at Genen-
tech, Part 1/II, February/March 2008;21(2);21(3).

30. Mollah AH. Risk-Based Cleaning Validation in Biopharmaceutical API Manufactur-
ing. BioPharm International; November 2005;18(11):54–67.

31. Destin Leblanc, Validated Cleaning Technologies for pharmaceutical manufacturing,
Interpharm Press, 2000.

32. Gil Bismuth and Shosh Neumann, Cleaning Validation: A Practical Approach, PDA,
2000.

33. N. NitinRathore, Wei Qi, Cylia Chen, Wen changJi, Bench-scale characterization
of cleaning process design space for biopharmaceuticals, a method to evaluate the
relative cleanability of new products, BioPharm Int, Volume 22, Issue 3, Mar 1, 2009.

34. ISPE Baseline® Guide: Risk-Based Manufacture of Pharmaceutical Products (Risk-
MaPP), Sept 2010.

کوفا
دنیاي ش



9
ASEPTIC PROCESSING: ONE

James P. Agalloco and James E. Akers

9.1 INTRODUCTION

Sterile products are given to millions of patients daily around the world, and in
every instance there is a belief that the drug being administered is actually “ster-
ile.” This might seem like a valid assumption considering that every container is
labeled “sterile”; the product has passed a sterility test (or been parametrically
released); and appropriate control measures have been taken throughout to assure
that the product is “sterile.” Attaining “sterility” for parenteral products has been
the goal of both industry and regulators for many years.

It is useful to understand the origins of “sterility” to fully understand
pharmaceutical industry approaches and how existing expectations evolved.
In the 1800s as canned foods became more prevalent, deaths were attributed
to foods contaminated with the anaerobic pathogen Clostridium botulinum .
It was determined that treatment at temperatures near 250◦F could make the
canned goods safe for human consumption. The knowledge gained from that
experience with retort processing of canned foods led to sterilization concepts
still in use in pharmaceuticals and other industry. [1,2] A major component
of that knowledge transfer is the establishment of the sterility assurance level
(SAL), which is an estimation of a process’ effectiveness against the target
microorganism.∗ The minimum expectation for a sterilization process across
the global healthcare industry is 1 × 10−6 [3]. This value is essentially a

∗Many practitioners prefer to use an alternative term—probability of a nonsterile unit (PNSU), which
is considered substantially more intuitive.

Risk Management Applications in Pharmaceutical and Biopharmaceutical Manufacturing,
First Edition. Edited by A. Hamid Mollah, Mike Long, and Harold S. Baseman.
© 2013 John Wiley & Sons, Inc. Published 2013 by John Wiley & Sons, Inc.
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maximum potential contamination of the sterilized materials and establishes a
risk tolerance level for them. As such, it defines a minimum acceptable level
of safety for sterilized materials. The validation of the sterilization process in
conjunction with production monitoring and routine controls on the materials
being processed allow for confirmation of the SAL on an every cycle basis.

Aseptic processing is a substantially different process in which individually
sterilized items—product, container, closure, and product contact parts—are
assembled under appropriate environmental conditions. Aseptic processing is
subject to adventitious contamination during its execution. The absence of a
lethal step subsequent to the aseptic assembly means that a SAL determination
for aseptic processing is presently impossible. Aseptic processing capability is
seemingly established using process simulations where the absence of positive
units in a large population suggests a maximum contamination rate during aseptic
processing. The oft cited acceptance criterion of 0.1% positive units in a study
is actually a maximum contamination rate and not a SAL [4].

At present, the certainty with which aseptic processing can be accomplished
cannot be precisely measured. The existing monitoring mechanisms cannot be
directly correlated with any estimation of either the SAL or maximum contami-
nation rate in a specific lot. We believe that microbial sampling results, whether
from air, surface, or personnel, in manned cleanrooms lack adequate sensitivity
to detect the low levels of microorganisms expected to be found [5,6]. Nonviable
monitoring has no direct correlation to microbial contamination even in poten-
tially heavily contaminated environments [7]. Process simulations (media fills)
provide point-in-time assessments of process capability, and cannot be utilized to
define the “sterility” of materials produced under different circumstances [8]. The
sterility test has such severe limitations that its use is perhaps more ceremonial
than anything else [9]. Even when contamination is detected during sterility test-
ing, the levels of contamination within the lot must be egregiously high given the
inherent sampling limitations. The increasing utilization of advanced aseptic pro-
cessing systems will further reduce the utility of all of these monitoring/evaluation
methods [10].

In light of the fundamental uncertainty associated with the aseptic process-
ing monitoring methods, it would be appropriate to consider what does establish
its acceptability for use. The answer is neither straightforward nor immediate.
Success in aseptic processing operation is derived through the use of appropri-
ate facilities, equipment, components, personnel practices, and procedures and is
somewhat supported by the monitoring methods, inadequate though they might
be. When replicated over a period of time, a degree of confidence is developed.
Moreover, while the direct impact of refinements cannot be measured, we believe
a general sense of improvement can be implied from the results. Our industry over
the past 30 years has witnessed a steady progression toward superior performance
as evidenced by the ever tightening expectations associated with process simu-
lation. In the mid-1970s, the World Health Organization suggested a maximum
contamination rate of 0.3% [11]. The Food and Drug Administration adopted a
criterion of 0.1% in their 1987 Aseptic Processing Guidance [12]. ISO and PDA
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developed expanded guidance in this area during the 1990s [13,14]. ISO’s effort
relied heavily on statistical treatment for the definition of contamination rate
acceptance criteria, while PDA’s approach was more holistic and recommended
a goal of zero contamination in the filled containers.

In parallel with the regulatory/organizational efforts to define ever more restric-
tive expectations, industry dramatically altered the technologies it employed for
aseptic processing.† In the 1970s, flexible and incomplete barriers were the norm
in many facilities; yet by the end of the century, the first production isolators had
already completed a decade of operation. The changes evidenced in aseptic pro-
cessing were myriad and impacted all of the supportive elements. The absence
of major recalls or compliance initiatives during the 1980s suggest that while
“sterility” may not have been definitively established, sufficient controls were in
place to assure patient safety with aseptically produced drug products.‡

9.2 ASEPTIC PROCESS DESIGN RESPONSE

Those charged with the preparation of sterile drug products by aseptic process-
ing have long understood the risks associated with aseptic processing and the
central role that personnel play with respect to contamination potential. Acknowl-
edgement of the adverse consequences of personnel involvement resulted in a
steady progression of improvements, all of which served to reduce the impact of
personnel. The brief history of aseptic processing that follows demonstrates an
awareness of the contamination risk associated with the aseptic operator, and the
means to minimize their impact on the aseptic process evolved without formal
risk analysis.

The earliest aseptic processes utilized rather crude environments and con-
trols, and these were replaced in some instances by gloveboxes that separated
the workers from the aseptic field where the assembly of the product contain-
ers was performed.§ The US government’s declassification of the HEPA filter
in the early 1950s led to the development of the pharmaceutical cleanroom, in
which equipment could perform a majority of the aseptic process, eliminating the
manual steps that had been previously necessary. The period from 1960 through
1990 witnessed refinements to cleanroom practices including barriers of increas-
ing reliability, improved HVAC systems, equipment refinements, automation and
robotics, improved components, and others that brought demonstrable improve-
ments in performance [15,16]. The next big advance in aseptic processing came
in the late 1980s with isolation technology, in which the operator was no longer
present in the same environment as the sterile materials. The restricted access

†This may be, in fact, a question of which came first—the chicken or the egg: regulatory expectations
would not have been raised unless there was a realistic belief that they could be met.
‡‘Sterility’ is defined as the absence of viability; something as unprovable in 1970 as it remains
today.
§These were true gloveboxes as they lacked the defining features of isolators (rapid transfer ports
and automated decontamination).
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barrier system (RABS) came somewhat later in an effort to eliminate some of the
more difficult technical challenges with isolators, while endeavoring to maintain
the operational excellence attained by keeping the operator access to the critical
environment to a minimum.

PDA and ISO independently developed guidance documents that endeavored
to define the spectrum of aseptic processing systems [17,18]. Each of these docu-
ments included a continuum that strove to visually clarify the various technologies
and methodologies. A more contemporary continuum that essentially converts
the ISO 14644-7 continuum into recognizable pharmaceutical technologies is
presented in Figure 9.1.

The primary source of microbial contamination in aseptic processing is
universally acknowledged to be personnel [19]. The improvements in aseptic
performance have been driven by designs that endeavor to move personnel away
from sterile articles during the processing. Ascending the continuum, the various
systems provide for increasingly robust separation of personnel from the critical
processing area. The systems near the center incorporate physical barriers that
further increase the separation, partially in RABS systems and more fully in
isolator designs. There are no currently available means to measure the sterility
assurance in any of these systems; thus, there is likely considerable overlap in
their performance capabilities. The uncertainties of environmental monitoring,
infrequent and equally uncertain media fill, and the almost useless sterility
test cannot adequately differentiate the performance capabilities of the various
aseptic processing technologies. Microbiological monitoring methods have not
kept pace with the advances in aseptic process technology; their sensitivity is
too limited and sample sizes are too small to provide meaningful assessments,
especially in the most advanced technologies. Perceived improvements such as
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Figure 9.1 Aseptic processing continuum. (See insert for color representation of the
figure.)
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rapid microbiological methods only provide nondefinitive information sooner
rather than later. Sampling can never prove the absence of something. The
placement of one system higher in the continuum relates solely to the system
features that have moved personnel away from critical activities. With isolators,
that separation is near absolute, a situation that can only be attained in aseptic
processing systems operating without personnel.

9.3 RISK ASSESSMENT

The advances in aseptic processing technology as well as the various continuums
were not derived using any formal risk assessment methodology. As humans, we
evaluate risk daily in our personal lives, and almost never invoke any sophisti-
cated means for doing so. Choosing whether to carry an umbrella on a cloudy
day, eat sushi for lunch, or stop when the light turns yellow are choices relative
to risk we make more or less intuitively, and sometimes almost instantaneously.
The technological advances described previously were made without formal con-
sideration of risk in aseptic processing, most likely because defined methods for
doing so did not yet exist.

While risks and human assessment of them have existed for millennia, the
use of formalized methods is a much more recent development. The first of
these is failure mode effects analysis (FMEA), which was originally developed
for the US military in the late 1940s. The evaluation keys to FMEA are esti-
mates of severity, occurrence, and detection; these are multiplied to determine
a risk priority number [20]. Inherent in its application is the ability to iden-
tify the rating given in each category. Numerous other formal risk assessment
tools have been developed including HAACP, HAZOP, FTA, and others. Each
of these has been applied with success within the healthcare industry for various
applications—process reliability, bioreactor contamination, process safety, etc.
The use of risk assessment for aseptic processing is newer still.

The Food and Drug Administration essentially reinvented its role as a
regulator and radically altered its vision of expectations in “Pharmaceutical
CGMPs for the 21st Century—A Risk-Based Approach [21].” This document
essentially challenged the pharmaceutical industry to rethink its approaches
and attitudes with respect to pharmaceutical quality. Among the fundamental
precepts were the following ones.

• “Encourage the early adoption of new technological advances by the phar-
maceutical industry.

• Facilitate industry application of modern quality management techniques,
including implementation of quality systems approaches, to all aspects of
pharmaceutical production and quality assurance.

• Encourage implementation of risk-based approaches that focus both industry
and Agency attention on critical areas.
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• Ensure that regulatory review, compliance, and inspection policies are based
on state-of the-art pharmaceutical science.

• Enhance the consistency and coordination of FDA’s drug quality regula-
tory programs, in part, by further integrating enhanced quality systems
approaches into the Agency’s business processes and regulatory policies
concerning review and inspection activities.”

This document has had a profound impact on the pharmaceutical industry, and
not the least of it was the acknowledgement that evaluation and minimization of
patient risk would play a much larger role in future compliance considerations.
Concurrent with the release of this major CGMP document, FDA released new
aseptic processing guidance [22]. The aseptic processing guidance, while claimed
by FDA to be risk-based, lacks clarity as to the principles of risk assessment
and mitigation to be followed.¶ Nevertheless, risk-based thinking is now the
order of the day within FDA, and increasingly across the global pharmaceutical
community [23].

Aseptic processing is a logical candidate for formalized risk assessment, and
due credit must be given to Dr. Whyte of the University of Glasgow. His landmark
papers in this area set the stage for virtually all of the subsequent efforts [24–26].
Central to much of Dr. Whyte’s work is the following equation:

Number of microbes deposited on a product = C × S × Pd × Pa × A × T,
where:

C = concentration of microbial contamination on, or in, a source
(number/cm2, or number/cm3)

S = surface material, or air, that is dispersed or transferred, from the
source in a given time (cm2/s for surfaces, and cm3/s for air
dispersion); could also be concentration per frequency of
occurrence

Pd = proportion of microorganisms dispersed that are transferred to the
area adjacent to the product

Pa = proportion of microorganisms that arrive at the adjacent area
carrying microorganisms in the concentration C that are deposited
per unit of the product area (/cm2)

A = area of surface onto which microbes are deposited (cm2)
T = time, during which transfers occur(s); could also be frequency of

occurrence
The logic inherent in this calculation is irrefutable; and provided the various
parameters can be accurately measured, the contamination rate can be precisely
determined. Unfortunately, the first four variables in the equation defy
estimation, let alone determination with any precision. The inability to place
metrics on these elements dramatically reduces the utility of the equation

¶The 2004 Aseptic Guidance had been initially developed well before the risk-based CGMP initiative,
and lacks meaningful risk-based thinking. Its publication on the same day appears to be more a
forced coincidence than a meaningful effort on the part of FDA to provide a truly risk-based aseptic
guidance.
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for real-world application. In effect, while the guiding principles are correct,
utilizing this method would rely on estimates of these values. As noted early
in this chapter, the reliability and precision of microbial monitoring methods in
the most critical environments are severely limited, and thus these risk analysis
methods must be considered more theoretical than anything else. The greatest
value in Dr. Whyte’s work is as an indication to others of where the risks lie,
and that quantification of those risks may be possible.

The concepts in Dr. Whyte’s work were adapted for application in conjunction
with a Monte Carlo simulation of contamination derived from microbial levels
in aseptic processing operations by Tidswell and McGarvey from Eli Lilly & Co
[27]. The potential for microbial ingress onto sterilized items was considered in
a case study process sequence consisting of the following:

1. filling line setup;
2. vial transfer from depyrogenation tunnel to accumulator;
3. conveying empty vials to filling;
4. emptying stoppers into stopper bowl;
5. stopper handling in stopper bowl and conveying to stoppering;
6. filling;
7. stoppering;
8. conveying stoppered vials to accumulator;
9. loading accumulator with stoppered vials;

10. conveying stoppered vials to capping; and
11. capping of stoppered vials.

In this model, the potential contributions in the early steps are weighted by
a number of factors, and, as might be expected, only minimal increased risk
is associated with the steps subsequent to stoppering. The data utilized to
develop this model was drawn from a specific operational facility, and thus
is not transferable to a different facility or process design. A Monte Carlo
estimation was applied to the environmental monitoring results from the
evaluated facility to estimate the contamination potential. This model assesses
relative risk within a specific process, but does not appear to be well suited
for comparison of different aseptic operations or consideration of design
alternatives.

The work done by Tidswell and McGarvey served as the basis for a sterility
assurance risk management model developed in 2009 by G. Berrios, also from
Lilly. Berrios redefined the approach taken in the earlier model and developed
a risk assessment method that is suitable for use in any manufacturing facility
or process design. In the revised method, the risk of microbial, endotoxin, or
particulate contamination is evaluated by ranking the following:

• amount of challenge;
• likelihood of the challenge’s ingress into the product stream;
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• likelihood of the contamination’s survival, proliferation, and retention (if
introduced);

• level of personnel activity and/or equipment traffic;‖ and
• probability of detecting the hazard due to testing or other method of

detection.

These factors are ranked to provide a risk score for each operation of a given
manufacturing process. This risk score is then compared to a pre-established
threshold, beyond which a process step is considered unacceptably risky
and subject to improvement via the implementation of additional protective
measures [28].

The authors of this chapter initially developed an aseptic processing risk
method in 2005, and modified it substantially a year later [29,30]. The
Agalloco–Akers (A–A) method endeavored to evaluate aseptic risk using only
quantifiable metrics, a significant departure from Whyte, but one that eliminated
the uncertainties associated with estimate of proportions of microorganisms
transferred. The central premise focus of the A–A method is that contamination
in aseptic processing is almost exclusively associated with human activity.
The metrics in the A–A method focuses on the operator’s activities, their
complexity, duration, and proximity to sterile surfaces being primary drivers
in the estimation of risk. Other involved factors are weighted by the extent
to which they entail human intervention. The original method had some
inherent redundancies and lacked flexibility for varying environments across
the aseptic processes, which are corrected in the second version of the
method.∗∗

Unlike the other risk assessment methods, which rely on subjective determina-
tions, the A–A method uses only easily identifiable and/or quantifiable metrics;
thus, it affords a truly objective assessment of risk. In addition, the A–A method
is actually three separate methods in one. The intervention risk, which estimates
the number of operator touches per container, is an integral part of the method
that can be utilized independent of the rest.†† The remaining elements address
processing technology and system design and can be used without determina-
tion of the intervention risk, allowing for technology and procedural assessment
independent of the operator’s impact. This is useful in a design context when

‖Multiple post-conference communications with Berrios have revealed that the Lilly method has
continued to evolve. The risk factor ranking “Personnel Activity/Equipment Traffic” was replaced
in 2010 by a risk factor that rates the impact of “Personnel Interventions/Manipulations” at each
process step. This change was prompted by the perceived need to evaluate the role of personnel in
the manufacturing process more objectively.
∗∗The publications are not identical and in order to understand and apply the A–A method both
should be considered.
††Intervention risk (IR) is a measure of the need for operator intervention. Manual procedures and
extensive intervention during machine-based filling result in higher numbers of operator contact per
container and are thus considered higher risk.
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considering what a planned aseptic processing might look like and what are the
consequences of design choices from a risk perspective. Using both the inter-
vention risk and processing technology components together affords the most
comprehensive use of the A–A method.

The Parenteral Drug Association developed a technical report on risk assess-
ment for aseptic processing that utilized an FMEA-type approach [31]. The use
of an FMEA type approach in this effort is inherently limiting, in that many of
the nuances and choices associated with aseptic processing cannot be considered
with precision. In some ways, this effort merely codifies the thinking that industry
went through during the years of greatest improvement in aseptic processing. Its
overall utility is rather limited compared to the more evolved methods described
previously.

Warren Charlton developed a quantitative risk evaluation method of extraordi-
nary simplicity [32]. This method follows a classical FMEA type approach with
severity, frequency, and detectability rankings, but incorporates a defined risk
value above which change to the process design is expected. This method makes
a strong case for consideration of design elements across the process to provide
greater confidence in the acceptability of the outcome.

The inclusion of a definitive limit in risk assessment that would drive process
improvement is inherently desirable; however, where that line should be drawn
is of course open to discussion. Most of the above cited risk models include
subjective assessments of the contributing elements to aseptic risk. Given that
subjectivity, the utility of a defined limit can be questioned. The key questions
relative to a defined expectation are as follows:

• Would that defined limit be suitable in all process situations?
• What would constitute “proof” of the acceptability of a specific limit?
• Is the method of “proof” broadly applicable?

These questions and others like them will likely remain unanswered for some
time.

An evaluation of several different risk models for aseptic processing was con-
ducted by Katayama et al. based on operations at several operating facilities
in Japan [33]. This article highlighted the difficulties in using microbial mon-
itoring and media fill results as means for discerning differences in perceived
performance of the facilities. As a result of this belief, they expressed prefer-
ence for the A–A method; however, that may be an artifact of the facilities
involved in the comparison and not an indication of the true superiority of that
method.

The importance of aseptic processing is such that there are likely to be
continued efforts to develop improved risk assessment methods. Anything that
contributes positively to understanding and potentially alleviating the inherent
contamination hazards with aseptical processing should be considered as a means
to reduce the associated risk.
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9.4 RISK MITIGATION

The goal of any risk assessment is not merely to understand the risks associated
with a particular situation. One is expected to use the assessment to reduce those
risks to the extent possible through suitable means. In truth, much greater empha-
sis should be placed on that aspect of risk management as it provides the desired
benefits of the entire exercise. The use of the aseptic process entails careful con-
sideration of the contributing factors that influence the outcome of the process.
In 1987, the FDA offered this definition/description of aseptic processing:

“In aseptic processing, the drug product, container and closure are subjected
to sterilization processes separately and then brought together. Because there is
no further processing to sterilize the product after it is in its final container, it is
critical to the maintenance of product sterility that containers be filled and closed
in an environment of extremely high quality [34].”

Within this definition are found the essential elements necessary for aseptic
processing: facility, environment, equipment, containers/closures, product proce-
dures, and personnel. This can be visualized in Figure 9.2.

Each aspect is a necessary part of the overall process, and inattention to them
can adversely impact outcome. The contamination potential associated with each
of these elements is certainly variable, but nevertheless attention must be paid to
each to achieve success. The foundation for these controls can be found in the
CGMP regulations, with some of the key elements associated with each outlined
in the following summaries. The following list is not intended to be all inclusive;

Environment

Effects from 
adjacent

areas

SterilizationProcedures

Cleaning and 
maintenance

Personnel
practices and 

training

Storage
conditions
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flow
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Validation

Product and 
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Adapted from Leonard Mestrandrea.

Product and materials

Figure 9.2 Factors influencing aseptic processing. (See insert for color representation of
the figure.)
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the considerations necessary for success with aseptic processing are far more
extensive than this summary provides.

9.4.1 Facilities

Contamination is avoided in any operation by proper design of the facility in
which it will be executed. This includes aspects such as the following:

• material, personnel, and other flows that avoid mix-ups, cross-contamination,
etc.;

• adequate protection from the building surroundings including temperature,
humidity, and dust control;

• arrangement of operations such that soil and other potential contaminants
are minimized in preparation and processing areas;

• separate and dedicated areas for cleaning, waste treatment, and similar activ-
ities; and

• sufficient space for the operations within, including access for operation,
cleaning, and maintenance.

9.4.2 Environment

Within the overall facility, environmental controls must be provided over those
materials and activities vulnerable to contamination,

• Progressively cleaner environments should be utilized as products, compo-
nents, and equipment are cleaned, prepared for sterilization, and eventually
assembled into the finished product.

• The environments should be decontaminated on a periodic basis to minimize
microorganisms present during operations.

• The environments should be periodically monitored to establish their suit-
ability.

• Appropriate qualification activities should be performed to establish suitable
change rates, differential pressures and air flow that best maintain control
over conditions.

• The environment should provide a comfortable working environment for the
operators at all times with respect to temperature, humidity, noise level, and
lighting.

9.4.3 Equipment/Utensils

The equipment utilized for the process should be designed to minimize its con-
tamination potential and properly maintained in that state.
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• Product contact surfaces and utensils must be cleaned and sterilized using
validated procedures.

• Equipment should be selected for reliability of operation, and ease of adjust-
ment.

• Equipment should be tolerant of container and closure variability to the
maximum extent possible.

• Equipment should be designed to minimize interventions in the critical envi-
ronment.

• Equipment should be designed so that operators are ergonomically situated
to minimize stress, discomfort, extended reach, etc.

9.4.4 Containers/Closures

Containers and their closures are intended to maintain the product’s quality
attributes.

• Container/closure integrity must be demonstrated to be integral throughout
the product’s intended shelf life.

• Containers, closure, and other final container items should be prepared and
sterilized using validated methods to assure their acceptability in the primary
container assembly process.

• Containers, closure, and other items should be selected for ease of handling
in the assembly process.

• These items should be maintained under conditions that best preserve their
sterility and cleanliness until just before use.

9.4.5 Product

The product represents the reason for the entire aseptic process and while its
chemical, physical, and microbiological characteristics are unaltered in the con-
text of the aseptic operation; some important concerns should be addressed.

• The product should be sterilized using a validated process, and delivered to
the aseptic processing environment in a manner that protects its sterility.

• Any connections necessary to deliver sterilized products should be made in
the critical zone of the aseptic processing area.

9.4.6 Procedures

The sequence of activities that comprise the overall aseptic process must be
considered with care to assure their acceptability.

• Processes should be defined to eliminate/optimize/minimize interventions
throughout the process.
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• Environmental monitoring generally requires interventions as well, and their
impact must also be considered.

• All interventional activities should be carefully defined, practiced, and exe-
cuted using proper aseptic technique.

• Particular consideration should be given to corrective interventions with the
goal of reducing their impact and frequency.‡‡

• There is no “safe” intervention; contamination potential is a part of each [35].

9.4.7 Personnel

The aseptic operator is the primary source of contamination in aseptic processing
[36]. In large part, the concerns identified previously for the other contributing
factors in aseptic processing are intended to reduce the impact of the operator on
the materials being produced. Concerns relating solely to personnel include the
following:

• Operators must be trained in a variety of relevant subjects including micro-
biology, aseptic processing, CGMP, gowning, and any job-related tasks.

• Operators must demonstrate proficiency in aseptic gowning (where nec-
essary) and aseptic activities such as equipment assembly, inherent and
corrective interventions (including environmental monitoring).

9.5 STERILITY (SAFETY) BY DESIGN

Proper consideration of the preceding elements constitutes the design phase for
an aseptic processing operation. As described, it is clearly quite different from
the quality by design (QbD) expectations that are becoming prevalent in drug
substance or drug product process development [37]. In those areas, correlation
between the independent and dependent variables can often be established with
some degree of certainty. The goal is to establish operational controls for the
independent parameters, which will ensure that the dependent quality attributes
associated with the process can be appropriately controlled. The lack of suffi-
ciently sensitive metrics for what is in effect “sterility” precludes the application
of conventional QbD thinking to aseptic processing. The linkage between the
independent variables and successful outcomes resulting from the aseptic pro-
cess is much less distinct and subject to variations for which there are no means
of detection. Risk assessment, as described earlier in this effort, is perhaps the
only effective means for objective evaluation of the suitability of many of the
various design decisions.

‡‡Corrective interventions as defined in PDA TR#22 are those utilized to correct faults in the equip-
ment, components, or procedures requiring operation correction. In theory, a process could operate
without the need for corrective interventions. It is inappropriate to consider any corrective interven-
tion as a ‘routine’ activity necessary in every batch.
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The goal of the aseptic processing design activity is assurance of the abstract
goal of “sterility” for the materials being produced. The extent to which a firm
attains success with a specific aseptic process is a consequence of the attention
to detail given to the contributing elements. In effect, the goal is “sterility by
design,” although it is more correct to consider it as “safety by design” or SbD.
Each aspect within the overall process potentially contributes to contamination
and, therefore, risk; inadequate consideration of any individual component risks
failure overall. It must be recognized that the systems necessary for success are
essentially a chain, and the overall process is no more robust than the weakest
link in that chain. It is sometimes (and wrongly) believed that it is possible to
compensate for deficiencies in an individual area of aseptic processing through
extraordinary care in other areas; however, that is not a desirable, compliant, or
sustainable way to operate.§§

9.6 CONCLUSION

This chapter has endeavored to review contemporary thinking relative to aseptic
processing risk assessment and mitigation. Pursuing the elusive goal of “sterility”
for pharmaceutical products has been a continuing process in this industry since
the first parenteral drug was formulated. Early measures incorporated refinements
and approaches that were perhaps largely instinctive; nevertheless, the interven-
ing years brought forth performance advances that have made these products
increasingly safe. The current methods are so evolved, that intuition may no
longer realize further improvement. Contemporary performance has reached such
a high level that the best systems can perhaps no longer be evaluated by classical
means of sterility testing, environmental monitoring, or process simulation. If
further refinement is to be made, the risk assessment tools described herein may
offer the most objective means for considering the impact of potential technolog-
ical changes. Aseptic processing is likely to remain a means for the production
of sterile products for the foreseeable future. Formalized risk assessment, as
described in this chapter, and its essential counterpart, risk mitigation, will play
an increasing role in the design, operation, and maintenance of aseptic operations.
Nevertheless, we would be remiss if we did not indicate that we are unlikely to
attain a situation of “zero” risk with respect to aseptic processing. We may never
attain the “sterility” sought since the origins of parenteral drug administration;
however, through application of these methods we can certainly further improve
their “safety.”

§§It is believed by some that highly proficient operators might be able to conduct critical aseptic
operations under less than adequate environmental conditions; however, the contamination potential
will always be higher than it would were the same operators to perform the same activities under
more appropriate conditions. There are no valid arguments for doing something less capable than
the available technologies.
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ASEPTIC PROCESSING: TWO

Edward C. Tidswell

10.1 INTRODUCTION

One area of the healthcare industry especially vulnerable to hazard and therefore
a potential risk to patient health is the provision and administration of parenteral
therapies and medical devices. The omnipresent microbial challenge typically
inhabiting sterile manufacturing, aseptic manufacturing facilities, compounding,
hospital, healthcare, and community healthcare environments represents a sig-
nificant hazard. Recoverable and culturable microorganisms, their products, the
vestiges of microorganisms (for example, endotoxin, exotoxin, and peptidogly-
can) and the more controversial dormant/nonculturable microorganisms all fall
into this category of microbial hazard. In each context, the microbial hazards pose
a risk to product quality and the potential to realize risk of infection to the recip-
ient patient population. The absence of microorganisms from products processed
via adequately validated and controlled terminal sterilization processes is scientif-
ically and statistically recognized [1]. In contrast, the absence of microorganisms
in products generated by the aseptic pharmaceutical manufacture of parenterals,
aseptic intervention during admixing, compounding, and administration in the
healthcare setting are perhaps not so equally (scientifically and statistically)
assured. By the fundamental nature of aseptic processing, the successful genera-
tion of sterile products is primarily governed by effectively excluding potentially
contaminating microorganisms. The ingress of contaminating microorganisms
must follow the mechanics of vectors and transfer from originating source to
vulnerable product in accordance with the laws of physics. We can therefore
recognize that there is some recognizable predictability; however, this is

Risk Management Applications in Pharmaceutical and Biopharmaceutical Manufacturing,
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accompanied by uncertainty and variability far exceeding that for the established
mechanics and statistics of spore/cell death inherent in terminal sterilization
processes. Although sterility has been described as an abstract concept [2,3], and
there is merit in this thesis, there remains significant opportunity in the application
of sophisticated, mechanistic, and statistically valid risk assessment to define the
likelihood that one unit of a product is free from microorganisms. Such a strategy
does demand the combination of sophisticated process analytical technology
(PAT) to measure hazard (microorganisms), risk assessment, quality management
systems, and quality by design (QbD). Assessments for the purpose of evaluating
and managing risk in the broad field of aseptic processing (here I include
pharmaceutical manufacturing, healthcare admixing, compounding, and patient
administration) is therefore deserving of special consideration. Risk assessment
in the context of aseptic pharmaceutical manufacture is the principal focus of
this chapter, in particular, with a description and explanation of a quantitative,
statistical tool of risk analysis that permits a more exacting evaluation of risk.

10.2 PATIENT RISK

In the broadest sense, microorganisms represent an extrinsic form of hazard [4]
and may conceptually achieve ingress (contamination) at any number of stages
within the aseptic processing life cycle of a product. At each stage or step, there
may be a variable number of different sources, associated routes of contamina-
tion, and an uncertain magnitude of microbial challenge. At any point post aseptic
pharmaceutical manufacture, the access of microorganisms across the physical
sterile barrier (container closure) of a parenteral product or device also renders the
item nonsterile and has the potential to introduce microorganisms into the patient
during administration. Numerous locations in the aseptic pharmaceutical manu-
facturing process potentially permit the contamination of a product from “resi-
dent” bioburden. Table 10.1 inventories many of the typical locations and orig-
inating sources of bioburden in aseptic manufacturing environments. Although,
there are usually numerous locations from which bioburden might eventually con-
taminate a product, there are usually only a few sources. A technique to generate
comprehensive lists of the locations and origins of bioburden has previously been
described by Whyte [5]. Within the aseptic manufacturing environment opportu-
nities and locations for microbial ingress, post final active (critical) control points
(Fig. 10.1) represent the greatest risk to product “sterility.” Here, the term active
control points describes those purposefully instituted mechanisms that are specifi-
cally designed to address the adverse affects of the hazard. An example would be
a submicron sterilizing grade filter to remove microorganisms from a formulated
product before filling the final sterile container. Within Figure 10.1 the active
control of hazards are the washing process of containers, closures, and equip-
ment to remove endotoxin; sterilization of container, closure, and equipment to
remove bioburden; and sterile filtration of a product to remove microorganisms.
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TABLE 10.1 A Nonexhaustive Inventory of the Locations of Bioburden
in the Aseptic Manufacturing Environment and the Respective Origin of Bioburden

Location of Bioburden Original Source of Bioburden

Personnel gloves Human body flora
Personnel garments Human body flora
Cleanroom ceilings Cleanroom air, human body flora
Cleanroom walls, floors, doors Cleanroom air, human body flora
Tables, chairs, mobile carts Cleanroom air, human body flora, external

(uncontrolled) surfaces
Cleanroom air Supply air, human body flora
Spillages (sterile items) Cleanroom air, human body flora
Spillages (nonsterile items) Spilled material, air, human body flora
Equipment (e.g., vessels, filling lines) Cleanroom air, human body flora
Ancillary equipment and items (e.g.,

forceps)
Cleanroom air, human body flora

Paperwork and paper records Cleanroom air, human body flora
Control panels (e.g., human–machine

interfaces)
Cleanroom air, human body flora

Container closures and components
(before sterilization)

Specific material, cleanroom air, human body
flora

Packaging Specific item, cleanroom air, human body flora
Raw materials and formulated

product (before sterilization)

Container

Closure

Equipment

Wash

Wash

Wash

Prepare

Prepare

Prepare

Formulation

Dispensing

Raw materials

Active control

Sterilization and
depyrogenation

Sterilization

Sterilization

Filtration

Distribute

Store and ship

Lable and pack

Inspect

Exterior wash and dry

Capping

Freeze drying

F
ill

in
g 

an
d 

st
op

pe
rin

g

Figure 10.1 Generalized schematic for the aseptic manufacture of parenteral product
presentations (vial). Reproduced with permission from Ref. [4].

The process steps and operations that actively reduce or remove bioburden and
endotoxin and are recognized as active control points are specifically identified
in Figure 10.1 [4]. In almost all manufacturing scenarios, the final mechanisms
are those steps that are the final means of actively removing or destroying any
resident microbial hazard. Generally, these are sterilization and depyrogenation
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processes executed before aseptically combining the container, drug/solution, and
closure and regarded as active critical control points. In this case, critical control
points are authentic critical control points that genuinely adhere to established
hazard analysis and critical control point (HACCP) criteria, that is, those points
with no subsequent risk-mitigating control points downstream, and which if they
were to fail would result in loss of product quality (loss of sterility). Evidence
from sporadic field alerts, product recalls, and adverse events would suggest that
the control of microbial hazards, analysis, evaluation, and management of the
risk of microbial contamination remains an area for improvement. One analysis
notes that nonsterility of pharmaceutical products accounted for almost 8% of
215 product recalls in 2006, [6] and between 1998 and 2006 there were a total
of 115 recalls of sterile products because of the lack of sterility assurance [7].
The potential for wide-scale impact to patient health from nonsterile product risk
is exemplified by the 40,000 adverse reactions (infection) noted in 2002–2003
from the administration of contaminated vaccine. Over 200,000 contaminated
units of vaccine entered the Spanish market [8] as a consequence of microbial
contamination during manufacture; in this event, the vaccine was an animal health
product administered to ruminants.

Aside from microbial contamination of sterile products during aseptic
manufacture, the ingress risk of microorganisms during subsequent admixing,
compounding, preparation, and administration of parenterals is significant
and represents a substantial risk to patient health. Fundamentally, a single
microorganism is the minimum numerical amount of a microbial agent which,
when accessing a sterile product, has the potential to elicit a potentially deadly
infection. In 2002, bloodstream infections accounted for approximately 14% of
1.7 million hospital-acquired infections; such healthcare-associated infections
continue to have dramatic impact with significant morbidity and a mortality rate
as high as 27% [9]. The attendant cost equates to an additional 3.5 million patient
days, costing an additional $3.5 billion as it works out to approximately $29,000
per episode [10]. There has been some conjecture that up to 5% of blood stream
infections are due to intrinsic sources of microbial contamination from the
parenteral infusate, that is to say contaminated products [11,12]. The preliminary
conclusion here is circumspect; contamination from the infusate is likely not
intrinsic per se but rather originates from identifiable opportunities for microbial
ingress, most often aseptic interventions and during any manual admixing
preparation [13]. Regardless, there is and remains an acute need and attendant
benefit of applying risk assessment and risk management in aseptic manufacture.

10.3 RISK ASSESSMENT AND RISK MANAGEMENT

This chapter seeks to address risk assessment in aseptic pharmaceutical manufac-
turing. In this context, risk assessment encompasses risk analysis and evaluation
of those determined risks by applying objective and quantitative methods. This,
of course, is only a fraction of the complete risk management process, which
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must be applied in its entirety to truly benefit the patient population. There are
many industry standards and guidelines available detailing risk management tools,
processes, and techniques. Despite the broad number of publications on risk man-
agement, the same fundamental terms, processes, and concepts apply. A cursory
glance through the risk management standard [14] generated by the Institute of
Risk Management (IRM), the Association of Insurance and Risk Managers (AIR-
MIC), and Alarm the National Forum for Risk Management in the Public Sector
will clearly illustrate to the reader the level of generic commonality. Furthermore,
the International Standards Organization (ISO) has a family of international risk
management standards that will act as a universally accepted paradigm for the
application of risk management practices [15].

10.4 MEASURING AND CONTROLLING RISK

The benefits of a formal assessment of risk to help assure product sterility or
product quality during aseptic pharmaceutical manufacture, afforded to the man-
ufacturer, are universally recognized by the regulatory agencies [16–18]. Risk
assessment and risk management are arguably facilitating the genesis of the next
phase in the continued evolution of GMPs. Risk assessment (risk analysis and
risk evaluation) as part of an integrated risk management program permits the
practitioner to adroitly measure and control risk as a common discipline within
the diverse spectrum of aseptic environments and scenarios. Tidswell and McGar-
vey [19] originally listed a number of means by which measuring and controlling
risk could be applied to achieve specific objectives benefiting product quality;
these include, but are not limited to, the following:

• Prospective analysis of designs . Analysis and evaluation of risk performed
in the early stages of any process or product design can be used to drive
specifications, design criteria, or refine attributes. Applying risk management
at the early phase or when “on the drawing board” likely means the absence
of performance data but does necessitate inclusion of a greater number of
assumptions and increased uncertainty. Understanding the magnitude and
scope of these constraints may direct choice of the most pertinent risk anal-
ysis and decision tools. Repeated and consecutive cycles of risk assessment
performed on evolving product prototypes or conceptual process models
prospectively refine the design “on the drawing board” to an acceptable level
of risk. Recently, the application of a quantitative evaluation of microbial
ingress risk into medical devices during aseptic admixing exemplifies how
this technique may be used to drive device design with contextual considera-
tion of the clinical or in-use environment [13]. In an analogous manner, any
proposed aseptic manufacturing process or facility design can be subjected
to rigorous and repeated cycles of evaluation. Here, the risk of product or
process contamination can be evaluated with cycles of refinements made
to the likes of personnel flow and process and equipment flow, with con-
textual consideration of the product and process containment. Clearly, both
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quality and economic factors support the application of this technique to
optimize a facility design and prevent the need for post build retrofit or
modification early on in the facility’s life span. These examples illustrate
that the exploitation of risk assessment in the application of QbD has a pro-
found opportunity for improving sterility assurance [20] and demands far
wider adoption. Truly quantitative risk analysis, methodically and simultane-
ously considering the multiple contributors germane to contamination risk,
realized the full potential of QbD; however, it necessitates a sophisticated
computation. QbD is further discussed in Chapter 14.

• Comparative analysis of processes and products . Understanding product and
patient risk is paramount to making the most appropriate decision regarding
the provision of aseptically manufactured products. Comparative examina-
tion, in a consistent manner, of the risks associated with multiple established
processes or products permits distinction and comprehension of inherent
strengths and vulnerabilities. Here, the application of available historical
data can be employed to execute more accurate assessments of risk and
adoption of quantitative tools and techniques, than the sole use of qualita-
tive methods. In the aseptic manufacturing environment, such an analysis
may facilitate decisions regarding the utilization or preference of available
manufacturing strategies. This underlines a much under-valued aspect of risk
assessment. Analysis and evaluation not only focuses our attention toward
vulnerabilities and jeopardy but concurrently to those beneficial elements of
processes, systems, and products permitting their further advantageous use
[21]. Comparative risk assessment may also be adopted to direct or prioritize
process improvements to focus resources to truly benefit product quality.

Optimization of monitoring, bioburden, and particulate management. In the man-
agement and monitoring of aseptic environments, it has been a historic miscon-
ception that more equates to better. Many aseptic manufacturing environments
have been driven toward increased frequency and quantity of environmental mon-
itoring and sampling, which have seemingly added little to the control of risk.
Although the application of tools such as statistical process control (SPC) has
merit in contributing to measuring and controlling risk from bioburden, [22] it
could drive to a strategy untenable in terms of sampling and control limits if
applied in the purest sense. For example, the population frequency and quantity
of microorganisms annually recovered in a clean room environmental monitoring
program will drive the program control limits when SPC is stringently adopted
in the purest Deming sense. Inevitably, year-on-year application will drive these
control limits to unobtainable levels. In terms of measuring and controlling risk, it
is far more value adding to apply risk analysis and risk evaluation tools and tech-
niques to assist the rational choice of monitoring methods, sampling locations, and
frequency. Aseptic environmental monitoring strategies benefit particularly well
from this approach. Akers and Agalloco, [23] Whyte, [5] and Whyte and Eaton
[24] have innovated effective risk analysis tools and techniques to evaluate risk
to product from bioburden and which have the additional utility to be utilized for
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science- and engineering-based rationalization of environmental monitoring pro-
grams. Akers and Agalloco, [23] and Whyte and Eaton [24] choose the FMEAC
tool through which to apply the fundamental risk equation (risk = severity of
occurrence × frequency of occurrence). Risk factors representing the quantity
of microorganisms (criticality of occurrence), the probability of contamination
(frequency of occurrence), together with any applicable controls mitigating the
risk are individually identified by appropriately experienced and qualified subject
matter experts (SMEs). Each risk factor is assessed and a descriptor (risk score)
of its magnitude agreed on by the consensus of SMEs. Risk factors are assigned
individual risk scores by cross-reference to a predetermined table of surrogate
numerical values; Table 10.2 illustrates a predetermined table correlating surro-
gate value risk scores to perceived magnitudes for risk factors. In Table 10.2,
each risk factor is assessed in terms of arbitrary but relative terms; each risk
factor is assigned a risk score by comparison of term (e.g., nil, low, medium,
high, etc.) to the numerical surrogate descriptor, 0, 0.5, 1, 1.5, or 2 (adapted from
[24]).

• The risk factor scores are then multiplied, consistent with FMEA to generate
an overall risk rating; comparison of risk ratings permits the evaluation of
risk and appropriate decision. Table 10.3 illustrates the calculation of a risk
rating for an identified source of microbial hazard (air from a corridor)
using this methodology. The strength of this technique is that it is relatively
simple, easily trained, and a sufficient understanding of risk can be achieved
with a relatively small amount of information.

Within this technique, Whyte and Eaton [24] introduced the concept and
incorporation of “transfer coefficients” to aseptic manufacturing risk assess-
ments. This was an innovative development and provides a thorough means of

TABLE 10.2 Assignment of Risk Scores to Risk Factors

Risk Factor A B C D

Risk Factor
Description

Amount of
Microbial
Contamination on
or in a Source

Ease of Dispersion
or Transfer of
Microorganisms

Proximity of
Source to
Critical Area

Effectiveness of
Control
Measure

Risk score 0 (nil) 0 (nil) 0 (remote) 0 (full barrier
control)

0.5 (very low) 0.5 (very low) 0.5 (in outside
corridor)

0.5 (very good
control)

1 (low) 1 (low) 1 (periphery of
cleanroom)

1 (good control)

1.5 (medium) 1.5 (medium) 1.5 (general area
of cleanroom)

1.5 (some
control)

2 (high) 2 (high) 2 (critical area) 2 (no control)
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TABLE 10.3 Calculation of the Risk Rating for the Air Originating Outside a
Cleanroom (from a Corridor), Potentially Contaminating the Cleanroom (Adapted
from [24])

Risk Factor A B C D Risk Rating

Amount Ease of
of Microbial Dispersion or

Risk Contamination Transfer of Proximity Effectiveness
Factor on or in a Microorganisms of Source of Control
Description Source (Air) Area to critical Measure

Risk score 1.5 (lower
classifica-
tion
area)

1 0.5 1 (positive air
outflow
from the
cleanroom)

0.75

including an evaluation of more accurate product risk. Transfer coefficients are
numerical values defining the relative transfer efficiency of a microbial hazard
into a vulnerable product, in other words, over time, considering the area of
an open product, the quantity of bioburden in the context of the manufacturing
environment, and the rate of ingress of microorganisms. This is a fundamentally
important development that permitted a link between the microbial hazard in the
manufacturing area to product risk; this incorporation of transfer coefficients has
permitted the innovation of truly quantitative risk assessment and risk modeling
(see Section 10.8.3). Systematic application of these forms of risk assessment
effectively distinguishes in arbitrary but relative terms the risk, and therefore
permits a rational decision regarding monitoring or bioburden management.

• Determination of worst-case conditions . Throughout the aseptically man-
ufactured product or aseptic process, life cycle validation exercises have
traditionally incorporated worst-case conditions. Risk assessment permits
a data-driven, science- and engineering-based rationale for the expedient
identification and choice of those conditions that truly represent the great-
est challenge and jeopardy to a process. One area where this has been
effectively accomplished is in the validation of microbial control during
equipment cleaning and hold [25]. The rational choice of worst-case condi-
tions in the equipment cleaning and hold process in the aseptic manufactur-
ing arena can be complex. This is especially the case within multiproduct,
multiprocess facilities utilizing nondedicated equipment of varying design,
material of construction, fabrication, cleaned, and dispositioned by multiple
means, cycles, and processes. Identification of worst-case equipment, prod-
uct residues, cleaning cycles, and hold processes (pre- and postcleaning) can
be accomplished by assessment of the microbial hazard. In this application,
risk of microbial retention and proliferation, in addition to contamination
(of equipment), are essential considerations. For example, some equipment
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surfaces lend themselves as more effective substrates for microbial adhesion
and also augment the capability for microorganisms to maintain their physi-
cal juxtaposition enduring cleaning (retention). The relative risk of microbial
retention on equipment surfaces can be determined and described in arbi-
trary but representative terms by ascribing risk scores to those equipment
features that are contributing risk factors. Such risk factors may include
surface hydrophobicity and surface roughness; those risk factors lending
themselves more to microbial adhesion and retention are assigned higher
risk scores. Table 10.4 summarizes the risk factors associated with products
and equipment that lend themselves to elevated risks of microbial adhesion
to surfaces. Typical characteristics and attributes of associated bioburden
and inherent features permit the truly rationale assignment of risk factor
values. These values can be used to determine the worst-case combination
of product and equipment for expediting cleaning and hold validations. This
exemplifies how the subjectivity of risk factor value (or risk factor score)
assignment can be diminished by the tabulation of criteria and risk factor
features that genuinely lend to risk. Products and raw materials will have
varying microbial-growth-supportive capabilities. The selection of aseptic
interventions for incorporation into process simulations might be equally
benefited from the refinement and adaptation of techniques reported by
Akers and Agalloco [23] and Whyte and Eaton [24]. Aseptic interventions
represent events that clearly bring a large and diverse source of microbial
hazard, harboring upon the human body close to the product. The degree
of movement, the duration of the aseptic intervention, and the proximity
to vulnerable product vary between interventions. No one intervention is
identical and therefore elicits its own individual level of risk to product
contamination. Describing risk factors (for example, duration, effort, prox-
imity to product) and assigning risk scores in a manner consistent with the
previously described methods permits the ranking and grouping of interven-
tions based on their potential impact to product sterility. These data may
then be used to decide the selection and incorporation of worst-case aseptic
interventions into a process simulation program.

• Assistance in batch disposition . Formulaic risk assessments must be regular
activities regularly revisited, maintained as a living document, and perpet-
uated in a state of currency. Furthermore, risk assessments must not only
be applied under exceptional circumstance to assist with decisions of prod-
uct quality. Exceptional circumstances include those occasions involving
unplanned events, leading to uncertainty over the quality or sterility of a
product. Often, the analysis of risk is applied as a one-off means of evalu-
ating the nature of a critical quality attribute and justifying the disposition
of the product. Such preferential and exceptional analysis of risk associated
with a product can send an unfortunate message to regulatory agencies and
undoubtedly color their opinion. There is, however, significant, and as yet
widely unrealized, merit in the routine application of formulaic, quantitative
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TABLE 10.4 Assignment of Risk Factor Values by Correlation to Associated Risk
Factor Characteristics (Adapted from [24])

Risk Factors

Risk
Factor
Value

Amount of
Bioburden
(Typically
Recovered
Quantity)

Solute
Composition

(Concentration
and Solute
Valency)

Presence of
Proteins,

Peptides or
Amino
Acids

Typical
Microflora
Features

Microbial
Adhesion

Risk

1 <0.1 cfu/ml <1 mM
monovalent or
divalent
cations

<0.1 mg/ml No appendages,
no
extracellular
polysaccha-
ride, low
hydrophobic-
ity

Product

2 0.1–1.0
cfu/ml

1–150 mM
monovalent
cations
1–50 mM
divalent
cations

0.1–1.0
mg/ml

Appendages or
extracellular
polysaccha-
ride,
hydrophobic

3 >1.0 cfu/ml >150 mM
monovalent
cations
>150 mM
divalent
cations

>1 mg/ml Spore former

Risk Factors

Risk
Factor
Value

Amount of
Bioburden
(Typically
Recovered
Quantity)

Surface
Smoothness

Surface
Charge Hydrophobicity

Microbial
Adhesion

Risk

1 <0.1
cfu/cm2

Electro-
polished,
<0.30 μm Ra

Net negative Low Equipment
/item

2 0.1–1.0
cfu/cm2

0.30–0.70 μm
Ra

Neutral Medium

3 >1.0
cfu/cm2

Visible
imperfections,
>0.70 μm Ra

Net positive High
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risk analysis to aid assessment of batch quality; assisting batch disposition
in a manner more methodical and data driven than is currently the norm.
Consistent and routine application of risk assessment of every batch can
be used to assist in a deterministic estimation of batch quality, instilling
a higher degree of product quality assurance. Furthermore, it warrants the
question as to whether such an application should be implemented to contin-
uously maintain the validation status of an aseptic manufacturing process and
associated controls in a state of currency. Agalloco and Akers rightly point
out that process simulations cannot directly validate an aseptic process [26];
however, a systematic quantification of risk, furnished with batch-associated
data performed in a structured manner on every single batch, represents a
means of establishing the highest level of sterility assurance [27].

In this context, it is essential to recognize the attendant, significant complexity
inherent in virtually all aseptic and clinical processes, circumstances, and sce-
narios vulnerable to the omnipresent microbial challenge. The interdependencies
of factors contributing to risk of microbial contamination during manufacture
are not always straightforward. Any application of routine risk formulaic and
systematic risk assessment to facilitate batch disposition must recognize and
account for such interdependencies. This cannot be adequately described or
computed (to an exacting quantitative level) using single-dimensional (e.g.,
traditional FMEA) risk assessment. This can be illustrated in the simplest terms
by simultaneously considering the combination of participating aseptic operators
and interventions for two parenteral batches manufactured in an identical
process within identical aseptic cleanroom filling processes (Fig. 10.2). In the
manufacture of each batch, the same aseptic operators participate, and each
executes an identical number of aseptic interventions. Each batch incorporates
the same number and type of aseptic intervention. Although, there is a high
degree of commonality, the risk of bioburden ingress into each product batch is
not identical. Here, the unique combination of intervention duration, proximity
to product, and the aseptic operator-associated bioburden levels combine to quite

Batch #1 Batch #2

Interventions Interventions

A B C A B C

O
pe

ra
to

r 1 2

O
pe

ra
to

r 1 1 1

2 3 2 2 1

3 5 3 2 1 2

Figure 10.2 Combination of aseptic operators and aseptic interventions associated with
two aseptically manufactured parenteral batches [27].
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different quantifiable risks. Using truly quantitative, formulaic, and systematic
risk assessment to assist product disposition is described in greater detail later.

In contrast to the numerous reasons for executing an analysis of risk, there
are only a finite number of events or triggers (planned, scheduled, or unfore-
seen) which elicit this activity and which should be systematically recognized
within any risk management program. The circumstance, purpose, available data,
and required output associated with a risk assessment may all vary, warranting
judicious choice of the appropriate risk analysis and risk evaluation tools. Risk
analysis and risk management are currently embedded in industry and regulatory
agency expectations, the rational choice of tools, techniques, and their consistent
data-driven application will remain key decisions for exponents of risk assess-
ments. Equally, the manner in which a risk assessment has been performed in
terms of objective and unbiased risk analysis (e.g., the assignment of risk scores),
risk evaluation, and risk management must be beyond contestation. Table 10.5
lists several circumstances and stages within a product or process life cycle
(including those described earlier) with suggested aspects to be considered for
choice of the best tool. A number of tools and techniques are listed on the basis
of their reported and potential application at each life cycle stage. This certainly
is not an exhaustive inventory of tools and techniques, but provides the reader
with benchmark applications.

10.5 ASEPTIC PROCESSING HAZARDS

Any perceived or substantiated existence of risk to an aseptic process or aseptic
manipulation is necessarily contingent upon the presence of a tangible hazard.
The World Health Organization (WHO) has clearly defined a hazard as “any cir-
cumstance in the production, control, and distribution of a pharmaceutical which
can cause an adverse health effect [28]”. Although ISO14971:2007(E) specifi-
cally refers to the risk management of a medical device, it does provide a list of
example hazards that serve not only for illustrative purposes but also provides
an excellent starting point to understand potential hazards associated with aseptic
processes, admixing, or administration [29]. Within this definition, hazards can
be separated into hazards that are either integral or inherent elements of processes
or systems (termed intrinsic) or those entities that originate externally and are
therefore not predesigned constituents of the process, that is, extrinsic [30].

10.5.1 Intrinsic Hazards

Intrinsic hazards are frequently associated with discrete events such as the risk of
equipment, process, systems, or control failures. In addition, chemical, physical,
physicochemical, biochemical, or biological hazards inherent in a therapeutic
and which are not necessarily coupled with such “failure modes” might also be
interpreted as intrinsic hazards. In contrast to inherent intrinsic hazards, extrinsic
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hazards are not an integral characteristic or predesigned constituent of the process
or therapeutic.

10.5.2 Extrinsic Hazards

Extrinsic hazards necessarily originate externally to the product, item, or opera-
tion and must gain access across or through a physical barrier or zone designed to
maintain sterility. Risks to product quality from extrinsic hazards during aseptic
manufacture may manifest in two related forms: the hazard of ingress, accessing,
and contaminating and secondly the risk of hazard retention. The hazard retention
risk is associated with the sustained physical presence or juxtaposition within,
or residing on, the product or aseptic process. On once accessing a product or
process there may be no mitigating process or conditions that physically remove
or destroy the contaminant. If the risk is constituted by microbial contamina-
tion, conditions may permit proliferation and even greater potential impact. An
example here might be the cleaning of container closures before sterilization; a
risk of extrinsic microorganisms (not associated with the closures) is foresee-
able during the cleaning cycle, accompanied by a risk that these microorganisms
may remain on or with the closures. The retention of these microorganisms or
their vestiges (potentially endotoxin) may continue to contaminate and jeopardize
product quality.

Invariably all aseptic manufacturing is vulnerable to varying degrees of risk
exacted by extrinsic hazards. For any hazard to exact harm, a hazardous situation
must first be encountered; initiating events, and a sequence of circumstances of
varying complexity are necessary [29]. Complexity of technology, processes, pro-
cedures, and the almost ubiquitous involvement of human-mediated tasks makes
aseptic processes particularly prone to risks from extrinsic hazard ingress [31].
Despite the diversity and complexity of aseptic processing, there exists only a
finite number of extrinsic hazards with the potential to exact a risk to prod-
uct quality. Invariably, the extrinsic hazards that contribute the greatest risks to
product quality are particulates [32] and microorganisms [5,33]. Pharmacopoeia
standards [34–37] for both large and small volume aseptically manufactured par-
enterals permit the presence of quantitative levels of particulates; in comparison,
the requirement for microorganisms is their complete absence. The levels of tol-
erance for these two critical quality attributes in finished products is mirrored
by the degree of control and requisite maximum quantities permissible within
the aseptic and clinical environments. The contrast between the required degree
of control for particulate and microbial hazard can be no more clearly exempli-
fied than the levels defined in the EU GMP’s Annex 1 [38] for Grade A (ISO
4.8) cleanroom environments. Within these Grade A conditions, the CGMPs per-
mit no more than 20 particles (≥5 μm) and <1 cfu/m3 of air. An amount of
particulate is permissible in a product (and therefore the environment does not
necessarily need to be devoid of them), and no microorganisms must exist within
the product (and therefore the environment should be more stringently controlled
with respect to this extrinsic hazard). In any risk analysis of aseptic environments
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assessing extrinsic risks from particulate and microbial hazards, the fundamental
risk Equation 10.1 is best applied in two ways.

Risk = Severity of occurrence × Probability of occurrence (10.1)

First, the risk of product contamination from extrinsic particles in the manufactur-
ing environment can be adequately described with the fundamental risk equation
in its previously given form (Eq. 10.1). Here, severity of occurrence, that is to
say the amount of particulates within a product, can acceptably vary from 0
to pharmacopoeia-defined quantities. It is thus appropriate to use a quantitative
value of particulates that might exist within the product as the severity of occur-
rence. In comparison, the loss of sterility by ingress of a single microorganism
is not permissible. Ingress of a single microorganism always results in loss of
sterility, a two-parameter logic system is applied; an item is either sterile or it is
not sterile, that is, it either contains a microorganism or it does not. Hence, the
severity of occurrence can only be nonsterile, it will always be invariable and
therefore the numerical contribution to the overall risk of extrinsic bioburden
contamination will always be unity. Accordingly, the most appropriate means of
applying the fundamental risk equation defining the risk of bioburden ingress is
defined by Equation 10.2:

Risk = Probability of occurrence (10.2)

A wide variety of physical, physiological, and biochemical characteristics make
microbial hazards the most significant of hazards to aseptically manufactured
products. Virtually all known environments possess a resident microflora, with
microorganisms existing as individuals, collectives, or complex social consortia.
The magnitude of the global microflora can be appreciated by the consideration
of a single gram of soil in which there exists 108 –109 microorganisms; assum-
ing uniform distribution, a microgram of material accessing any clean room or
controlled environment could conceivably carry 1000 microorganisms. Further-
more, 1014 microorganisms exist in association with the human body compared to
only 1013 human eukaryotic cells; the biogeography of the bacterial communities
associated with healthy individuals is astoundingly rich [39]. Irrespective of loca-
tion of aseptic manufacture, a variable and uncertain quantity of microorganisms
will unquestionably exist and represent a reservoir of hazard with potential to
access and contaminate the product. Microorganisms are exceptionally adaptive
in both morphological and physiological dimensions, employing phenotypic and
genotypic mechanisms to endure environmental insult, proliferate, replicate, and
perpetuate their existence. Many inherent mechanisms (including their capabil-
ity to swiftly reproduce, some doubling every 20 min or so) permit species of
microorganisms to expediently evolve. New species possessing different char-
acteristics and survival traits evolve quickly to permit survival and successful
population of new and changing environments. The magnitude of microbial
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species diversity is testament to the success of such adaptive survival strategy;
more than 1.5 x 106 species of microorganisms are believed to exist [40].

Only a small portion (<1%) of this total amount of microorganisms have been
successfully grown in axenic culture [41,42]. Microorganisms from all environ-
ments have frequently been demonstrated to be unculturable. Gao et al. [43]
identified that approximately 15% of all species recovered from the human fore-
arm are not currently culturable. Wade [44] similarly reports that only 50% of the
microorganisms in the buccal cavity are culturable. A recent study of classified
and controlled cleanrooms has identified that >106 cells/m2 nonculturable cells
exist, easily outnumbering culturable cells [45]. It is therefore likely that within
environments associated with aseptic manufacturing, admixing, and adminis-
tration, the actual magnitude of a microbial hazard significantly exceeds that
determinable by traditional microbiological culturing techniques. Quantitative
risk assessment incorporating such considerations, therefore, may well represent
a means of assuring product quality (in microbiological terms), which exceeds
that obtainable with currently available measurement technology.

10.5.3 Risk of Endotoxin

The adverse health effects elicited by endotoxins (the vestiges of bacterial cell
walls) within parenteral products are very well described; endotoxins are clearly
a hazard and need to be assessed within risk assessment. Endotoxins may realize
a risk to product quality either as an intrinsic or an extrinsic hazard. For example,
endotoxins existing as part of the “natural” load inherent in or originating from
a raw material or active pharmaceutical ingredient derived from a recombinant
gram-negative bacterial fermentation might be regarded as intrinsic. In contrast,
endotoxins contaminating a parenteral product presentation via, say, a container
closure (e.g., vial or stopper, sealing ring or plunger) originate externally and
therefore constitute an extrinsic hazard. Endotoxins within a parenteral product
presentation or derived from gram-negative bacteria entering the patient can sig-
nificantly and acutely jeopardize patient health. Lipopolysaccharide is regarded
as the main initiator of sepsis via the triggered release of inflammatory cytokines,
tumor necrosis factor alpha, and interlukin-6 (IL-6). Within the past 10–15 years,
peptidoglycan has also been recognized as a major contributor eliciting an IL-6
response and patient sepsis [46], warranting careful evaluation in any assessment
of risk to aseptic processes. Moreover, peptidoglycan appears to act synergisti-
cally with lipoteichoic acid and lipopolysaccharide to cause organ injury [47].
The complexity of synergism and likelihood of a wider variety of microbially
derived entities with the capability to agonistically elicit IL-6 response are some
of the reasons for introduction of the monocyte activation test [35]. This is a
clear acknowledgement that far more microbially derived molecules than those
we have detailed knowledge of or the ability to specifically test for may adversely
affect product quality. Any risk analysis and risk management strategies in aseptic
manufacturing must consider this and evaluate these risks derived from intrinsic
and extrinsic hazard ingress.
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The detrimental effects on patient health caused by peptidoglycan, lipoteichoic
acid, and lipopolysaccharide may be exacted as molecules, packets of molecules
(frequently as micelles within a fluid), coating as a layer upon substrate (equip-
ment or product) surfaces or when associated with the cellular form either as
viable microorganisms, dormant or nonreplicating or nonculturable microorgan-
isms. Therefore, to thoroughly evaluate the risk to product quality posed by the
various vestiges or components of microorganisms, careful consideration of the
nature, form, and origin of the hazard is imperative.

10.6 MODEL FOR MICROBIAL INGRESS

A conceptual model for microbial ingress during aseptic pharmaceutical
manufacture (Fig. 10.3) appropriately describes the main origins of bioburden,
from which comprehensive determinations of risk can be achieved [19].
Within this model, primary sources of bioburden include personnel, healthcare
professionals, and the surrounding facility air supplied from HVAC systems.
Primary sources of bioburden also represent potential reservoirs of bioburden
capable of continually propagating bioburden to elicit a sustained risk to product
quality. The surrounding facility routinely possesses surface-borne bioburden
originating either from primary sources (air or personnel) or from extraneous
sources and are therefore most appropriately regarded as secondary sources
of bioburden. These sources of bioburden and the surrounding environment
lead to a complex and dynamic exchange or physical bidirectional transfer
of microorganisms between environment (facility and equipment), air, and
personnel. This dynamic interchange, movement, and transfer is likely to be
highly variable from circumstance to circumstance; the quantity, frequency, rate,
and direction of hazard movement in the aseptic manufacturing clean room will
be quite distinct from that of the clinical environment. Even so, such a single
model describing hazard ingress is both adequate and necessary.

Personnel

Vulnerable
product

Sources of 
bioburden

Facility

Air

Equipment

Opportunity permitting 
bioburden ingress

Figure 10.3 Conceptual model for air-borne bioburden ingress into aseptically processed
(manufactured, admixed, administered) items.
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10.7 RISK HIERARCHY

Although the conceptual bioburden ingress model is intrinsically simplistic, the
precise mechanisms by which microorganisms access a product during asep-
tic pharmaceutical manufacture is a complex and multifactorial process. Any
risk assessment must therefore adequately account for and incorporate consid-
eration of all participating factors within a structured architecture or hierarchy.
Risk hierarchies (of varying design) have been successfully incorporated into
contemporary formulaic and quantitative assessments of risk in aseptic manufac-
ture [23,48]. Irrespective of the preferred process or system of risk assessment
adopted, a common hierarchical description of overall risk can be envisioned,
which satisfies all risk scenarios and the model for bioburden ingress (Fig. 10.4).

This hierarchical relationship is fundamental to any assessment of risk and
is suitable for application of any type of the recognized risk assessment tools
and techniques including FMEA, HACCP, and quantitative risk modeling. This
hierarchy can be applied at each step, circumstance, or more simply encompass
the entire assessment of risk. The overall quantitative estimate for risk is derived
from the numerical sum of individual risk components that are generated from
individual risk factors. Risk factors have some level of interdependency in that
their magnitude may directly affect other risk factors and which combine to a
value contributing to the overall risk. Risk factors that affect each other are there-
fore multiplied together. The assignment of numerical values for each risk factor
can be achieved by the means previously described (via arbitrary surrogate but
representative relative values) or by actual empirically derived measurements (see
quantitative risk modeling, later). Risk components (and therefore their numer-
ical value) have no interdependency; they have no influence or propensity to
influence each other’s contributors to the overall risk. Typical examples of risk
components include the following [31,48]:

• facility contribution to risk;
• transfer of equipment to filling area;
• equipment setup; and
• personnel interventions.

R

C C

F F FF

+ +

X X X

C

H

Figure 10.4 A risk hierarchy describes the relationship between hazards [H], risk [R],
risk components [C], and risk factors [F] [30].
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One or several risk components may be perceived for each stage, process,
step, circumstance, or scenario under evaluation; risk components are likely to
vary in number and type. Each risk component is quantified from risk factors that
interdependently influence and impact each other; therefore, it is the numerical
product of risk factor values that define each risk component. Typical risk factors
commonly adopted have included the following [31,48]:

• amount of equipment transfer into a critical area;
• equipment setup complexity;
• complexity of a critical area;
• number of personnel interventions;
• type of interventions;
• number of personnel in the area;
• environmental conditions; and
• surface contamination levels.

Irrespective of the risk hierarchy, risk components must always include risk
factors that represent the likely occurrence of an event (causing harm) and severity
of the harm imparted; choice of salient risk factors and components is ulti-
mately discretionary based on expert opinion to genuinely represent the model
and mechanisms of ingress risk. This is most easily illustrated through a previ-
ously reported example application [19]. In this application, all likely contributors
(risk components and risk factors) associated with the overall risk of microbial
contamination of an 11-step parenteral filling process were determined; a fish-
bone diagram succinctly illustrates these (Fig. 10.5). Risk components and risk
factors participating and contributing in the risk for each of the individual 11
steps of the parenteral filling process were listed; note that the combination of
risk components vary from process step to step (Table 10.6). The parenteral fill-
ing process manufactured a liquid, biological, protein-based product presentation
filled, stoppered, and capped by machine-based processes. Sterile, depyrogenated
empty vials are transferred from a depyrogenation tunnel onto an incoming accu-
mulator table. Vials are then conveyed to a filling head and filled with the liquid,
biological, parenteral formulation before being transferred to stoppering and sub-
sequently to a second accumulator before capping. The sterile vial stoppers are
initially emptied into a stopper bowl from a sterile container before being trans-
ferred to the stoppering equipment. These operations are performed in a qualified,
controlled, and classified environment maintaining bioburden and particulate lev-
els to Grade A [38] and ISO class 5 requirements. A clean room environment
controlled to Grade B [38] and ISO class 5 requirements surround this critical
zone. For a convenient and meaningful analysis of risk of bioburden ingress
throughout the filling process, the filling line is divided into individual sections
or steps. These divisions are representative of the main functional tasks and
activities of the filling process, designated 1–11 and listed in Table 10.6. Overall
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Personnel
(Risk component A)

Frequency personnel
bioburden hits

Frequency intervention

Proximity to product

Personnel bioburden levels

Personnel bioburden levels

Duration of intervention

Frequency of bioburden hits

Bioburden levels

Frequency of bioburden hits

Facility
(Risk component D)

Duration personnel within
critical zone

Duration of set up of filling
Duration of use or filling

Duration of facility use or filling

Bioburden levels

Frequency of bioburden hits

Transfer coefficient

Transfer coefficientTransfer coefficient

Transfer coefficient
Bioburden levels

Transfer coefficient

Critical
area/equipment

(Risk component C)

Interventions
(Risk component B)

Air
(Risk component E)

Overall risk

Figure 10.5 Risk components and their constituent risk factors describing the risk of bioburden ingress during the eleven steps of an aseptic
parenteral filling process کوفا.[19]
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TABLE 10.6 The Eleven Steps of the Aseptic Machine Filling Process of a
Parenteral Producta

Filling Risk Components
No. Process Step Contributing To Step Risk

1 Filling line setup A, C, D, E
2 Vial transfer from depyrogentation tunnel

to accumulator
C, D, E

3 Conveying empty vials to filling A, B, C, D, E
4 Emptying stoppers into stopper bowl A, B, C, D, E
5 Stopper handling in stopper bowl and

conveying to stoppering
A, B, C, D, E,

6 Filling A, B, C, D, E
7 Stoppering A, B, C, D, E
8 Conveying stoppered vials to accumulator A, B, C, D, E
9 Loading accumulator with stoppered vials A, B, C, D, E
10 Conveying stoppered vials to capping A, B, C, D, E
11 Capping of stoppered vials A, B, C, D, E

aSource: The risk components (see Figure 10.5) contributing to the risk of bioburden ingress are
listed for each step.

risk at each filling step is calculated from the combination of risk components
and the overall risk of microbial contamination to the process determined from
the sum of all process step risks.

10.8 QUALITY BY DESIGN, QUANTITATIVE RISK ASSESSMENT,
AND PRODUCT DISPOSITION

Inevitably, all aseptic processes are vulnerable to varying degrees of risk posed
by extrinsic hazards accessing the product or device across a sterile barrier (or
zone), rendering the product contaminated. Typically, sterility assurance pro-
grams adopt an integrated range of technologies, practices, tests, and monitoring
systems incorporating critical evaluation whose aggregate contributions establish
a level of sterility assurance. Generally, numerous environmental controls are
integrated into a strategy that includes (but is not limited to) facility (design,
finish, materials of construction, cleaning, and sanitization), personnel (number,
traffic flow, movement, dress code), and equipment (design, finish, materials of
construction, operation, maintenance, cleaning, and sanitization/sterilization).

10.8.1 Improving Assessments of Microbial Risks

A successful strategy combines these controls to minimize and measure the num-
ber of microorganisms within the immediate (or extended) vicinity of a product
and must be considered in detail as a fundamental part of any risk assessment.
Whyte [5] and subsequently Whyte and Eaton [24] clearly illustrate the necessity
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of thoroughly documenting the primary sources, vectors, and potential routes of
microbial transfer within aseptic environments as the foremost and pivotal step of
any risk assessment. Assessment of risk to a product is dependent on the compre-
hensive identification and inclusion of all those salient contributors to risk and
concomitantly on a thorough knowledge of the process, product, and environ-
ment. Brainstorming and application of mind maps clearly assist and are useful
tools [5,24]. Fishbone tools (see previously) and the methodical determination of
all means by which microbial hazards can generate a risk in aseptic manufacture
(essentially a failure mode analysis) permit the comprehensive inventory of all
risks. An organization’s design history files, process flows, and change controls
associated with the aseptic manufacturing process must be used to detail the pro-
cess flow and assist in the identification of all vulnerabilities permitting microbial
hazard ingress, proliferation, or retention. As with any assessment of risk, the
accuracy of the magnitude of the hazard contributes to the level of certainty of
the predicted risk. Historically, comprehensive monitoring of the environment has
adopted growth-based technologies to recover a variable and uncertain portion
of the bioburden hazard present [49]. Sutton [50] exemplifies this and points out
that the limit of detection of an agar plate is 1 but the limit of quantification is
25! Uncertainty and variability implicit to traditional growth-based measurement
of the magnitude of microbial hazards likely diminish the accuracy of predicted
risk and confound the effectiveness of any assessment, irrespective of its specific
objective.

Any evaluation of the environmental levels of microbial hazards with the
objective of determining adequacy of control and product impact is most usually
arbitrary in nature. Measurement uncertainty and variability restrict evaluation
of the control of microorganisms in the environment, which at best can only
be judged in terms of trend analysis or with respect to levels perceived to rep-
resent adequate environment of control [51]. Furthermore, there is routinely no
data linking the magnitude of a microbial hazard in the immediate or extended
environmental vicinity to product quality and the risk of product contamination.
Moreover, to the author’s knowledge there has been no detailed published data
that strictly links environmental levels of microbial hazard to nonsterility of a
product. However, constrained by measurement uncertainty and the absence of
a correlation between the magnitude of microbial hazard and product impact,
environmental (facility, personnel, equipment) levels of the microbial hazard are
universally considered as key parameters to facilitate the disposition of an asep-
tically processed product. The rigor and objectivity of such analysis for product
disposition is profoundly opportune for improvement via a truly quantitative risk
assessment, which necessarily captures and considers associated measurement
uncertainty and variability. Two strategies can be used to reduce measurement
uncertainty and variability. First, more accurate and rapid microbial measuring
technologies permit a realistic determination of the magnitude of the microbial
hazard in the aseptic manufacturing environment. Quantification of the levels of
microorganisms in the same time frame of filling and associated with each step
of aseptic manufacture generates an accurate assessment of the magnitude of the
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bioburden, which can be linked to true product risk. Flow-cytometric-based mea-
surement platforms are commercially available and are being validated within
aseptic manufacturing facilities. This technology does allow us to apply actual
bioburden data to describe hazard magnitude and when combined with transfer
coefficients permit calculation of the quantitative risk (transfer of bioburden into
vulnerable product) to product. Application of true quantitative values of risk is
far superior to the employment of surrogate descriptors. The second strategy is
the use of population distributions to describe the risk factors. This does require
some empirical data to enable the definition of the risk factor in terms of the
likely minimum and maximum mode and shape of distribution. Environmental
monitoring data lend itself especially well to this form of describing the magni-
tude of bioburden as a risk factor. With a high level of assurance, we can say that
in controlled aseptic manufacturing environments the level of resident bioburden
is a population between less than one and a maximum value (identifiable from
environmental monitoring program data), is non-normally distributed at a value
close to one (again identifiable from the environmental monitoring program data).
The difficulty with using population distribution data in quantitative risk analysis
is the necessity for a sophisticated software program to interpolate the data.

10.8.2 Culture-Based Microbial Test Methods are Inadequate
Measurements of Product Quality

The sterility test is currently mandated within 211.165 of the Code of Federal
Regulations (CFRs) and therefore presently constitutes one of the requisite tests
implicit in a sterility assurance program. There remains a common belief or
perhaps a convenient reliance on the sterility test as a definitive test of product
sterility for an aseptically processed product. The purpose of the sterility test is to
provide proof of absence of microorganisms (sterility); however, the absence of
evidence of microorganisms by a sterility test is not adequate evidence of absence
of microorganisms. A credible risk to the patient population likely accompanies
our reliance on the sterility test; the risk of permitting the release of a microbially
contaminated product may be described as a Type II error (false negatives). Type
II errors in any testing or analysis of sterility has the potential for the disposition
of nonsterile items into the market.

Fallibility of the sterility test to identify the presence of microorganisms within
a product can be attributed to numerous factors, all potentially contributing to a
Type II error. Generally, these factors contribute to two main categories, which
are (i) the inability of the sterility test to grow microorganisms and (ii) the small
sample size of this end product consuming test.

A microorganism may not grow or replicate by virtue of (a) debilitating
injury (lethal or sublethal), (b) physiological prerogative (microbial dormancy),
or (c) the mere fact that the nutritional and physicochemical conditions are
not conducive. It has been estimated that only 1–5% of all microbial species
have been successfully cultured [52,53]. With many aseptic processes involving
human manipulation and intervention, the “culturability” of the human microflora
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to product risk assessment is of paramount importance. Disappointingly, uti-
lizing common culturing technology and culture media only 10–50% of the
human microflora (depending upon anatomical location) is recoverable by growth
[43,44]. In contrast to nonculturability (because of suboptimal growth conditions),
microbial dormancy is part of an essentially ordered developmental program such
as sporulation [54,55]. In gram-positive microorganisms, there is evidence that
the coordinated flux in metabolic and biochemical functions suggests dormancy is
active and programmed [56]. Recent data have illustrated that this phenomenon is
a characteristic of clinically relevant species of microorganisms. Sachidanandham
and Gin [57] revealed that dormancy is a mechanistically ordered process per-
mitting Klebsiella pneumonia, Escherichia coli , and Enterobacter sp. to endure
adverse environmental conditions. In addition to human-borne microorganisms,
the recovery and growth of microorganisms from clean room and aseptic process-
ing environments are crucial considerations in the evaluation and quantification
of risk. La Duc [45] has illustrated that the magnitude of the microbial hazard
with the potential to contaminate a product processed within clean rooms and
aseptic conditions may be far larger than previously considered. Indeed, when
we consider that dormancy is a preferentially opted physiological state, adopted
by microorganisms to endure suboptimal conditions, common to species of the
human micro flora, and species causing infections, we must question the ade-
quacy of our reliance on growth-based technology platforms for sterility testing
and environmental monitoring, and risk evaluation.

Bryce [58] recognized the fundamental and unavoidable constraint of sample
size that limits the sterility testing of finished articles to solely a determination of
batches “sterility.” Furthermore, for any batch contamination event, a relationship
exists between the mean number of microorganisms per unit and the frequency of
units within a batch containing at least one microorganism—see Tables 10.7 and
10.8 [59]. The relative frequency can be calculated using the following equation:

Q = 100
(
1 − e−m

)

where:
Q = percentage of units containing at least one microorganism
e = 2.7182818

m = the average number of microorganisms per unit
Applying this calculation, if one batch of a product contains on average one

microorganism per individual unit (i.e., vial, container, or device), then only 63%
of all units within that batch are likely to contain at least one microorganism.
With sampling a finite (n = 20) number of units used in any testing strategy, there
remains a significant risk of failing to identify a nonsterile unit; no refinement or
optimization of sample size, sample choice, or frequency provides a satisfactory
or adequate level of sterility assurance by end product sterility testing. The risk of
reporting a false negative (Type 2 error), that is, the failure to identify a nonsterile
unit by finished product testing is calculable from the following equation [60]:
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TABLE 10.7 The Relationship Between Mean Microbial
Load in a Batch (Described as Microorganisms/Unit) and
the Frequency of Actual Contaminated Unit [59]

Contamination Distribution Frequency of
Mean Microorganisms/Unit Contaminated Units

1.0 63.2%
0.1 9.5%
0.01 1%
0.001 0.1%

TABLE 10.8 The Relationship Between the Frequency
of Contaminated Units Within a Batch and the Number
of Units Required to be Tested to Identify Contamination [59]

Units Needed to Test Positive Number of Units
Frequency of Contaminated Units Needed to be Test

0.1 (10%) 44
0.01 (1%) 458
0.001 (0.1%) 4603

P = 1 − e−l

where:
P = probability of failing the sterility test
e = 2.7182818
λ = likelihood of a contaminated unit

Odlaug [61] used this equation to report the magnitude of insufficiency
of final product sterility testing and to define the superiority of parametric
release (for terminally sterilized product). Tables 10.9 and 10.10 summarize the
probability of passing a sterility test (i.e., reporting a type 2 error) with different
percentages of a batch contaminated with at least one microorganism. If 0.1% of
a batch is contaminated, the risk (probability) of failing to identify nonsterility
is 0.98 or 98%. Consider this statistical likelihood of assuring product quality
when applying the mandated sterility test in counterpoise to CFR 211.165,
which also states “Acceptance criteria for the sampling and testing conducted
by the quality control unit shall be adequate to assure that batches of drug
products meet each appropriate specification and appropriate statistical quality
control criteria as a condition for their approval and release.” The aim of the
CFR for establishing statistical quality control criteria for sterile products might
indeed appear contradictory when we fully appreciate the statistical constraints
and culturability limitations of the sterility test.
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TABLE 10.9 The Probabilities of Detecting a Nonsterile
Unit with Varying Percentages of Unit Contamination
Frequencies [61]

Probability of Detection

Frequency of Probability of
Contaminated Units Positive Test

1.0 (100%) 1.0 (100%)
0.1 (10%) 0.86 (86%)
0.01 (1%) 0.18 (18%)
0.001 (0.1%) 0.02 (2%)

10.8.3 Superior Assurance of Product Quality is Achieved by Quantitative
Risk Assessment

The previously described practical and technical constraints of sterility testing
provide a profound justification for applying more innovative, quantitative risk
assessment and risk-based approaches to assuring sterility of an aseptically man-
ufactured product. The paradigm combining QbD, quantitative risk assessment
integrated into pharmaceutical quality systems as defined in ICH Q8, Q9, and
Q10 offers a realistic, practicable means of assuring product sterility to a far
superior statistical basis.

Despite the currently accepted adequacy of the sum contribution of all tech-
nologies, practices, in-process tests, monitoring systems (qualified on a regular
basis by process simulations), and final product testing, the disposition of an
aseptically processed product can be greatly improved in terms of rigor and
objectivity using QbD and quantitative risk assessment. For a considerable time,
the food industry has successfully applied microbial risk models that model, cal-
culate, and quantify the risk to the end consumer from microbial hazards derived
from sources along a logic chain or risk pathway [62,63]. The fundamental logic
path and associated microbial dynamics described by these quantitative micro-
bial risk assessment methodologies is clearly mirrored by the application of risk
hierarchies fundamental to aseptic processing risk assessments. Generating a risk
pathway (essentially equivalent to a process flow) by applying risk hierarchies

TABLE 10.10 The Probabilities of Passing a Sterility Test with
Varying Percentages of Unit Contamination Frequencies [61]

Probability of Passing Test

Frequency of Probability of Passing
Contaminated Units Test (n = 20)

1.0 (100%) 0
0.1 (10%) 0.14 (14%)
0.01 (1%) 0.82 (82%)
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at each process step and populating the associated risk components and risk
factors with data that truly quantitatively describes the probability of microbial
ingress realize the Q8-Q9-Q10 paradigm. Tidswell and McGarvy [19,27] inno-
vated, developed, and successfully applied this strategy to quantitatively describe
parenteral product sterility during aseptic manufacturing. Successful exploita-
tion of this strategy is based on three fundamental tenets. First, that a single
microorganism accessing an aseptically manufactured or manipulated product is
unacceptable. The notion that species type per se is not imperative to patient
infection and therefore salient to nonsterility is legitimate; fundamentally, any
microorganism has the potential to cause patient harm and is salient to assess-
ment of patient risk. Although a recent compelling discourse has pragmatically
evaluated the risk from a limited number of microorganisms present within asepti-
cally manufactured products [64], this contradicts the fundamental aim of aseptic
manufacture—the generation of products devoid of microorganisms. Ironically,
we continually seed our own bloodstream with microorganisms originating from
our own inherent microflora and accessing at distinct locations. For example, the
oral and buccal cavity contains large numbers of microorganisms accessing our
bloodstream via small lesions and imperfections in our gums and oral mucosa.
Any attempt to justify a low level of microorganisms within a parenteral prod-
uct must be founded upon a proven clinical rationale, highly impractical and
uneconomical to attempt. As previously described in terms of assessing risk to
an aseptically manufactured product from the ingress of microorganisms, the
fundamental risk is described by the probability of ingress and does not include
evaluation of severity as a consequence of the realization of risk (Eq. 10.2).

The second fundamental tenet is that measurement uncertainty exists in the
enumeration of microorganisms; this is especially the case when growth-based
technologies are implicit in the sterility assurance program. It is appropriate,
however, to account for this uncertainty and variability by the description of
the magnitude of the microbial hazard by probabilistic population distributions.
What is important to know is the maximum and minimum values possible, and
the likely value. These describe the spread, shape, and likely bounds of any
quantity of microbial hazard present. Traditionally, uncertainties implicit in the
logic chain of quantitative microbial risk assessment methodologies have been
accounted for using Monte Carlo simulations [65]; however, Bayesian belief
networks may represent more sophisticated means of accounting for stochasticity
[66]. These tools permit a systematic and repeated generation of random values
for the microbial risk factor variables to populate probability distributions. In this
manner, all possible permutations are evaluated to permit a thorough evaluation
of risk, rather than rely on a single value that is likely inaccurate, somewhat
subjective, and may bias the determination of risk. Simultaneous interpolation of
all contributing permutations far exceeds our own mental acuity and does demand
the use of software to generate the quantitative assessment of risk.

Finally, the third fundamental tenet is that the transfer of microorganisms
from a source or location and any consequential ingress into an aseptically
manufactured product can be defined, measured, and validated. Any microbial
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hazard is subject to the same forces and vectors acting upon inanimate parti-
cles; concomitantly, the physical disposition and movement must be predictable.
Quite simply, under defined environmental conditions (including consideration
of air flow dynamics, temperatures, humidity), the probability of a microorgan-
ism accessing a product, resulting in nonsterility, is dependent upon the number
of microbial hazards and the time duration the product is vulnerable to ingress.
The subsequent algorithm or transfer coefficient permits the determination of a
statistically sound evaluation of product contamination; knowing the amount of a
microbial hazard within an environment and the duration for which a product is
vulnerable may thus be converted into a likelihood of contamination. Determina-
tion of such a transfer coefficient is highly dependent upon a well-defined testing
environment with proven air flow dynamics and microbial distributions. Tidswell
and McGarvey [19] achieved this relying on a quantification of microorgan-
ism using growth-based recovery and quantification, qualifying the methodology
by direct comparison to process simulation data [27]. Within the risk assess-
ment, transfer coefficients may also be assigned probabilistic distributions to build
into the quantification an appreciation for uncertainty and variability. Augmenta-
tion with the application of real-time rapid microbial monitoring by the likes of
cytometry [67,68] facilitates the real-time quantification of risk and a statistical
determination of product sterility far beyond that feasible by the combination of
current aseptic technologies, testing product disposition, and processes. Integra-
tion of real-time microbial monitoring data with an automated software platform
is as yet unrealized but would provide a continuous automated risk calculation
(ARC) for real-time deterministic assessment of product sterility, imparting a far
superior assurance of sterility than that achievable by sterility testing.

10.9 FUTURE TRENDS AND THEMES

Healthcare will continue to experience a growing population of more aged
patients and the continued burden of microbial infections linked to clinical
administration of a diversifying range of therapies. It is foreseeable that where
feasible healthcare practices, procedures, and treatments will be devolved
out into community, clinical, and outpatient settings, diminishing the risk of
hospital-associated infections and complications. This will further accentuate
our need to understand and design out risk to product sterility in the context
of out-of-hospital environments and settings. Economic and regulatory pressure
will additionally encourage the automation and refinement of risk assessment
processes and techniques that are not so heavily reliant on human input and
where the uncertainty and subjectivity of content is designed out. Adequate
assurance of the absence of microorganisms (sterility) from a product will likely
never be achievable by end product testing. Universal acknowledgement of
this fact will necessitate alternative strategies assuring sterility; automated risk
calculation (ARC) for real-time, as described earlier, is one strategy likely to
succeed. It is clear that risk analysis and risk evaluation of aseptic manufacture
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and aseptic processing will remain an integral part of the product and process
life cycle. Risk assessment through the life cycle demands the diligent
administration and management of “living” documents in the contemporary
context and necessarily employing multiple tools. This chapter has provided
some direction for prudent choice of the most pertinent tools for expedient,
economical, and efficient execution of aseptic risk assessments.
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11
PHARMACEUTICAL PRODUCT
MANUFACTURING

Marlene Raschiatore

This chapter focuses on the areas of risk that a drug company may encounter
in pharmaceutical manufacturing. The chapter specifically addresses oral solid
and liquid formulations, and uses a case study to illustrate how to apply a risk
management tool to identify and mitigate risks that could affect product quality
and patient safety. The beneficial outcome of this process is that the manufacturer
critically evaluates the operation and from it gains product and process under-
standing. This information can then be used to make more informed decisions
on a day-to-day basis if and when quality issues arise.

All pharmaceutical product manufacturing processes have inherent risks that
can impact the product quality and patient safety of a drug product. Therefore, it is
important to assess the risks in each manufacturing process. The assessment starts
by identifying and understanding the potential risks, then controlling them to an
acceptable level to ensure that the product consistently meets approved quality
standards for patient safety. The use of risk assessment plays an important role
in the following:

• providing a systematic approach to identify potential risks;
• providing measures to mitigate their occurrence;
• increasing awareness of what will happen in the event of a failure;

Risk Management Applications in Pharmaceutical and Biopharmaceutical Manufacturing,
First Edition. Edited by A. Hamid Mollah, Mike Long, and Harold S. Baseman.
© 2013 John Wiley & Sons, Inc. Published 2013 by John Wiley & Sons, Inc.

275

کوفا
دنیاي ش



276 PHARMACEUTICAL PRODUCT MANUFACTURING

• determining what areas need process improvements; and
• increasing product and process understanding.

11.1 ROLE OF QUALITY RISK MANAGEMENT

Risk assessment as part of an effective risk management program directs the
product and process knowledge gathering process [1–11]. Decisions are made
about how to assess, control, monitor, and/or accept risk based on predicted
benefits and possible consequences. It determines through a systematic approach
the product attributes and process parameters that are truly critical to the final
product quality and safety and which are not critical. The value of this approach is
that time, money, and other resources are not wasted on controlling, monitoring,
or validating parameters that do not ensure final product quality.

Regulators are encouraging the use of risk assessment in the beginning during
product development where the expected aim is to build quality into the product
by design [12–16]. ICH Q8 (R2), Pharmaceutical Development, recognizes risk
assessment as a tool to be used early on and throughout the development process
to determine at a minimum, those aspects of drug substances, excipients, con-
tainer closure systems, and manufacturing processes critical to product quality
and to define their control strategy. Through a series of planned and designed
experiments, these different aspects and any interactions between them can be
examined. The end result is the creation of a comprehensive product profile that
not only provides confidence that the final product will be safe and efficacious
but also provides a foundation on which the impact of future changes can be
predicted.

Although the critical product attributes and process parameters and their con-
trol strategy are best determined during the drug development stage, the risk
assessment process can be applied at any point in the product’s life cycle.
Regulators are expecting that the pharmaceutical manufacturer knows the risks
associated with their product and manufacturing process, which could result in
product quality or safety issues whether the drug product is in development or
already on the market.

Pharmaceutical manufacturers have been practicing some form of risk man-
agement, formally or informally, for some time to improve process efficiencies
or investigate product quality issues. Historically, the risk management practices
have been deductive in nature and performed through an informal process. A
formal process is not always appropriate or necessary and informal processes are
acceptable as long as the rationale is logical, documented, and the process follows
company policy. What should be avoided is an “I made the decision in the coffee
room” type of process where decisions may not be documented. Otherwise, the
risk decision-making process may be too subjective rather than empirical and
may not be well documented. Inadequate documentation and justification of risk
decisions could open the door for questions by regulators. Proper documentation
of the decision-making process and decision justification are essential to provide
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regulators with greater assurance of a manufacturer’s ability to deal with poten-
tial risks. The use of risk assessment tools provides a good structure for prompt
and adequate documentation of the information gathered and justification for the
decisions made during the risk assessment process.

11.2 RISK ASSESSMENT IN PHARMACEUTICAL MANUFACTURING

Pharmaceutical manufacturing has a broad scope that includes many different
types of drug products that can be administered differently and manufactured
under different conditions. Drug product formulations range from powders, liq-
uids, solids, creams, to ointments that can be administered as oral, parenteral,
topical, transdermal, or inhalant. Each dosage form can be manufactured using
different process steps and under different environmental conditions ranging from
aseptic to nonaseptic, with varying levels of control depending on the risk of
microbiological contamination to product quality. Some processes may not be
aseptic but still have a requirement for bioburden control. For example, antiacids,
some liquids, respiratory therapy products, or even terminally sterilized products
are not manufactured aseptically, but there may be microbiological contamination
risks to product quality.

The different combinations make it difficult to discuss in one chapter the
risks associated with all product types included in the scope of pharmaceutical
manufacturing. Risks associated with product quality and safety for one product
type may or may not apply to another. For example, the risks impacting product
quality in the manufacture of parenteral products where sterility is required for
patient safety would obviously differ from risks in the manufacture of solid
oral dosage products where sterility is not required for patient safety. Likewise,
within one product type, some of the risks impacting product quality may be
the same, while other risks may differ because one or more process steps differ.
For example, the risks associated with the drying and milling process steps for a
solid oral tablet may differ from the same steps for another solid oral tablet. The
versatility of the risk assessment process is that it can be applied to manufacturing
process steps for any product type.

The exercise should be product- and process-specific so potential risks are not
missed. Ideally, a risk assessment would be performed for each product, but prod-
ucts that use the same operations can be grouped into families so that knowledge
from common or shared process steps may be leveraged. For a company that
manufactures more than one product, the initial step would be to identify each
of the products, the process steps for each, and any shared or common process
steps between products to help leverage common process risks across the differ-
ent products. It would be important to document the criteria used and justification
to group products into families in case questions or issues arise later on. Each
risk-based assessment should be documented, and the results and conclusions
approved by the site quality and production authorities.
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Figure 11.1 Example of a cause and effect diagram showing the manufacture of a solid
product. (See insert for color representation of the figure.)

At first it may be best to start out by identifying all the manufacturing steps
and inputs for a particular product. There are tools that can help. For example,
one tool is a cause and effects diagram also known as a fishbone diagram [17].
Figure 11.1 is an example of a fishbone diagram where all the processes involved
in the manufacture of a solid tablet are listed.

In this fishbone diagram, the top half of the fishbone contains the different
major steps of the manufacturing process starting with the receipt of incoming
raw materials in the warehouse (at the head of the fishbone) through the formu-
lation steps (e.g., dispense, blend), the finish process steps (e.g., compression,
packaging), and ending with the finished product storage in the warehouse (near
the tail of the fishbone). The bottom half contains components that support the
manufacturing process and would have an impact on the outgoing product quality:
facility, equipment, and people.
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The diagram lists the major steps or components at the end of the larger
fishbone with substeps or components listed beneath on the smaller fishbones. For
example, under the major step, “finish processing,” the substeps are compressing,
coating, filling, and packaging.

A multifunctional team of subject matter experts for the product, along with a
skilled facilitator experienced in the risk assessment process, are gathered. As part
of the analysis, the team would gather relative product and process knowledge
already known such as basic scientific knowledge, historical test results, reject
data, or stability data. From here, it can be determined what product or process
knowledge is missing and if a plan is needed to acquire the knowledge. This
information could be used to prioritize the assessments/studies.

The team would decide the scope of the assessment that will be undertaken
and develop a process flow map. For example, Figure 11.2 illustrates the process
flow map of a solid tablet starting with the incoming raw materials warehouse
operation and ending with the finished product warehouse storage operation. The
process flow diagram described in Figure 11.2 will also be used later in the
chapter for the case study.

The team would identify the risks associated with each process step and look
for those process steps and the process parameters critical to ensure final product
quality. Any preventive measures in place to mitigate the risk are also identified
and evaluated to determine if the measures are adequate or additional measures
are needed.

It is important that the risk assessment is not done just sitting in a conference
room. Walk the process. Understand the process looking at it out on the pro-
duction floor and identify the hazards as they could occur there. Several process
maps can be used to cover individual subprocess steps or components.

To help demonstrate the assessment exercise and provide some examples of
potential risks to product quality in pharmaceutical manufacturing, the process

Solid product manufacturing process

Incoming raw 
materials

Dispensing/
weighing

Granulation

Drying Compression

Blending

Milling

Packaging

Branding

Film coating
Finished
product
storage

Figure 11.2 Example of a process flow chart.
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steps listed in Figure 11.2 and others listed in Figure 11.1 were assessed and
the potential risks identified are discussed later. In addition, a list of potential
hazards and harms is included in Appendix I.

11.2.1 Raw Materials

11.2.1.1 Materials Management The risk assessment needs to start at the
beginning of the manufacturing process. The first area considered here is incom-
ing materials. The quality of the materials that will be used in the manufacture
of a finished product needs to be assessed and protected starting at the receiving
dock. There are at least three areas that require assessment.

One area is the physical examination of the materials when they are deliv-
ered to the receiving dock. What are the risks to quality under the following
conditions?

• No one is checking to see that incoming materials are properly identified.
• Packaging is not intact to protect the contents from tampering or contami-

nation.
• Packaging is not clean and dry.
• Proper storage conditions such as temperature or humidity were not main-

tained in transit as needed.

The other area is the physical protection of the materials once delivered. There
are inherent risks to the quality of the materials if warehouse staging and storage
areas are under the following conditions:

• not physically protected from ingress of environmental elements such as
rain, wind, and possibly insects, birds, or rodents;

• have standing water that can invite the proliferation of mold; and
• have poorly defined material handling procedures that are not designed to

protect the materials and their packaging from damage or contamination
during warehouse storage operations.

Where materials have certain temperature or humidity requirements to main-
tain quality, such as a refrigerated temperature or controlled room temperature,
the assessment will need to address whether there are adequate mechanisms in
place or needed to maintain and monitor the storage conditions.

Lastly, there are risks involved if the materials are not properly handled accord-
ing to their “release” status. Typically, the same storage facility is used to store
both incoming materials and finished product in the quarantine, released, and
rejected stage. For incoming materials, an apparent risk is the unintentional use
of rejected materials to manufacture finished product. For finished products, the
apparent risk is the inadvertent distribution of rejected products to the market.
The risk assessment would include whether there are adequate systems in place
to properly identify the status of materials (i.e., quarantine, released, rejected),
segregate materials according to their status as needed, and ensure only released
materials are sent to the production line or products to market.
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11.2.1.2 Active Pharmaceutical Ingredients and Excipients Raw materials
used to formulate the product need to be potent, safe, of a defined purity, and
be of the correct composition, identity, and quality. If any of these aspects
are compromised, product safety and efficacy are at risk. The risk assessment
should address any of the chemical, physical, and microbial attributes of the
material that are critical to product safety and be in relation to the specific use
of the material. For example, water is used in the manufacture of both a liquid
and a solid product. Poor microbial water quality would be a relatively greater
risk for a liquid product where water is the main ingredient as compared to the
manufacturing of a solid product where typically water plays a much smaller
role and is eliminated by drying during the process.

In particular with raw materials, lot-to-lot variability of incoming lots poses
a major risk to the quality of the finished product. Those characteristics of the
material critical to consistently delivering the intended product quality need to
be determined and controlled for incoming lots. For example, if low moisture
content of a powdered material is critical to its use for a solid product, then
moisture would be a characteristic required to be at a certain level in every lot
received. Lots with high moisture content could adversely affect the granulation
or drying processes. The bulk product may be too moist to properly compress to
the proper hardness, affecting the final unit potency.

Particle size may be a characteristic identified to be critical to product quality.
In a liquid formulation, a larger particle than expected could require more mixing
time to allow for longer particle-to-water contact or greater agitation for full
dissolution of the material. Likewise, in solid dose manufacturing, larger particles
may not blend properly during the granulation process. Inadequate mixing or
blending could produce a nonhomogeneous batch where pockets of the batch are
superpotent, containing undissolved, concentrated amounts of active material,
and other portions of the batch are subpotent, containing substandard amounts of
active material. Depending on how and where the batch is sampled for testing,
the discrepancy may not be uncovered during in-process or final product testing.
The obvious safety risk is that the patient may either be overdosed (superpotent)
or inadequately treated (subpotent).

Control of lot-to-lot variation in the microbial quality of incoming active and
excipient ingredients is important for finished products that have an established
microbiological limit. The control strategy would need to include monitoring
of incoming lots for microbial content as well as controls to protect the mate-
rial from microbial contamination during the sampling process from personnel,
instruments, and the sampling environment.

11.2.1.3 Supplier Management In-house testing of the critical attributes in raw
materials allows a manufacturer to know their incoming quality levels. Monitor-
ing the incoming quality mitigates the risk of using materials that will not meet
finished product specifications. It does not, however, mitigate the risk of receiving
materials that do not meet incoming specifications. A drug manufacturer should
have confidence that the quality of material received from the supplier will not
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vary from lot-to-lot and consistently will meet specifications. A good supplier
management program, which selects a supplier based, at a minimum, on a good
performance, validation status, and compliance with regulations, will improve
the manufacturer’s confidence that the materials received will consistently meet
quality specifications. The supplier management program should be documented
with rationales for supplier selection.

11.2.2 Formulation

The exact mixture and concentration of active pharmaceutical ingredient (API)
and excipients are crucial for patient health and safety. Healthcare providers
and patients inherently trust that the product delivers the intended potency and
expected results if taken as listed in the product labeling. Formulation errors can
impact product identity, potency, and stability, resulting in a product that fails to
deliver on its intended purpose. Therefore, every formulation process step must
be assessed for risks starting from selection of raw materials to completion of
the in-process bulk.

In formulating a product, there are inherent risks with equipment so a specific
reference to them will be made here (see Chapter 7 for equipment commissioning
and qualification considerations). Knowing the risks and the potential outcome
when equipment is substituted, incorrectly setup, or is used with the incorrect
operating parameters will be helpful information when quality issues arise during
routine operations. Several examples of how equipment can impact the potency,
safety, or stability of the formulated bulk product are as follows:

• The use of equipment such as balances with less sensitivity than required
may result in insufficient quantities of raw materials used (e.g., measures in
whole numbers only when two decimal places are needed).

• A bulk tank of a different size or shape may result in insufficient space to
allow for proper mixing or blending.

• A mixer of a different design, shaft length, or propeller size or speed capabil-
ity may not be adequate to successfully complete the dissolution or blending
step in the defined timeframe.

• Use of wrong mixer speed may not adequately dissolve materials or provide
a uniform batch by the end of the defined mixing time.

11.2.2.1 Dispensing The steps involved in selecting the correct materials,
weighing or measuring, and protecting them from contamination during the
dispensing operation tend to be manual in nature. Therefore, when identifying
the risks, close attention needs to be paid to the quality of operator instructions
and managing operator performance. Procedures need to be sufficiently detailed
and easy to follow, specifying the equipment or instruments to be used so that
the operator has adequate instruction to execute each step precisely.

Some incoming materials are packaged in large quantities to be used in
multiple batches. The risks of contamination from multiple operators, sampling
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equipment, and environmental exposure are greater for these materials than for
the materials packaged for use in a single batch. The assessment would determine
if controls are adequate to protect the material from chemical and environmental
contamination during the weighing step. In addition, operators would need to
employ procedural controls to protect the material’s identity, making sure that
the material is properly relabeled, reconciled, and returned to the proper storage
area after use.

The obvious risk associated with incorrect weighing or measuring of materi-
als is producing a batch that is subpotent or superpotent. Human errors such as
operator technique, calculation, and labeling errors are common for weighing and
measuring steps. Any of these errors can result in formulating a batch with the
wrong amount of ingredients or the wrong ingredients. Errors can often be miti-
gated by a check by a second operator. A determination should be made if second
checks are needed for calculations, measuring, or labeling and if they will ade-
quately mitigate the risk. Operator technique can impact the final potency result if
materials are not handled with care so that already weighed or measured material
is completely transferred into the dispensing container without spillage. Controls
should define what action is taken if accidental spillage occurs to ensure only
the correct amounts of materials are used and to protect subsequently dispensed
materials from potential cross-contamination.

Other factors play a role in this part of the manufacturing process includ-
ing work flow. Operational steps that are handed-off from one department to
another can lead to product error. For example, materials can be delivered to
the incorrect formulation area, creating a risk that the bulk product will not be
made in accordance with the correct batch instructions. Once materials are deliv-
ered, formulation operators should verify that the materials received are correct
before use.

11.2.2.2 Granulation It is important to know what steps in the process of
adding materials together to form a batch are critical in achieving the correct batch
formulation that supports product potency and stability and include them in the
risk assessment. For example, in some formulations the order of materials added,
the amount of material per addition, or the timing between material additions is
critical to product potency or stability. Once the critical steps are identified and
defined, they should be fully described in written instructions such as SOPs or
batch instruction records for personnel to follow.

Other common risks in the granulation process involve improper mixing of
materials as a result of operator error. Installing the wrong chopper blades or
applying the wrong mixing speed or time parameters can result in the risk that
the granulation process is incomplete, leading to product instability or incorrect
potency.

11.2.2.3 Drying If the granulation is a wet granulation process, a drying step
is typically applied at the end of the process. The risks associated with this
step include inadequate drying and uncontrolled or improper wet holding times.
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Inadequate drying parameters (e.g., time and temperature) could result in a bulk
that is too moist, which may ultimately impact product stability or its inability
to be further processed. If the bulk is held too long in a wet state before drying,
the wet conditions may allow chemical reactions between the materials to take
place. These chemical reactions may change the final composition of the bulk
such as forming a different product or by-products that could be detrimental to
patient safety. There may be a need for wet holding times to be defined to avoid
conditions that support chemical reactions.

11.2.2.4 Milling After drying, the bulk is typically processed through a mill
or metal screens that break up clumps that may form as a result of the granulation
and drying processes. In this process, it is important that the operating parame-
ters and equipment setup are correct. Inadequate milling time or the wrong size
milling screen can result in a nonhomogeneous batch, with clumps that will not
be blended correctly. In addition, incorrectly fitted screens or warped screens
can cause the metal screens to rub against each other, causing a risk of metal
shearing and contaminating the batch with metal particulate.

11.2.2.5 Mixing/Blending The bulk granules are combined with a solution that
will act as a lubricant to aid in the flow of the powder to the compression area,
the next step in the process. In this process, there is a risk that the solution being
added or that the amount of solution being added is incorrect. Material error
will result in a product that is mislabeled and may be a risk to patient safety.
Insufficient solution or insufficient blending time may result in a batch that will
not compress properly, putting the patient at risk to receive a product that has a
variable or an incorrect potency.

11.2.3 Finish Processing

11.2.3.1 Compression A powder bulk is compressed into metal cylinders or
forms that determine the size, shape, and weight of a tablet. The tablet weight
directly determines the delivered dose; and if the tablet weight varies so that
some may be underweight, the patient is at risk of not receiving the intended
treatment. Some of the common risks associated with weight variation are as
follows:

• Inadequate or inconsistent powder flow as the result of equipment operating
problems or inadequate humidity control causing the powder to cake. It is
important that the powder flows freely at a consistent rate so that the forms
are always correctly filled.

• Incorrect equipment setup using the wrong size or type dyes or punches.
• Incorrect pressure and speed operating parameters for the required weight

or hardness. Incorrect hardness can result in chipping or flaking of the table
or susceptibility to further cracking.
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A common risk in the compression process is the improper setup of the metal
punches or dyes. If the equipment is not setup so that the metal punches are in
alignment, the metal parts will rub together, causing the metal to shear and emit
metal particles that contaminate the product.

11.2.3.2 Film Coating The tablets may be film coated. In this step, the tablets
are typically placed in a rotating drum, atomized with a coating solution, and air
dried. In most cases the coating contains an inactive ingredient that protects the
active ingredient inner core formed during the compression step. If the coating
is not applied evenly and/or in the correct amount, there could be a risk that the
dose is not properly delivered or that the exposure of the active ingredient to the
environment may adversely impact the product stability. In addition, the tablet
must be dried to ensure that the coating adheres to the core. If the tablets remain
wet at the exit of the film coating equipment, they could stick together removing
the coating when separated. Factors that can impact a proper film coating process
are as follows:

• incorrect solution applied;
• incorrect solution preparation where the solution is too thick or thin, pro-

hibiting even flow or appropriate flow rate;
• equipment malfunctions such as clogged spray nozzles; and
• incorrect operating parameters such as wrong rate and time of solution atom-

ization, drum rotation, or air drying temperature.

11.2.3.3 Branding The tablets may be imprinted with an identifier such as
the manufacturer’s name. This identifier helps the patients to know that they are
receiving the correct drug. An ink solution is typically injected onto the tablets.
Similar risks are involved as those described for the film coating:

• incorrect ink solution preparation where the ink is too thick or thin and the
flow is not even or consistent;

• equipment malfunctions such as clogged ink jets; and
• incorrect operating parameters such as inadequate pressure to apply ink.

11.2.3.4 Packaging In this step, the product is filled into its final container,
which provides protection over its shelf life and provides the patient with infor-
mation for its safe use. Some of the common risks are as follows:

• wrong product, product mix;
• incorrect label, expiration date, or patient information provided;
• missing or overfilled drug product; and
• inadequate or compromised package integrity.
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Of maximum risk in the packaging operation is the potential for product
mix-up. Providing the wrong product or the wrong dose can result in serious
harm to the patient and send regulatory agencies to your door for investigation.
A product mix-up can occur in any facility that manufactures more than one
product or product dose. A few situations where product mix can likely occur
are as follows:

• on packaging lines that process multiple products and is typically the result
of inadequate cleaning of the line between different product batches;

• on packaging lines that are dedicated to one product but are adjacent to
another line dedicated to a different product; and

• where the final package contains a combination of more than one dose,
(usually two or more distinct dosage forms, typically identified by different
product colors or shapes).

In all cases, key to avoiding product mix-up is separation or isolation of
different products or product doses. The risk assessment should focus on adequate
separation between packaging areas and for combination packaging, separation
between the different doses. Here are some areas to consider when doing the risk
assessment:

• product flow;
• packaging line clearances (e.g., proper bulk, labels, containers before

startup);
• personnel process intervention, interaction with other lines, and work flow

(e.g., operators handle more than one packaging line, one operator collects
samples or conducts in-process challenges on multiple packaging lines);

• in-process sampling and/or routine challenge test sample handling and rec-
onciliation (e.g., samples used to challenge automated vision color or shape
detector);

• packaging line equipment cleaning; and
• facility design.

Tablets may be packaged in a variety of ways, such as in a bottle, a blister
pack, or a sample packet. In each case, the equipment must be properly set up so
that the tablets are aligned to fall into the package opening in the correct amount.
Missing or inadequately filled product containers may result in the risk that the
patient will not be properly treated. On the other hand, the patient may become
overdosed if the container is overfilled.

The package contains information needed by the patient that identifies the drug
and how it should be safely taken. The label on the package includes description
of the product, its approved indication, correct dosing regimen, warnings, and
expiration date. Incorrect product information is a risk to the patient who may
take the wrong product or take a harmful dose.

Package integrity keeps the drug product protected from contamination and
helps maintain its stability or potency over its shelf life. Having the proper
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package integrity requires that the packaging components fit together to form a
proper seal. In the case of blister packs and sample packets, the packaging mate-
rials (e.g., foil thickness, plastic or paper stock, or glue) and sealing parameters
(e.g., temperature, pressure) are critical to the seal formation. Any shortage in
the amount of sealant applied or any mistake in setting the temperature, pres-
sure, or timing parameters may result in an inadequate seal. For example, if the
sealing temperature was set too low, the adhesive may fail to liquefy and could
not be activated to form a seal. Likewise, if the amount of sealant is inadequate
or misaligned to the sealing area, a seal would not be properly formed and the
patient would be at risk of receiving a contaminated or degraded drug product.

11.2.4 Facility

11.2.4.1 Material Flow Facilities should be designed to allow for ease and
efficiency of material and personnel flow, to allow for easy cleaning, and to
safeguard product quality by avoiding the possibility of product contamination or
cross-contamination. The risk of cross-contamination of one product with another
is of particular concern where product areas or facilities are not dedicated to the
manufacture of just one product. The risk increases if superpotent or highly
allergenic products are being manufactured. There are inherent risks for product
cross-contamination associated with the movement of personnel, equipment, and
materials in shared production hallways, staging or preparation areas, and in
nonproduction areas such as lavatories or cafeterias where employees interact. It
may be necessary to modify the facility design to provide dedicated pathways
or rooms for each product manufacture, control the use of a common cafeteria
to avoid employee-to-employee contact, and have a qualified cleaning program
that ensures removal of residual product for multiproduct production rooms or
equipment.

11.2.4.2 Cleaning Cleaning agents, technique, and equipment and the required
level of microbial bioburden control are factors to be considered in the risk
assessment to support the cleanliness level required for the product. General
area cleaning, product–contact surface cleaning, and, where applicable, surface
sanitization practices should be assessed to ensure that, at a minimum, they
adequately reduce the likelihood of environmental and product-to-product cross-
contamination. The cleaning process, similar to dispensing, tends to be manual in
nature. Therefore, the details of the cleaning program should be clearly defined
in procedures that can be easily followed.

The assessment of the cleaning program should include the following:

• the type of cleaning agents;
• cleaning technique;
• cleaning equipment; and
• frequency of cleaning.
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Unremoved product residue or other contaminants can pose a risk of introduc-
ing the contamination to the next batch when left on room surfaces or equipment.
Dried product residue that builds up on surfaces may eventually flake off dur-
ing subsequent manufacturing operations. Cleaning agents that are appropriate
for pharmaceutical use, safe for the environment, and are able to dissolve any
residual product or other soil generated during manufacturing operations should
be selected. Likewise, where microbial bioburden control is important, sanitizing
agents that are effective against the types of microbes found in the manufacturing
environment should be chosen. Otherwise, the product is potentially at risk of
microbial contamination from uncontrolled microbial levels in the manufacturing
environment. For both cleaning agents and sanitizing agents, it is important to
demonstrate that the agents selected at their use-concentration are effective.

In addition, there are risks that the agents could be rendered ineffective if not
handled or stored properly. Handling and storage practices should be assessed
and designed to ensure that the agents will be effective when used. For example:

• Are the handling practices designed to avoid contaminating the agents during
preparation, use, or in storage?

• Are the agents stored under conditions that support their stability and efficacy
at the time of use?

• Are there self-life expiration dates needed for in-use containers?

Just as there may be a risk with product contamination if cleaning and sani-
tizing agents are not used, using them may pose another risk. In all cases, risks
introduced by taking measures to mitigate other risks need to be considered. In
this case, agents are being used to reduce the risk of product contamination.
However, some agents have been known to leave a residue after use that could
potentially contaminate product if not controlled.

Just as important as the agents chosen is the techniques used to clean. The risk
is introducing contamination to the manufacturing environment. These techniques
should be designed to avoid redepositing contaminants onto already cleaned sur-
faces. Some examples that the risk evaluation would consider are the following:

• Order of rooms to be cleaned. What is the risk of introducing contamination
if the most-soiled areas would be cleaned first followed by the least soiled
ones or vice versa?

• Order and direction of surfaces within a room. What is the risk of introducing
contamination if the floors rather than the walls are cleaned first or if they
are cleaned starting at the back of the room rather than the front, from
top-to-bottom or left-to-right?

• Number of passes of the mop, cloth, or rinse water before it is refreshed
or replaced. What is the risk of introducing contamination if the mops are
not rinsed, changed between rooms, or changed after a defined number of
passes?
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Cleaning and sanitizing equipment are also part of the risk assessment. Some
other factors that the assessment should consider are as follows:

• equipment type, e.g., mops, sponges, or buckets;
• materials of construction, e.g., cloth or sponge mops, cloth wipes or sponges,

plastic or stainless steel buckets;
• cleanability of the equipment;
• size or ease of handling; and
• durability or life expectancy of the equipment.

If not readily cleanable, buckets, mops, and cloths can hold soil or contami-
nants from previous uses and redeposit or introduce these contaminants during
subsequent uses. If the mops or cloths are not made from nonshedding materials,
they could emit particles and thus contaminate surfaces or the environment.

The frequency of cleaning or sanitization can impact the cleanliness level. An
insufficient frequency to keep contaminants at a controllable level poses the risk
of product contamination.

11.2.4.3 Environmental Controls Each area and manufacturing room should
be assessed to determine the level of environmental control needed to protect the
product from airborne contaminants such as chemicals, nonviable contaminants,
and microbes. The level of control needed will depend on the use of the area or
room, the type and level of activities, and the extent to which the product will
be openly exposed to the manufacturing environment. Airborne contamination
is typically controlled by air filtration and may include air pressurization and
temperature and humidity controls. Inadequate air filtration poses the risk that
the environment will contain levels of contaminants sufficient to result in product
contamination.

Air pressure differentials can be used to control the risk of contamination
between adjacent areas with different air quality requirements. A room requiring
a higher air quality would have a greater air pressure than that of the adjacent
room. In practice, the higher pressure keeps the less-quality air of the adjacent
room from entering. For example, a filling room, where a product is likely to be
openly exposed to the environment during the process, would require a higher
level of air cleanliness than that of an adjacent hallway where product exposure
is not likely. To maintain its level of cleanliness, the filling room would have a
greater air pressure to hold back the less clean hallway air from entering. If the
level of air filtration, level of air pressure, or the air flow pattern is incorrect, the
product could be at risk of contamination.

Room air pressurization is often used to protect a product from the risk of
cross-contamination where highly potent or hypoallergenic chemical materials
are part of the manufacturing process. The air flow pattern should be designed
to contain the materials to a given area and keep them from traveling airborne to
adjacent areas. Using the filling room example, the air pressure would be greater
in the hallway adjacent to the filling room. The higher hallway air pressure
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would keep the potentially contaminated filling room air from traveling airborne
to contaminate adjacent areas.

There may be other environmental conditions that pose a risk to product quality
if not controlled. Therefore, product-specific requirements should be assessed to
determine if environmental protective measures are required. These may include
temperature and humidity or light sensitivity protection. Considerations for deter-
mining if temperature and humidity controls are critical to product quality should
include the following:

• product hygroscopicity;
• product sensitivity to temperature and humidity;
• product specifications; and
• preclusion of condensate on room and equipment surfaces.

Additional considerations for temperature and humidity control would include
operator comfort and equipment operation and exhaust.

Automated systems used to control air filtration, differential pressures, or tem-
perature and humidity should be equipped with indicators (e.g. alarms) that allow
operators to know if these systems are functioning or failing to maintain the
critical parameters.

The exposure of product-contact packaging materials or clean product-contact
equipment to an environment is another area of risk to product quality that should
be considered in the risk assessment. It may mean that product-contact packaging
materials (e.g., drum liners, super-sacks) or product-contact equipment need to
be protected. (e.g., keeping them covered, use of continuous drum liners or use
of laminar flow booths).

11.2.5 Equipment and Instruments

In general, any instrument or equipment used to sample, move, store, formu-
late, hold, dispense, test, clean, sanitize/sterilize, control, or monitor needs to be
considered when performing the risk assessment. This includes the more simple
manual equipment or instruments, e.g., scoops, container liners, or pH meters, to
the more sophisticated electronically operated and controlled equipment or instru-
ments. Different aspects of equipment selection and use should be considered;
for example, some aspects to consider are as follows:

• appropriateness for the intended purpose;
• cleanability;
• maintenance and calibration schedule and routine; and
• validation.

11.2.5.1 Appropriateness for Use Each piece of equipment or instrument
should be evaluated with regard to its functional role in the process step. As
mentioned earlier in Section 11.2.2, with regard to formulation operations and
Section 11.2.4 with regard to cleaning the facility, there are inherent risks in
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using the wrong equipment, equipment not fit for the purpose intended, or using
the equipment incorrectly. Specifically, the risks, if any, associated with the
equipment or instruments being used in the performance of a particular task are
identified.

The assessment should consider if the equipment being used is the appropriate
equipment for the job. For example, something as simple as a scoop, a tool
typically with a short handle used to sample or extract materials from containers,
would be assessed for its use in a given situation. For taking materials from the
top of containers, a scoop may be an appropriate tool. However, its use for taking
a sample from the bottom of a deep container would not be appropriate because
it may require that the operator reach arm’s length into the container exposing
the material to potential contamination from the operator’s clothing or bare skin.

11.2.5.2 Cleaning and Storage Equipment design should be assessed for risks
associated with its inability to be completely cleaned, surfaces and especially
internal parts that may come in contact with the product. Small internal crevices
or open spaces within product-contact equipment can pose a risk of entrapping
materials in hidden or impossible to clean locations. A tablet, for example, may be
small enough to fall into the internal parts of a filling machine. In such situations,
there is an inherent risk that these materials can later be dislodged during the
manufacture of a subsequent batch, resulting in a product mix situation. Likewise,
powder, liquid, or semi-solid materials can collect in internal pockets, may dry
and harden, even possibly degrade to a different material or support microbial
growth (e.g., mold) and later become dislodged, contaminating a subsequent batch
if not removed.

Once cleaned, storage conditions should be assessed to ensure that they support
maintaining the integrity of the cleaned equipment. For example, what is the risk
to product quality if a piece of equipment (e.g., formulation tank or dispensing
pump) that is cleaned and rinsed with water is stored wet? What if the equipment
is not fully drainable and the residual water is allowed to remain? Will the wet
condition pose a risk that residual moisture will support microbial growth and
contaminate a subsequent batch? In this case, a drying step before storage may
be needed to mitigate such a risk. Or, consider whether the storage room air
quality or the type and extent of wrapping are adequate, as needed, to protect the
equipment from environmental contamination.

11.2.5.3 Maintenance and Calibration Routine equipment maintenance, emer-
gency repairs, and calibration practices should be assessed to ensure that:

• the methods are appropriate and adequate in scope;
• they are performed with sufficient frequency;
• they are performed at appropriate locations and time; and
• they are not performed at a time or in a way that would allow for product

contamination.
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Agents, if any, used to help equipment operate more smoothly or efficiently,
such as lubricants, should be part of the risk assessment to determine their
proper selection and use including the safeguards required to avoid their coming
in contact with the product or product packaging components. Lubricants that
are appropriate for pharmaceutical use and safe for the environment should be
selected. The methods used to dispense them should avoid their being expelled
into the environment (e.g., sprays) or coming in contact with surfaces that could
lead to product contamination.

11.2.5.4 Validation A crucial control component of any process is validation.
Once the proper critical steps are identified and it has been determined that these
steps are properly controlled, the processes are validated. Validation activities
are designed to provide data that confirms that the chosen parameters deliver the
product as intended. The question is not whether or not to validate but whether
or not the validation activities are adequate for confirmation.

11.2.6 People

Risk associated with personnel should be considered in either of two ways:

1. The risk to product quality resulting from microbial and other particulate
contamination from personnel.

2. The risk to personnel who may be exposed to harmful materials during the
manufacturing process.

Personnel have been credited with contributing the greatest risk particulate
and microbial product contamination [18]. They routinely shed non-viable par-
ticulate from skin and hair and naturally harbor microorganisms as part of their
biological makeup on their skin and in their nose and throat. To reduce the risk of
introducing these contaminants to the product, it is important to assess whether
or not adequate controls are in place.

11.2.6.1 Personal Hygiene Starting with the basics, personnel should
be required to practice good personal hygiene. Depending on the level of
control required, it may be necessary that personnel shower before entry to a
manufacturing area or in the case of exposure to harmful materials, afterwards.
Written procedures should instruct personnel on the proper cautionary measures
to take when sick, sneezing, or coughing in the workplace to avoid the risk of
contaminating the environment and product.

11.2.6.2 Protective Clothing and Gear Protective clothing or gear is a major
player in both minimizing the introduction of contamination and minimizing
personnel exposure to harmful materials. Protective clothing acts as a barrier
between a person and the surrounding environment. In one role, its purpose is
to contain particulate that would otherwise normally be shed by personnel. In
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its other role, protective clothing is needed to protect personnel from harmful
materials such as highly toxic chemicals to which they may be exposed in the
working environment. The assessment should take into consideration the type and
the level of protection required for each manufacturing process. This information
will help decide the types (e.g., body suit, hair bonnets, gloves, mask, booties,
and respirators) of protective gear and the right materials of construction (e.g.,
latex, Tyvek®, woven cotton, polyester). The goal would be to have the maximum
protection needed and yet provide comfort and allow for maneuverability.

It is important to consider whether the gear needs to be protected from environ-
mental contamination before use, while being donned or while in use. The need
to define the incoming packaging, storage area conditions, as well as proper don-
ning and operating techniques while being used are worth assessing. To maintain
control, personnel must be trained in the proper donning and operating techniques
and these practices routinely monitored.

11.2.6.3 People Interactions Every step where personnel are interacting with
in-process materials or products must be assessed to determine the risk of intro-
ducing contamination through these interactions. Every effort must be made to
mitigate the risk through a number of options such as substitution by automation
or barriers or strictly enforced technique and practices.

11.2.6.4 Training Regulatory agencies want to know if manufacturers have
the right people doing the right jobs and are well trained to perform their job
tasks [19]. They want manufacturers to take training seriously because product
quality is at risk. Often, failure to train comes up as an issue in investigations
or deviations. The question arises whether the personnel had the appropriate
training so they can perform their functions properly or whether the training
was effective. Employees must be adequately trained, their training managed,
recorded, and monitored; and their training records evaluated all in an effort to
determine if the training program is producing the intended results.

When an operator error occurs, it is of utmost importance to first find the root
cause of the problem. Retraining an operator on a procedure may not substitute as
a fix for other deep-rooted manufacturing issues. It must be determined whether
the root cause is the employee, the procedure, or the process as it is being
performed. Retraining on a procedure that may not work may not fix operator
error. Having said that, good training and training programs are key to operational
success and minimizing the risk to product quality.

11.3 CASE STUDY: MICROBIOLOGICAL CONTROL IN NONSTERILE
MANUFACTURING

As a general observation, the risk of microbiological contamination during the
manufacturing of nonsterile products has been an area that has not been well
defined [20]. Typically, environmental control systems and monitoring data have
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been used to control and indicate the microbiological quality of nonsterile man-
ufacturing. However, as a result of a lack of set standards, the application
of environmental control and monitoring of nonsterile processes ranges from
nonexistent to programs parallel to aseptic processing. In some cases, the type
and frequency of data generated from some programs may be of little value in
determining the microbiological quality of environments in which the product
is manufactured. In addition, uncertainties exist on how the data will be used
and interpreted and its significance regarding product quality and safety to the
patient.

The use of environmental control and monitoring data has often been misap-
plied as a means of microbial and process control. Hence, the question is how
microbial control can be applied effectively in the manufacture of nonsterile
products? The answer lies in the use of a risk-based approach to understand the
manufacturing process, in defining where microbial contamination could occur
and in effectively determining the best level of control and applying monitoring
methods to minimize microbial contamination of the final product.

Does the microbial count in the air provide meaningful information for deter-
mining the state of control of a nonsterile manufacturing process or will the
critical manufacturing control points provide more protection from microbial
contamination?

In this case, where the risk factors are microbial in nature, the critical manu-
facturing control points provide more protection. The reason is that the microbial
quality of the air would be more indicative of the level of general cleanliness pro-
vided by routine surface cleaning and the efficiency of the air filtration systems
rather than the level of microbial contamination control in the manufacturing
process. Samples for microbial counts of the air are only taken typically at des-
ignated times (e.g., quarterly) and at designated locations (e.g., taken in two to
three locations). This information is limited. It reflects only the snap shot in time
when the samples are taken. Therefore, it is not relevant to the immediate activity
happening on a daily basis. Further, samples may require incubation for several
days to enumerate microbes on growth media. Results are not known until days
later and this prevents immediate correction of an uncovered problem. For these
reasons, there is greater value in determining the critical manufacturing control
points to protect the product against microbial contamination.

The process steps where microbial contamination is likely to be introduced
or occur are determined. Controls are put in place during the process steps to
eliminate or reduce the likelihood of contamination. The controls provide a means
for real-time or near-time performance feedback, so corrections or adjustments
can be made if needed in a timely manner.

To minimize the risk of microbial contamination, the application of techni-
cal and scientific principles for control of the microbial hazards because of the
facility, equipment, and production process needs to occur. One risk management
tool for assessing microbial hazards is hazard analysis and critical control points
[21–34].
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11.3.1 Risk-Based Approach Management Tool: What is HACCP?

Hazard analysis and critical control points (HACCP) is a worldwide-recognized
systematic and inductive tool that can address biological, chemical, or physical
hazards through anticipation and prevention, rather than through end-product
inspection and testing. The approach is to control identified critical processing
parameters as the product is being manufactured [14]. It can be used as a way of
identifying and controlling microbial risk for the production of pharmaceuticals
that are not required to meet the test for sterility.

11.3.2 History of HACCP

HACCP has its roots in food safety and was first developed and used by the Pills-
bury Company in the late 1960s to provide safe food for the United States space
program, NASA. The program focused on applying science-based controls to
prevent hazards that could cause food-borne illnesses. In 1973, the United States
Food and Drug Administration (FDA) instituted mandatory HACCP programs
for juice, for low acid canned food processing and in 1997 for seafood proces-
sors. The United States Department of Agriculture (USDA) instituted mandatory
HACCP programs for meat. EU member states have also adopted HACCP for
food safety. ICH Q9, “Quality Risk Management” listed HACCP as a primary
tool for risk management.

11.3.3 Benefits of HACCP for Microbiological Control

In the past, periodic inspection and environmental testing were used to ensure the
quality and safety of the product. However, they provide information about the
product that is only relevant for the specific time of the inspection or testing, and
microbiological test results would not be available in real time. HACCP provides
a system to control safety as the product is manufactured rather than trying to
detect problems by testing or inspection. HACCP identifies critical control points
(CCPs) within the process in which a microbial hazard could have an impact on
final product quality.

A drug product is defined by physical, chemical, or microbiological character-
istics or attributes. When these characteristics or attributes impact product quality
or safety, they are referred to as critical quality attributes (CQAs). These product
attributes may be impacted by the processing steps during the manufacturing pro-
cess. Those process parameters, whose variability may impact a critical quality
attribute, are referred to as CPPs . By definition in ICH Q8 (R2), Pharmaceutical
Development , the critical quality product attributes should be within established
specifications to ensure product quality and the critical process parameters should
be controlled. By applying “control” at the CCP, the amount of total process mon-
itoring should be minimized and the value of the activities maximized. It provides
just in time control rather than after the fact.
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11.3.4 HACCP Process

The HACCP process consists of seven principles:

• Principle 1: Conduct a hazard analysis.
• Principle 2: Determine the CCPs.
• Principle 3: Establish critical levels at each CCP.
• Principle 4: Establish a system to monitor control at each CCP.
• Principle 5: Establish the corrective actions to be taken when monitoring

indicates that a particular CCP is not under control.
• Principle 6: Establish procedures for verification.
• Principle 7: Establish documentation.

A case study is used to work through the seven HACCP principles to show
how a pharmaceutical manufacturer could apply the HACCP approach to review
operations. The case study involves the manufacture of a solid tablet as illustrated
in Figure 11.2 where incoming materials are granulated, milled, blended, com-
pressed into the final tablet, and packaged. The tablet has a bioburden requirement
to safeguard its preservative system and ensure product quality, but it is manufac-
tured in a nonsterile manufacturing environment. The objective in the case study
is to perform a risk-based assessment of the nonsterile manufacturing process to
identify the microbial hazards and ensure that they are adequately controlled so
the product meets its bioburden requirements.

Before the application of the HACCP principles to a specific product or pro-
cess, there are preliminary to be accomplished. These tasks are as follows:

• Assemble the HACCP team.
• Describe the product and raw materials.
• Construct a process flow diagram.
• Verify the process flow diagram.

11.3.4.1 Assemble the HACCP Team The team selected in the case study con-
sisted of four to six individuals with specific knowledge and expertise relative to
the product and process. The members were from multiple disciplines:

• facilitator (knowledgeable in HACCP process);
• production personnel (including local operators who know the variations

and limitations of the operations);
• microbiologist(s);
• quality control/assurance personnel;
• engineering; and
• other expertise (external experts knowledgeable in microbial hazards).
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The team members received training in the HACCP process to ensure that
they first understood what HACCP is and to learn the skills necessary to make
it function properly.

They met for 2–3 h at least once a week. The length of time to complete the
HACCP analysis depends on a number of variables including the complexity of
the subject matter and the dedication of resources. In this case, it took the team
about three months to complete the HACCP analysis.

It is important in undertaking the project that the team does due diligence
in working through the steps of the HACCP process, taking the responsibility
seriously, and not using the process as an exercise to justify a predetermined
decision.

11.3.4.2 Describe the Product and Raw Materials Part of the analysis was to
describe the product and raw materials. The team started by defining such product
attributes as follows:

• route of administration;
• type of packaging;
• intrinsic factors (e.g., pH and water activity [Aw]);
• regulatory or compendia requirements;
• storage conditions; and
• list of raw materials.

11.3.4.3 Construct a Process Flow Diagram Another part of the analysis was
for the team to construct a process flow of the operations. The process flow dia-
gram provides a clear, simple outline of the steps involved in the process within
the scope of the assessment. The HACCP team members walked the process in
constructing the diagram to understand firsthand and in detail the personnel and
material flow, interconnections, and potential hazards in the processes. The team
constructed a process flow diagram as shown in Figure 11.2.

The types of data that the HACCP team considered and included in the process
flow diagram were as follows:

• all raw materials;
• packaging components;
• storage conditions;
• microbiological data;
• sequence of all process operations (including raw material addition;
• holding times and temperature;
• equipment design features, cleaning, and storage; and
• details of any product rework or recycling.

Site information was integrated into the process flow diagram and included
the following:
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• details of segregated areas and personnel flow;
• routes of potential cross-contamination;
• flow of raw materials and packaging materials;
• facility HVAC and utilities; and
• personnel hygiene and uniform requirements;

11.3.4.4 Verify the Process Flow Diagram After the process flow diagram was
constructed, the HACCP team performed an on-site review of the operation to
verify the accuracy and completeness of the flow diagram. Any deficiencies or
modifications were documented in the process flow diagram.

11.3.4.5 Principle 1: Conduct a Hazard Analysis Principle 1 consists of the
following:

• Conduct a hazard analysis.
• Identify preventive measures.

11.3.4.6 Conduct a Hazard Analysis Hazard analysis is a two-phase exercise.
The first phase is to develop a list of steps in the process where hazards, which
could result in injury or illness if not controlled, could occur. In the second phase,
the hazards are evaluated to determine which must be part of an HACCP control
plan.

The HACCP team reviewed the ingredients used in the product, the activities
conducted at each step in the process, the equipment used, and the final product.

On the basis of this review, the team listed all of the microbial hazards that
may be reasonably expected to be introduced, increased, or controlled at each of
the steps identified in Figure 11.2, and listed in the following:

• raw materials (API and excipients);
• pre- and post-manufacturing storage;
• dispensing;
• granulation;
• drying;
• milling;
• blending;
• compression;
• film coating;
• branding; and
• packaging.

In addition, the following areas were also considered for potential microbial
hazards:

• sampling;
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• equipment (cleaning and storage);
• utilities;
• personnel; and
• facility (material flow, cleaning and sanitation, environmental controls).

Not all of these processes mentioned are covered in the example. The example
will cover an analysis of the compression step to show how the HACCP process
works. The compression step occurs after the raw materials are granulated, milled,
and blended. In the compression step, a tablet press compresses the granulation
material into the size and shape of the finished tablet. The process flow map
created for the compression step is illustrated in Figure 11.3.

Each processing step was assigned a sequential number on the process flow
diagram. Next, the team conducted a hazard analysis of the identified hazards.
The challenge that the team faced was to prepare a list of steps in the process
where significant microbiological hazards could occur and determine what are
truly significant versus insignificant hazards. Significant microbial hazards are of
such a nature that their elimination or reduction to acceptable levels is essential
to meeting the bioburden requirement for product quality.

Each potential hazard was assessed on the basis of the severity of the con-
sequences of the exposure to the potential hazard (e.g., magnitude and duration
of illness) and its likely occurrence. It is helpful to consider the likelihood of
exposure and severity of the potential consequences if the hazard is not properly
controlled.

11.3.4.7 Identify Preventive Measures If a microbial hazard exists, preventive
measures must be identified. Preventive measures would include the following:

• effective cleaning and sanitization procedures;
• temperature control;

1.0 Inspection of
module

2.0 Tablet press
cleaned and
assembled

3.0 Bring in active
blend and osmotic

blend

4.0 Charge tablet
press using drum
inverter or clean

scoops

5.0 Take samples
of tablets at

machine chute
during start-up

using gloved hands

6.0 Run tablet
machine

9.0 Take in-process
tablet samples

using gloved hands
at exit chute

10.0 Transfer tablets
from unlined white

containers when full
to 11 kg containers
with 2 plastic liners

7.0 Tablets pass
through de-duster
and metal detector

8.0 Tablets exit
into white

containers without
any plastic liner

Figure 11.3 Process flow diagram example. Process flow diagram for tablet compression
process step.
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• moisture control;
• bioburden testing of raw materials;
• in-process microbial reduction steps (e.g., pasteurization);
• control of storage conditions; and
• in-process filtration.

The team identified any preventive measures required. Preventive measures
already in place and those that need to be put in place were considered. It is
important to remember that more than one preventive measure may be required
for each hazard or one preventive measure may address more than a single hazard.

The team initiated a hazard analysis chart to record the results of the haz-
ard analysis. Table 11.1 provides an example. The team recorded the following
information:

• each step, with an assigned a reference number;
• the determination whether or not there could be a microbial hazard associ-

ated with the step along with the rationale for the determination; and
• any preventive measure(s).

For process steps 1.0, 3.0, and 4.2, no microbial hazards were identified.
For process step 2.0, purified water is used to clean the equipment. The water
quality is tested to ensure it meets quality specifications before use. This measure
ensures that the microbial burden in the water is being controlled, which reduces
the risk that high levels of microbial contamination is being introduced during the
cleaning process. For process step 4.0, the room air is filtered by high efficiency
particulate air (HEPA) filters and the personnel are gowned. These measures help
reduce the risk of microbial contamination being introduced into the product
container during its exposure to the manufacturing environment and personnel.
For process step 4.1, the equipment is set to sound an alarm when the correct
air temperature (300◦F) for drying is reached. Once the alarm is sounded, the
operator can start the 30-min drying step. This measure helps reduce the risk that
the air temperature is not sufficient to dry the equipment in 30 min, resulting in
wet equipment. In addition, procedural controls are in place and personnel are
trained to ensure that the equipment is dry because moisture supports the growth
of microorganisms. For process step 5.0, contamination of the equipment or
finished product from operator contact during the sampling process is controlled
with the use of gloves. Operators are trained in the proper sampling techniques
to don the gloves properly, keep them clean and dry, and avoid product contact.

Going forward, not all of the process steps included in Table 11.1 will be
covered. Steps 4.0 and 4.1 will be used to demonstrate how the HACCP approach
continues.

11.3.4.8 Principle 2: Determine the Critical Control Points (CCPs) Although
other approaches may be used, an effective tool to help determine where the
CCPs should be in the process is a decision tree. The CCP decision tree is based
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TABLE 11.1 Hazard Analysis Chart Example

Hazard Analysis Chart
Microbiological Control for Tablet Compression in Non-Sterile Manufacturing

(1) (2) (3) (4) (5)
Process Microbial Justification for Preventive CCP
Step Hazard? (Y/N) Decision in (2) Measures Y/N

1.0 Inspection of
module

No Step occurs before
cleaning

N/A No

2.0 Tablet press
cleaned and
assembled

Yes If microbial quality of
water used for
cleaning is poor

Purified grade water
used for cleaning,
tested on daily
basis before use
to meet microbial
limits

Yes

3.0 Bring in active
blend and
osmotic blend

No Product is not
exposed to the
environment

Dispensing
containers are
sealed

No

4.0 Open container
and use drum
inverter to
charge mill

Yes Product open to
environment

Room air is HEPA
filtered. Operators
are properly
gowned

No

4.1 Turn on
equipment with
heated air for 30
min and
visually check
for dryness

Yes If tablet press is
stored wet

Equipment is
alarmed when air
reaches 300◦F to
start 30 min
drying step. SOPs
are in place and
operators have
been trained to
verify dryness

Yes

4.2 Start up tablet
press

No Operator does not
have product
contact

N/A No

5.0 Take samples
of tablet at
machine chute
during start-up
using gloved
hands

Yes If gloves are not
clean, dry, and
fully covered hand

SOPs are in place
operators trained
in proper
gowning and
sampling
techniques

No

Product:
Date:
Signature(s):

کوفا
دنیاي ش



302 PHARMACEUTICAL PRODUCT MANUFACTURING

on answering five questions at each step that has an identified microbial hazard.
The use of the decision tree tool promotes structured thinking and a consistent
approach at each process step. The five-question decision tree is illustrated in
Figure 11.4.

Figure 11.4 graphically illustrates the CCP decision tree.

1.0
Is there a hazard?

2.0
Do preventive measures

exit?

3.0
Is step specially designed

to eliminate likely
occurrence?

4.0
Could hazard occur or

increase to unacceptable
levels?

5.0
Will subsequent step

reduce hazard to
an acceptable level?

Needed for safety?

Not a CCP

Not a CCP

Not a CCP

Not a CCP

Add control

CCP

CCP

No

No

No

NoNo

Yes

YesYes

Yes
Yes

Yes No

Figure 11.4 CCP decision tree.
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The CCP decision tree analysis process is described as follows:

1. Is there a microbial hazard at this step? If the answer is “No,” then the
process step is not a CCP. If the answer is “Yes,” then proceed to ques-
tion #2.

2. Do preventive measures exist for the microbial hazard? Consider the mea-
sures in place in your hazard analysis chart. If the answer to this question
is “Yes,” then move to question #3. If the answer is “No” and control
measures are not in place, then consider whether control is necessary for
product safety. If control is not necessary, then the process step is not a
CCP. If control is necessary and no process control measures exist, then the
product or process should be modified at this step or some earlier or later
stage to include a control measure. If a control measure is not possible,
then consider the introduction of a new procedure to build in control.

3. Is the step specifically designed to eliminate or reduce the likely occurrence
of the hazard to an acceptable level? The question refers to the process step
and is really asking whether the step itself controls the microbial hazard.
If the answer is “Yes,” the process step is a CCP. If the answer is “No,”
then proceed to question #4.

4. Could contamination occur or increase to unacceptable levels? The answer
would be based on the hazard analysis information, the team’s expertise,
and literature references. It would be important to consider such factors as
the effect of immediate environmental or facility design; possible cross-
contamination from personnel, other products, or raw materials; possible
contamination from equipment or utilities; physical conditions, e.g., hold
times, temperature; product or raw material buildup in dead leg spaces; or
any other factors or conditions that could cause bioburden to increase in
the decision. In addition, any additive effects during the process that may
increase bioburden should be considered. If the answer is “No,” then the
step is not a CCP. If the answer is “Yes,” move to question #5.

5. Will a subsequent step or action eliminate or reduce the hazard to an accept-
able level? This question is designed to allow the presence of a microbial
hazard at a particular step if it will be controlled later in the process. If the
answer is “Yes,” then the step is not a CCP. If the answer is “No,” then
the process step is a CPP.

Each question in the decision tree is addressed for each process step until the
determination is made that the step is a CCP or not a CCP. Figure 11.5 illustrates
the decision tree analysis for process step 4.0, “Open container and use drum
inverter to charge mill.” The results of the decision tree analysis concluded that
the process step was not a CCP.

Figure 11.6 illustrates the decision tree analysis for process step 4.1, “Turn
on equipment with heated air for 30 min and visually check for dryness.” The
decision tree analysis concluded that this process step is a CCP.
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1.0
Is there a hazard with 

the open container

2.0
Do preventive measures 

exist?

3.0
Is step specifically 

designed to 
eliminate likely 
occurrence?

4.0
Could hazard occur 

or increase to 
unacceptable

levels?

Not a CCP

Yes

Yes

NoNo

Microbial contamination can
be introduced into the open 

contaimer

The air is HEPA filtered and 
personnel are gowned

The HEPA filtered air and 
protective gowns do not 

specifically control or 
eliminate the likely 

occurrence of microbial 
contamination into the open 

container

Controls are adequate to 
prevent microbial 

contamination from 
increasing to unacceptable 
levels in the open container

Figure 11.5 CCP decision tree analysis for process step 4.0, charge mill.

The information is documented. Table 11.2 is an example of a CCP decision
chart used to document the results of the decision tree analysis. The responses
will indicate if the identified hazard is a CCP. The table includes the response to
each question, the conclusion of the analysis whether the step is a CCP or not a
CCP, and a place to record any notes. The CCP decisions can also be recorded
on the hazard analysis chart illustrated in Table 11.1.

As shown in the chart for process step 4.0, the answer to question 1, is there
a hazard with the open container, is recorded as “Yes.” There is a hazard that
microbial contamination can enter the open container. If the answer to question
1.0 is “Yes,” the step could be a CCP and question 2.0 is addressed. The answer
to question 2.0, do preventive measures exist, is also recorded as “Yes.” Filtered
room air and gowned personnel are preventive measures taken in an effort to
reduce the likelihood of microbial contamination. If the answer to 2.0 is “Yes,”
the step could be a CCP and question 3.0 is addressed. The answer to question
3.0, is the step specifically designed to eliminate the likely occurrence, is recorded
as “No.” Filtered air and protective gowns do not specifically control the likely
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2.0
Do preventive 

measures exist?

1.0
Is there a hazard with 

wet equipment?

3.0
Is step specifically 

designed to eliminate 
likely occurrence?

CCP

Yes

Yes

Yes

Moisture helps to 
support microbial 

growth

Drying procedure 
and visual check 

for dryness

Steps for drying the 
equipment and the 

visual check for dryness 
are designed to 

eliminate microbial 
contamination

Figure 11.6 CCP decision tree analysis for process step 4.1, dry equipment.

occurrence of microbial contamination. If the answer to question 3.0 is “No,” the
step could be a CCP and question 4.0 is addressed. The answer to question 4.0,
could the hazard occur or increase to unacceptable levels, is recorded as “No.”
Filtered room air and protective clothing do not directly control the likelihood that
microbial contamination would not occur, but they would prevent the microbial
levels from increasing to unacceptable levels. If the answer to question 4.0 is
“No,” the step is not a CCP and the decision process is complete. The answer to
question 5.0 is recorded as “not applicable (N/A)” and “No” is recorded in the
CCP column.
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TABLE 11.2 CCP Decision Chart Example

CCP Decision Chart
Microbiological Control for Tablet Compression in Non-Sterile Manufacturing

Process Step-Hazard Q1 Q2 Q3 Q4 Q5 CCP Notes

4.0 Open container and use drum
inverter to charge mill

Yes Yes No No N/A No None

4.1 Turn on equipment with heated air
for 30 min and visually check for
dryness

Yes Yes Yes N/A N/A Yes None

Product:
Date:
Signature(s):

For process step 4.1, the answer to question 1.0, is there a hazard, is recorded
as “Yes.” Moisture trapped in the equipment could help support the growth of
microorganisms. If the answer to question 1.0 is “Yes,” the step could be a
CCP and question 2.0 is addressed. The answer to question 2.0, do preventive
measures exist, is recorded as “Yes.” A drying step and a check for dryness
are preventive measures taken to control the moisture in the equipment. If the
answer to question 2.0 is “Yes,” then the step could be a CCP and question 3.0
is addressed. The answer to question 3.0, is the step(s) specifically designed to
eliminate the likely occurrence of the hazard, is recorded as “Yes.” Drying the
equipment and ensuring it is dry are steps specifically designed to eliminate the
occurrence of moisture that would support microbial growth. If the answer to
question 3.0 is “Yes,” the step is a CCP and the decision process is complete.
“N/A” is recorded for questions 4.0 and 5.0 and “Yes” is recorded in the CCP
column.

On the basis of the responses to the decision tree analyses, the process step
of opening the container and using the drum inverter to charge the mill is not
considered to be a CCP, whereas the process step of turning on the equipment
with heated air for 30 min to dry the equipment is a CCP. Controlling the moisture
in the process will control the potential growth of microbial contamination.

If a hazard has been identified at a step where no control exists but control
is necessary for product safety, then the process should be modified to include a
control measure.

11.3.4.9 Principle 3: Establish Critical Levels at each CCP Critical levels
must be specified and validated if possible for each CCP. The team ensured
that critical levels were established for preventive measures associated with
each identified CCP and served as the boundaries for each CCP. Levels are
associated with a measurable factor, e.g., time, temperature, pH, moisture level,
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and sensory parameters such as visual observation.∗ In the CCP example of
drying the equipment, the critical level is the minimum temperature requirement
of 300◦F before the start of the 30-min drying step.

11.3.4.10 Principle 4: Establish A System to Monitor Control at each CCP
CCP monitoring is the act of conducting a planned sequence of observations or
measurements of control parameters to assess whether a CCP is under control and
to produce an accurate record for future use in verification. Monitoring is best
performed as the process occurs with results received at the actual time the control
occurs (i.e. real-time data) to rather than with results that would be produced days
later as would be the case with microbiological laboratory testing. The first steps
to establish monitoring procedures for each CCP would be to identify the best
atline, online, and/or offline systems and observational procedures. Continuous
monitoring is ideal, but when continuous monitoring is not feasible a monitoring
frequency must be determined. The next steps would be to establish procedures
for the operating personnel at each CCP to define the tasks for performing and
recording the monitoring activities and who is responsible for these activities.

General examples of monitoring activities include visual observations or
measurements of temperature or moisture levels. The monitoring frequency,
technique, and documentation are defined in procedures. For the specific CCP
example of drying the equipment, the temperature of the air used to dry the
equipment is monitored. An alarm sounds to indicate that the proper temperature
has been achieved before starting the 30-min drying step. Shortly after the
30-min equipment drying step, the operator monitors the success of the control
step by visually checking for dryness. Monitoring is best performed immediately
following the 30-min drying step to confirm that the allotted drying time
produced the desired results of total dryness and if not, to address the process
failure or any other issues that may have arisen before moving on to the next
process step.

11.3.4.11 Principle 5: Establish the Corrective Actions to be Taken when Moni-
toring Indicates that A Particular CCP is Not Under Control In manufacturing,
deviations will occur. Specific corrective actions must be developed for each
CCP to address the deviation when it occurs and must ensure that the CCP has
been brought under control. A deviation from an established critical level is only
a symptom of a process failure and a thorough investigation into the root cause
of the process failure is required. Regardless of when or how the deviation is
detected, it is important to promptly notify the proper quality and/or production
authorities and to decide whether to temporarily halt operations until the relative
risk of the failure on product quality can be determined and appropriate corrective
measures are taken.

∗Limits may be set on the basis of results from the design of experiments, historical trends, and
regulatory guidance or compendia standards.
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The investigation activities need to begin immediately. All operators and line
management involved in the manufacturing process should participate in the
investigation and subject matter experts should be consulted for their input.

A good starting place to investigate a process failure is to perform a risk
assessment.† A risk assessment works just as well when conducted on a reactive
basis as on a proactive one to gather information and determine the relative risk of
failure on product quality. It is a good problem-solving tool because it organizes
the fact finding process by laying out a road map of every process step, each
control measure, and monitoring method in place. Each of these aspects can then
be reviewed in a systematic manner. The underlying questions may change the
focus from what could go wrong and why in the proactive setting to what did go
wrong and why in the reactive setting but the overall process is still the same.
Some of the questions to ask the operators should also include the following:

• Were procedures adequate to describe the activity and were procedures fol-
lowed?

• Was the equipment involved in proper working order?
• Were there any changes implemented recently?
• What are the recommendations for correction?

If laboratory testing was involved, a similar investigation of the laboratory
work should also be conducted.

The review may uncover that a CCP was not properly identified, not prop-
erly controlled or monitored, or a change was implemented whose impact on the
process was not adequately assessed. Corrective actions, designed to prevent reoc-
currence of the failure, need to be implemented. Corrective actions may include
new controls, new monitoring methods or criteria, and revised or new procedures
to ensure that the new actions are carried out as planned. One additional aspect
is to determine if and how the changes implemented in the corrective actions
may have impacted other CCPs. Corrective action may also need to address the
impact of the failure on product disposition. All fact finding results and actions
taken must be documented. Deviation and product disposition procedures must
be in place and documented in the HACCP record keeping. Finally, it must be
determined that the manufacturing process is again under control, which can be
shown through another risk assessment.

11.3.4.12 Principle 6: Establish Procedures for Verification Any HACCP plan
must be verified initially and on an ongoing basis to ensure that the process is
being maintained in a state of control, that all hazards have been identified,
and identified hazards are either being eliminated or controlled at acceptable
levels. Verification involves activities other than routine monitoring ones and may

†A risk assessment may be performed by using any one of several risk assessment tools such as
failure mode and effect analysis (FMEA) or fault tree analysis (FTA).
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include sampling and analytically testing products, reviewing monitoring records
and deviations, or auditing monitoring procedures or manufacturing operations.
Verification is an ongoing process and the HACCP team must continue to update
the HACCP program if there are any changes in the processes or materials.

Verification activities should be established through procedures. Procedures
should define the types of verification activities that will be performed and
describe a plan when to conduct these activities. An example of a verification
procedure that describes the verification plan is documented in Table 11.3. The
table defines for each verification activity (initial, subsequent, or comprehensive
verification or record review), the frequency or conditions under which a verifi-
cation activity needs to occur, the person or persons responsible to perform the
verification activities, and the reviewer of the completed verification results. For
example, the chart defines that there will be a monthly review of the monitor-
ing records, corrective action reports, and internal or external audit or regulatory
inspection findings by the Quality Department and reviewed by the Operations
Manager. This review verifies that the controls already in place and the correc-
tive actions taken in response to issues were effective and adequate to control
the hazard. If not, further action should be taken.

11.3.4.13 Principle 7: Establish HACCP Program Documentation and Record
Keeping It is essential that the HACCP program is documented. Documentation
of the HACCP program provides an organized plan of procedures and the ratio-
nale for maintaining control of a manufacturing process. In addition, a summary
of the team deliberations and the rationale developed during the hazard analysis
should be kept. This information will be helpful for future reviews and could be
helpful during regulatory inspections.

Examples of documentation are as follows:

• hazard analysis;
• CCP determination;
• critical limit determination;
• SOPs; and
• team meeting minutes.

Record keeping of the process monitoring activities is essential to the applica-
tion of HACCP and should be designed to be easy to complete. Record keeping
should include information that provides feedback that critical limits are con-
sistently being met using the current procedures. The information obtained from
process monitoring lends support to product testing, can be used to justify reduced
final product testing or justify a decision not to perform noncritical process mon-
itoring, e.g., environmental monitoring.

Examples of records are as follows:

• CCP monitoring activities; and
• deviations and corrective actions.
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TABLE 11.3 Verification Plan Example

Verification Plan
Microbiological Control for Tablet Compression in Non-Sterile Manufacturing

Activity Frequency Responsibility Reviewer

Initial verification Before plan
implementation

Operations
supervisor

Operations manager,
technical
operations manager

Subsequent
verification

When a change in
critical level,
process, or
equipment
occurs or after
system failure

Operations
supervisor

Operations manager,
technical
operations manager

Review of
monitoring,
corrective action
records, internal
and external audit,
or regulatory
inspection findings

Monthly Quality assurance
supervisor

Quality assurance
manager,
operations manager

Comprehensive
verification

Yearly Operations
manager,
technical
operations
manager

Operations director,
technical
operations director

Product:
Date:
Signature(s):

Table 11.4 presents an example of an HACCP control chart used to document
the HACCP program. The chart holds in one place all essential details about the
steps in the process where there are CCPs. For each CCP, the chart defines the
process step, the potential hazard that may result if the process step fails or the
rationale for performing the process step, the measures that are in place to ensure
that the process step will be executed properly, and critical levels required to be
met to ensure the process step is under control. In addition, the chart provides
the type of monitoring, the frequency of monitoring, and who is responsible to
perform the step. The chart also defines the steps to be taken if the control levels
are not met.

11.4 CONCLUSION

It is important to realize that risk management is not simply about “checking
off the box” by completing an assessment for each process step, one at a time
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312 PHARMACEUTICAL PRODUCT MANUFACTURING

in isolation, but requires stepping back and gaining a full picture, linking the
risks from the different process steps to the full manufacturing process, and then
looking at all the manufacturing processes together. This offers a snapshot of all
the risks, the overall control, and residual risk the company is faced with that
either cannot be further controlled or mitigated or that the company decided it
cannot mitigate. Further, it is important to realize that the risk analysis is not a
one-time task but a continual process that requires a link to change control and
the investigation systems so that the risk analysis is updated when changes are
required.

What could be the benefit of risk management in pharmaceutical manufactur-
ing? The benefits could include the following:

• fewer compliance issues such as recalled product, reduction in customer
complaints;

• a well-trained and informed staff;
• increased process efficiencies resulting in cost savings;
• building trust with regulatory agencies; and
• improved assurance of product quality that reduces the risk to the patient.

The use of risk management principles and tools has a clear sense of purpose
in pharmaceutical manufacturing. It fosters product and process knowledge and
it sets direction and priorities during product development, problem solving, and
process improvement activities. It provides for a proactive strategic approach to
determine how best to engineer the manufacturing process with the appropriate
process controls and monitoring so that product quality is achieved reliably and
consistently from batch to batch. We used HACCP as the tool of choice in the
example for assessing microbial control in solid manufacturing; however, other
types of risk assessment tools could have been used for this example .Likewise,
the HACCP tool could be applied to other types of manufacturing processes.
The benefit of HACCP is that the tool fits well into the life cycle approach. With
HACCP, the hazards are always being looked at, critical parameters and limits
monitored, and adjustments made to improve the process and control strategy.کوفا
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Appendix I: List of Potential Risks Associated with Drug Product
Manufacture

Major Area Subarea(s) Potential Hazard Potential Harm

Raw Material Materials Use of Wrong Material or
Materials Management on Receipt: Inadequate Identification Wrong Grade of Material

Packaging is not intact
and not tamper evident

Contaminated or
tainted/adulterated
materials

Packaging not dry Moisture damage,
contamination of
materials

Packaging not clean Contamination of
materials

Required environmental
conditions not
maintained

Loss of material’s
potency/stability

Procedures do not
address material
disposition and
management
notification for
deviations

Use of inappropriate
materials. Continued
problems with quality
of received materials

Design of
receiving areas

Ingress of environmental
elements such as rain,
wind, animals, or
insects

Contamination of
materials and/or
infestation of staging
and storage areas

Standing water or excess
moisture

Potential for microbial
(mold) proliferation, or
contamination of
materials

Material handling
procedures

Practices not designed to
prevent damage to
packaging,
contamination

Materials can be exposed
to environmental
conditions and
contamination

Environmental
storage
conditions

Required environment
conditions are not
maintained. Adequacy
of temperature and
humidity control
depends on season of
year.

Loss of material’s
potency/stability. Lots
do not meet incoming
specifications for
critical quality
attributes

Procedures address
material disposition
and management
notification for
deviations

Use of substandard
materials, failed
product quality

Material status Adequate identification
and/or separation of
different material
status (i.e., quarantine,
release, rejected)

Use of rejected or
quarantined materials
in a released batch

(continued)
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Appendix I: (Continued )

Major Area Subarea(s) Potential Hazard Potential Harm

Raw Material Materials Use of Wrong Material or
Materials Management on Receipt: Inadequate Identification Wrong Grade of Material

API/
Excipient/
Water
Quality

Incoming lot
quality

Lot-to-lot variability in
quality characteristics
such as moisture
content and microbial
bioburden

Lots do not meet
incoming
specifications for
critical quality
attributes. Use of
materials impact the
outgoing quality of the
product

Incoming lot monitoring
program is inadequate
to monitor incoming
quality

Use of substandard
materials, failed
product quality

Supplier man-
agement

Supplier
management
program

Supplier management
program does not exist
or is inadequate

Inconsistent incoming lot
quality. Use of
substandard materials,
failed product quality

Formulation Equipment Substituted equipment:
incorrect design, size,
or incapable to run
required operating
parameters

Inadequate or incorrect
granulation, milling, or
blending. Product
quality compromised

Dispensing Materials Incorrect raw materials
weighed or measured

Incorrect batch
composition;
mislabeled product;
patient safety

Material labeling Materials incorrectly
labeled

Incorrect batch
composition, not
delivering on intended
use, patient safety

Measurement/
weighing

Inaccurate measurement Mislabeled product,
subpotent or
superpotent product

Material delivery Incorrect raw materials
delivered to
formulation area

Mislabeled product, not
delivering on intended
use; product safety

Granulation Material addition Materials added in
incorrect sequence,
amounts per addition,
or timing between
additions

Improper formulation,
product instability, or
incorrect potency

Operating
procedures

Inadequate (e.g., every
step not defined),
incorrect written
instructions

Improper formulation;
product instability or
incorrect potency

Equipment Incorrect chopper or
mixing blades

Improper product
formulation
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Appendix I: (Continued )

Major Area Subarea(s) Potential Hazard Potential Harm

Raw Material Materials Use of Wrong Material or
Materials Management on Receipt: Inadequate Identification Wrong Grade of Material

Compressed gases Inappropriate venting or
use of compressed
gases

Impacts environment,
product contamination

Drying Operating
parameters

Inadequate drying May impact product
stability, unable to
further process

Wet holding time Inadequate control of wet
holding times

Wet conditions could
allow chemical
reactions to take place,
degrading or changing
bulk composition

Milling Operating
parameters

Inadequate sieving Nonhomogenous
granules, product
quality compromised

Equipment setup Wrong screens Clumps not eliminated as
needed

Equipment Warped screens Contamination with
metal particulate

Mixing/
blending

Blending
operating
parameters

Inadequate
mixing/blending

Nonhomogeneous batch;
variable or incorrect
finished product
potency

Materials Wrong material Mislabeled product;
patient safety

Wrong amount of
material added

Bulk quality, affects
compression process

Finish
Processing

Compression Bulk flow Inaccurate amount
measured to be
compressed

Mislabeled product,
subpotent or
superpotent product

Environmental
conditions

Humidity is not
adequately controlled

Powder absorbs moisture
and cakes preventing
adequate flow

Hardness–
friability

Incorrect compression
parameters

Chipping or flaking off,
susceptible to further
cracking

Equipment setup Wrong punches or dyes Inadequate product
quantity, weight
variation

Punches are out of
alignment

Parts shed metal
contaminating product

Film Coating Coating material Incorrect solution
preparation (e.g., too
thick or thin)

Inadequate or uneven
application; product
degradation or
instability

Equipment Spray nozzles are
clogged

Inadequate coating;
product degradation or
instability

(continued)
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Appendix I: (Continued )

Major Area Subarea(s) Potential Hazard Potential Harm

Raw Material Materials Use of Wrong Material or
Materials Management on Receipt: Inadequate Identification Wrong Grade of Material

Operating parameters Wrong rate of spin, drum
rotation, wrong air
drying temperature

Inadequate coating;
product degradation or
instability

Branding Ink solution,
preparation

Wrong ink material (e.g.,
ink too thick or thin)

Inadequate or smeared
imprint, product not
properly identified

Equipment setup Incorrect pressure
parameters

Inadequate imprint,
product not properly
identified

Equipment Clogged ink applicator Inadequate imprint,
product not properly
identified

Packaging Filling Product mix-up. Incorrect
product in package

Adulterated product

Incorrect number or
amount in package

Mislabeled product,
patient treatment
impacted

Patient information Incorrect information Patient safety
Seal integrity Inadequate seal (e.g.,

incorrect sealant or
sealant amount,
application misaligned,
incorrect sealing
temperature or
pressure)

Product contamination,
product stability may
be compromised

Facility Material
flow

Material and
personnel flow
patterns (e.g.,
undedicated/
multi-product
facility)

Shared production and
non-production areas

Product
cross-contamination

Cleaning Cleaning agents Inadequate to dissolve
dried, residual product

Product-to-product
contamination

Sanitizing agents Inadequate to reduce
environmental
microbial bioburden,
as needed

High microbial bioburden
levels, microbial
contamination

Cleaning technique Practice, as designed,
may re-introduce
contamination

High levels of residual
product and microbial
bioburden; microbial
contamination

Cleaning equipment Inadequate design to
support
technique/practices

Inadequate cleaning, e.g.,
mop handle too short
to reach upper wall

Not readily cleanable May re-introduce
contamination or
cross-contaminate
another area
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Appendix I: (Continued )

Major Area Subarea(s) Potential Hazard Potential Harm

Raw Material Materials Use of Wrong Material or
Materials Management on Receipt: Inadequate Identification Wrong Grade of Material

Inappropriate materials
of construction, e.g.,
produces lint

Product contaminated
with particulate, failed
product quality

Cleaning
frequency

Insufficient frequency to
keep contaminants at
controllable level

High levels of
contamination, product
contamination

Environmental
control

Room air quality
requirements

Inappropriate air quality
require-
ments/classification for
room’s intended
purpose

Inadequate controls in
place, product
contamination

Air filtration
system

Inadequate air filtration
to keep environment
clean of air-borne
contaminants

High levels of air-borne
contaminants, product
contamination

Air pressure Inadequate air pressure
or incorrect air flow
design

Introduction of
contaminate into room;
product contamination

Light protection Inadequate light
protection for
light-sensitive product

Product degradation,
instability

Temperature/
humidity

Inadequate temperature
or humidity control

Condensate in room,
increased microbial
bioburden levels,
hygroscopic or
temperature sensitive
product
degradation/instability

Insufficient monitoring of
room environment (air
particles, temperature,
humidity)

Product
contamination/inability
to correct issue in
timely manner

Equipment/
Instruments

Fit for
purpose

Correct
instrument or
equipment
needed for job

Inappropriate sensitivity
used for application
(e.g., balance
measuring to only one
decimal when three
decimals are needed)

Inadequate or inaccurate
measurements, product
quality, potency,
stability compromised

Incapable of meeting
required operating
parameters

Incomplete process step

Size Different size than
required, e.g., smaller
bulk formulation tank

Improper product
formulation, e.g.,
mixing,
nonhomogeneous bulk

Model or design Different model or
design than required

Improper product
formulation or filling
operation

(continued)
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Appendix I: (Continued )

Major Area Subarea(s) Potential Hazard Potential Harm

Raw Material Materials Use of Wrong Material or
Materials Management on Receipt: Inadequate Identification Wrong Grade of Material

Use parameters Incorrect use parameters,
e.g., mixing speed,
drying temperatures, or
timeframes

Improper formulation;
inadequate material
dissolution or mixing
resulting in
nonhomogeneous
batch; product
instability

Materials of
construction

Wrong materials of
construction, e.g.,
wrong filter substrate

Introduce foreign matter
into formulation such
as particulate or
leachable material,
product degradation

Cleanability Designed for easy
cleanability

Design allows for
internal spaces that
harbor product

Product
cross-contamination;
foreign matter
contamination

Storage Maintains
integrity of
cleaned
equipment

Incomplete or inadequate
practices

Product contamination

Lubricants,
other
operating aids

Use Uncontrolled use of
lubricants;
inappropriate
applicators (e.g., spray
applicator)

Product contamination
from contaminated
environment or
product-contact
surfaces

Maintenance Frequency Inadequate to ensure
consistent performance
(e.g., infrequent air
filter changes)

Compromise product
quality (e.g., clogged
filters do not provide
adequate air filtration
to support air quality
levels)

Parts inventory Incorrect parts in
inventory, like-to-like
parts not available or
used

Inappropriate equipment
operation, parts may
become warn earlier
than expected, use of
inappropriate parts
may cause friction and
particulate generation

Timing (e.g., for
stationary
equipment)

Inappropriate time (e.g.,
during operations)

Contaminate product or
product components

Methods Inappropriate practices
that may not be
aligned with
maintenance needs

Inadequate or
inconsistent equipment
performance, product
quality not ensured

Emergency
repairs

Inappropriate practices
(e.g., use of unclean
tools on
product-contact parts)

Product contamination
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Appendix I: (Continued )

Major Area Subarea(s) Potential Hazard Potential Harm

Raw Material Materials Use of Wrong Material or
Materials Management on Receipt: Inadequate Identification Wrong Grade of Material

Calibration Frequency Inadequate to ensure
proper performance
(e.g., temperature
recorder)

Incorrect results; failure
to accurately measure
or perform

Methods Insufficient points used
in calibration to cover
entire use range

Inaccurate measurements
outside of calibrated
range, compromise of
product quality

Validation Extent of
validation
activities

Inadequate to ensure
equipment is operating
consistently as
intended

Inconsistent product
quality

People Hygiene Health habits Inadequate personal
hygiene

Contribute to
environmental
contamination

Illness or injury Sneezing, coughing, open
wounds

Microbial contamination
of environment or
product

Protective
clothing or
gear

Type Inappropriate type or
insufficient protective
garb

Inadequate environmental
or personnel protection

Material of
construction

Improper material of
construction (e.g.,
loose weave bodysuit
or materials shed
particulate)

Unable to provide
adequate barrier;
particulate
contamination of
environment and
product

Size Improper size (e.g., too
large or too small)

May not completely
cover and expose skin:
may cause rubbing of
skin leading to
excessive shedding;
product contamination

Incoming
packaging

Inappropriate and
inadequate packaging
to protect garb during
transit

Use of garb contaminated
from outside sources,
introduce
contamination to
manufacturing areas

Internal handling
practices and
storage
conditions

Inappropriate practices
and conditions to
maintain integrity of
packaging

Environmental
contamination

Disposal or
replacement
practices

No replacement schedule
or standards for
nondisposable garb

Inadequate protection
leading to
contamination

Donning practices Inappropriate practices May introduce
environmental
contamination

(continued)
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Appendix I: (Continued )

Major Area Subarea(s) Potential Hazard Potential Harm

Raw Material Materials Use of Wrong Material or
Materials Management on Receipt: Inadequate Identification Wrong Grade of Material

Intervention/
interaction
with
product,
components

Operator
techniques

Procedures are not
designed to avoid
operator contact with
product (e.g., operator
uses hands to reach
into or leans over open
container

Product contamination

Operator
behaviors

Procedures do not define
operator behaviors that
avoid product
contamination (e.g.,
operator leave doors
open between rooms of
different air pressures)

Product contamination

Training Appropriate
training

Training not associated
with tasks performed

Untrained personnel
incorrectly performs
step, product quality
impacted

Effective training Inappropriate training
technique

Training incomplete,
incorrectly performs
step impacting product
quality

Training records
archive and
retrieval

Poor documentation of
training and
uncontrolled storage.
Inability to review
training to assess
training needs

May assign untrained
person to perform task;
step incorrectly
performed impacting
product quality

Performance
monitoring

Inadequate monitoring,
training needs not
assessed

Incorrect step
performance impacts
product quality

GLOSSARY

The following definitions are provided to aid understanding:

Critical quality attribute (CQA): A physical, chemical, biological, or micro-
biological property or characteristic that should be within an appropriate
limit, range, or distribution to ensure the desired product quality [14].

Critical control point (CCP): A process parameter whose variability has an
impact on a critical quality attribute and therefore should be monitored or
controlled to ensure the process produces the desired quality [14].
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Corrective action: Action to eliminate the cause of a detected nonconformity
or other undesirable situation. NOTE: Corrective action is taken to prevent
recurrence, whereas preventive action is taken to prevent occurrence [15].

Microbiological hazard : Any circumstance in the process flow of a nonsterile
pharmaceutical that could cause a microbial contamination event affecting
the quality of the product.

Preventive action: Action to eliminate the cause of a potential nonconformity
or other undesirable potential situation. NOTE: Preventive action is taken to
prevent occurrence, whereas corrective action is taken to prevent recurrence
[15].

State of control : A condition in which the set of controls consistently provides
assurance of continued process performance and product quality [15].

Critical levels: A criterion that separates acceptability from unacceptability.
Process flow diagram: A system representation of the sequence of steps or

operations used in the production, control, and distribution of a pharma-
ceutical product.

Monitoring : The act of conducting scheduled measurement or observation of
a CCP relative to its critical limits. The monitoring procedure must be able
to detect loss of control at the CCP [24].
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12
BIOPHARMACEUTICAL
MANUFACTURING

Ruhi Ahmed and Thomas Genova

12.1 A GENERAL APPROACH TO IMPLEMENTING QRM
IN BIOPHARMACEUTICAL MANUFACTURING

Risks are associated throughout the biopharmaceutical manufacturing process,
from raw material supply through manufacturing and filling operations to final
distribution via a controlled cold chain process. Although many of these risks
apply equally to small molecules and biologics, assessing relevant attributes and
risks for biotechnology-derived products is more complicated—as stated by the
FDA “a much greater challenge for complex pharmaceuticals” [1]. Control often
is more challenging with biotechnology products because they are difficult to
characterize and the manufacturing processes are complex and variable. However,
the application of risk management practices enables manufacturers to design
processes that can proactively identify, mitigate, and/or control risks in a manner
which ensures high-quality biotechnology drug products to patients.

As noted in ICH Q9 “Quality Risk Management,” risk management is integral
to product development because it enables manufacturers to “design a qual-
ity product and its manufacturing process to consistently deliver the intended
performance of the product” [2]. For manufacturing process development, the
implementation of risk management can begin with the identification of the qual-
ity target product profile and an analysis of user requirements. Process knowledge
is gained through a comprehensive process development route, which carefully

Risk Management Applications in Pharmaceutical and Biopharmaceutical Manufacturing,
First Edition. Edited by A. Hamid Mollah, Mike Long, and Harold S. Baseman.
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identifies variables (e.g., raw material variability, process parameters) that may
influence product quality. All of these can be explored via designed experi-
ments to elaborate the effects of the variables and any parameter interactions.
Risk assessment and management during process development helps companies
identify the process parameters and attributes that will impact the quality of the
product. It also allows companies to confidently validate only the parameters and
attributes that are critical to the manufacturing process. This enhanced under-
standing of the process parameters and quality attributes eventually leads to a
more thorough understanding of the product and its quality and safety profile.

In recent years, the trade-offs between achieving optimal supply chain efficien-
cies and management of supply chain risk has created some major problems for
companies because they have jeopardized patient safety. Global supply chains
are even more risky than domestic supply chains because of numerous links
interconnecting a wide network of firms and communication and cultural gaps.
Therefore, supply chain risk assessment is absolutely essential for biotech prod-
ucts and should begin with incoming raw materials and excipients and extend
through the distribution chain to the patient. Information gained from experience
and product development can be used to identify potential risks and establish mit-
igations to minimize their occurrence and increase the ability to detect failures
should they occur.

Finally, risk assessments should become a living part of the product life cycle.
Specifically, as the product/process design matures, technology content improves,
and patient needs and safety concerns are better defined or regulatory require-
ments change, the risk assessment plan should be maintained and updated as new
knowledge is gained about the product and process.

This chapter briefly discusses the process steps traditionally used for manu-
facturing biopharmaceutical products and identifies areas of risk associated with
this process step. The reader should note that, while this chapter provides a list
of risks that are associated with the process steps outlined, it is not exhaustive
or all inclusive. This chapter also does not address risks associated with the
preparation of finished dosage forms, for example, prefilled syringes. These risks
are addressed elsewhere in this book (see Chapter 9 for a complete discussion
of aseptic processing risks). A detailed case study is provided at the end of
the chapter, which illustrates how a risk assessment tool can be applied in the
manufacturing process to identify, mitigate, and control risk. Finally, this text is
based on the opinion and experience of the authors and is not meant to replace
regulatory guidances or regulations.

12.2 UNDERSTANDING CRITICAL QUALITY ATTRIBUTES
AND CRITICAL PROCESS PARAMETERS

All products have a set of characteristics or attributes by which they may be
defined. Frequently, such attributes are included in specifications and product
release tests and are thought of as quality attributes. When a quality attribute
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affects product safety, efficacy, and purity, it is referred to as a critical qual-
ity attribute (CQA) [3]. By definition, all specifications are considered to be
CQAs [4].

CQAs should address those aspects of the product that are indicative of prod-
uct safety and efficacy. Historically, CQAs have been synonymous with product
release tests. In recent years, however, health authorities have acknowledged that
not all release tests are necessarily CQAs. Companies have been encouraged
to utilize risk management techniques to analyze products and identify those
attributes that are truly critical to safety and efficacy. While many risk manage-
ment tools may facilitate such analysis, a failure mode and effects (FMEA) type
approach is frequently used. A simple model for identifying CQAs is shown in
Figure 12.1.

In such a model, the severity of harm resulting from a failed attribute and the
likelihood of occurrence of such a failure are used to identify potential CQAs.
The data needed to perform the assessments noted in Figure 12.1 may be drawn
from a variety of sources. Data from preclinical and clinical studies may be used
to assess severity and likelihood of specific compounds. In addition, analysts may
utilize historical information from similar compounds to establish a preliminary
assessment of risk.

Quality attributes are influenced by process parameters. Process parameters
with a high potential to influence CQAs are defined as critical process param-
eters (CPPs) because they have the potential to impact product safety and effi-
cacy. Again, the identification of CPPs can be facilitated using risk management
approaches such as fish bone diagrams and FMEAs. A simple approach to CPP
identification is shown in Figure 12.2.

The analysis is undertaken by first creating a process map that establishes
the process steps, parameters, and target values for the entire manufacturing
operation. While separate process maps may be prepared for individual process
steps as described in this chapter, they should include all phases of the process
having the potential to impact product quality.

Once a process map has been prepared, the individual process parameters
may be evaluated to assess their potential impact on final product quality. The

Identify quality 
attributes

Assess severity of 
excursions beyond 
specification limits

Assess likelihood 
of occurrence of 
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specification limits

Assess risk 
acceptability

Assign criticality to 
individual quality 
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Figure 12.1 Identification of critical quality attributes.
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Figure 12.2 Identification of critical process parameters.

evaluation can be based on retrospective information such as general scientific
knowledge, experimental data, and nonconformance results. Prospective eval-
uations can also be performed using the results of designed experiments, and
validation studies. Using this information, the evaluators may identify a subset
of parameters that have the potential to impact product safety and efficacy.

The next step in the process is to assign criticality to the parameters identified.
Criticality is assigned on the basis of three risk factors: severity, occurrence, and
detectability [5].

Severity is evaluated by assessing the impact of a process parameter on product
quality and patient safety. Determine how the parameter would impact a CQA
if it were to exceed its maximum operating range, for example, batch record
limits. In some instances, the maximum operating range for a parameter is well
within the range proved to be acceptable to product quality. In these instances,
an out-of-tolerance parameter would be expected to have minimal impact on
its associated CQA. In other instances, a parameter’s maximum operating range
may be very close to its proven acceptable range and excursions have a greater
potential to impact product quality. Thus, its potential impact on product quality
may be very severe.

The next step in assigning criticality to a parameter is to assess the likelihood
that a parameter will exceed its maximum operating range. The likelihood of
exceeding an operating range can be identified through both experimental studies
and practical experience with the same or similar processes. Appropriate engi-
neering controls should be established to insure that processes operate within
specified ranges, thereby reducing the likelihood of an excursion.

Detectability is a factor that describes one’s ability to identify an excursion
before it affects patient safety or product quality. Detectability evaluations should
consider both the ability to detect a process excursion and the ability to detect
the failure of a quality attribute. Detectability is a mitigating factor in that it
facilitates the identification of potential problems and permits corrective actions to
be performed to preclude the product and/or release of a nonconforming product.

Taken together, the three factors, severity, likelihood, and detectability define
the criticality of a process parameter. In an FMEA analysis, the product of the
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three factors would be compared to a preestablished value to assign criticality.
Parameters identified as CPPs might be subject to additional engineering controls
to ensure compliance with specified limits. Alternatively, the process might be
redesigned to reduce likelihood or additional control strategies to improve process
performance. Finally, in-process monitoring might be established to improve
detectability, thereby reducing risk and, consequently, criticality.

An overall understanding of a product’s CQAs and their underlying CPPs
facilitates the design of processes and control strategies to ensure that products
comply with their performance requirements. CQA and CPP identification strate-
gies rely heavily on risk analysis techniques. Risk analysis not only facilitates the
identification of these important elements but also facilitates the implementation
of appropriate mitigations, thereby creating robust processes that are less likely
to result in a nonconforming product.

12.2.1 Quality Risk Management in the Identification of CQAS and CPPS

Two risks are associated with CQA/CPP identification: (1) the risk of not identi-
fying an attribute or parameter as critical when, in fact, it is, and (2) the risk of
identifying an attribute or parameter as critical when it is not.

The first scenario, not properly identifying an attribute or parameter may result
in directly impacting product safety and efficacy. This risk can be addressed by
having robust procedures in place to guide the identification process and by using
a cross-functional team that is familiar with all aspects of the product and process.

The second risk, identifying an attribute or parameter as critical, when it is
not, may result in over-testing products and/or over-engineering or controlling
processes. Both these would require resource expenditures, which may not be
necessary to achieve adequate control.

12.3 INDIVIDUAL PROCESS STAGES AND ASSOCIATED RISKS

12.3.1 Raw Materials

12.3.1.1 Process Overview Establishing and maintaining a consistent supply
of raw materials is critical to all manufacturing processes. However, biophar-
maceutical processes are not only subject to the same issues as pharmaceutical
processes but are also impacted by added challenges, for example, microbio-
logical contamination, arising from the use of materials derived from animals,
yeast, humans, etc., and the need for those materials to be compatible with,
and supportive of, biological systems. These challenges have led manufactur-
ers to substitute animal-derived materials with others derived from vegetable
or recombinant sources. Not all products or materials are, however, amenable
to substitution because of uncharacterized growth factors contained therein, and
thus some products continue to utilize animal-derived materials.

Raw material control contributes to lot-to-lot variability [6]. Thus, manufac-
turers must be aware of and control raw materials and their variability. Raw
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material control also contributes to product safety because of impurities in the
material. Manufacturers must be able to test and verify the identity of raw mate-
rials. Vendor-supplied information, in the form of a certificate of analysis, may
not be sufficient to adequately control raw material. Vendors should be certified
to ensure a continuous supply of safe, consistent material.

The origin of materials may be an important factor in the supply chain.
Historically, raw materials used in biopharmaceutical manufacturing have been
naturally derived and have included animal serum, albumin, enzymes, etc. These
materials are used to prepare both active substances and excipients, (e.g., polysor-
bates, collagen, and gelatin), and may contain microbial contamination and/or
support microbial growth. Contamination by microorganisms including bacte-
ria, fungi, mycoplasma, viruses, and transmissible spongiform encephalopathies
(TSEs) and/or proteolytic enzymes is not unusual. Bacteria and fungi can express
extracellular proteins and directly influence the material itself and/or the cell cul-
tures from which the biopharmaceutical is derived. Mycoplasma, viruses, and
TSEs can interact with and influence the cell cultures, potentially impacting
yields, purity, and the efficacy of downstream processes. Perhaps the greatest
challenge provided by TSEs is the inherent difficulty that they present to removal
from manufacturing processes. Not only is their removal difficult but the ability
to validate the removal process is itself difficult to demonstrate.

Contamination is controlled and/or minimized by a series of actions that span
the entire process from collection through processing and testing. The collection
process is controlled through strict requirements regarding geographic sourcing
of materials, definition and documentation of donor animal herds, the collection
of serum according to protocols and by trained personnel.

Current regulatory requirements include provisions to test animal-derived raw
materials for adventitious contaminants before use [7–9]. The tests include assays
to determine bacterial and fungal levels, mycoplasma assays, and a series of tests
to detect both viral antibodies and viral particles. These tests are to be performed
before the implementation of any inactivation steps to assess total contaminant
load as the total load may impact the efficacy of removal/inactivation steps.

Gamma irradiation is currently the preferred means of microorganism control.
The irradiation process sterilizes the raw materials and renders them safe for
use. After gamma irradiation, manufacturing processes that physically remove
contaminants, for example, filtration or precipitation, are the preferred means
of microorganism control; however, chemical inactivation of contaminating
microorganisms may be acceptable in some situations. In instances where
physical removal or inactivation of TSE forms the basis of a regulatory claim
concerning product safety relative to TSE, all removal and inactivation process
must be adequately validated to demonstrate efficacy for their intended purpose.

In addition, many companies impart a degree of control over their raw materi-
als by maintaining an active supplier quality program through which they verify
the continued compliance of raw material suppliers to applicable health authority
and company standards. Suppliers in such programs are included on the basis of
the criticality of the individual raw material and its associated product. A relative
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risk ranking tool can be used to establish the priorities with which suppliers are
audited for compliance to standards [2]. Thus, animal-derived raw materials being
used in parenteral products would be expected to assume a higher priority than
non-animal-derived raw materials or materials intended for use in topical appli-
cations. Similarly, suppliers having a spotty compliance history may be subject to
closer scrutiny than those who have a “cleaner” compliance record. Prioritization
for follow-up activities may be established using relative risk ranking tools or
checklists.

Supplier quality programs typically assess a supplier’s quality system includ-
ing the compliance with GMPs, nonconformances, process changes, validation
issues (method and process), etc. These assessments provide a window into sup-
plier processes and can provide an early warning of problems associated with raw
material quality. Given this early warning, a company may be able to work with
their suppliers to establish mitigations and alleviate potential problems before
they occur.

Managing suppliers and cold chain issues are important to assure the quality of
raw materials. Vendor experience often dictates the frequency of vendor audits. In
selecting vendors it is important to consider their financial status, their experience
with a particular raw material, the geographic proximity to the manufacturing
sites and to whom the supplier provides materials, multiple industries, or just the
pharmaceutical industry. Risk may be minimized by qualifying multiple suppliers
to avoid reliance on a single source of materials.

Supplier agreements should include provisions for oversight of change con-
trol processes such that manufacturers are notified of changes to a supplier’s
manufacturing processes.

Including impact assessments in such agreements provides a ready form for
making decisions relative to the importance of changes to material quality.

Risk assessments for suppliers should focus on material quality and avail-
ability. A nine-block assessment tool can be used to integrate information about
supplier performance and material risk into a single risk ranking. The ranking
can then be used to establish supplier controls and audit frequencies. An example
of a nine-block assessment tool is shown in Figure 12.3.

As seen in the nine-block tool in Figure 12.3, the degree of control exerted over
a supplier is directly related to the risk associated with an individual material and
the overall performance of the supplier. Thus, a marginal supplier who provides a
high risk material would require much greater control than a best-in-class supplier
providing a material having a similar risk characterization.

Raw materials must be traced by suppliers to their country of origin. Risk
assessments should be reviewed periodically and should include lessons learned
from past experiences. It is highly recommended that they be updated to reflect
current knowledge and changing conditions relative to the supplier.

12.3.1.2 Quality Risk Management for Raw Materials The major risks asso-
ciated with the raw materials management are discussed in the following section.
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Figure 12.3 Example of a 9-block assessment tool.

Several risks are associated with raw materials. Chief among these for bio-
pharmaceuticals is the use of animal-derived materials. This risk is addressed
through adherence to sound animal husbandry and procedural controls, as well
as, through the use of screening tests to assess material quality before use. The
use of animal-derived materials may be linked to microbiological contamina-
tion, by bacteria, fungi, mycoplasmas, viruses, and/or prions. This risk is also
addressed through procedural controls and then verified through testing. Manu-
facturers should also be concerned with lot-to-lot variation in incoming materials.
The effects of lot-to-lot variation were discussed earlier. They can be assessed
by using multiple lots during material qualification and through supplier qualifi-
cation, as well as through the use of monitoring programs that periodically test
and assess the quality of incoming materials.

12.3.2 Cell Banking

12.3.2.1 Process Overview Cell banking assures an adequate supply of homo-
geneous and well-characterized cells for manufacturing over the expected lifetime
of a biopharmaceutical product. Cell substrates that are banked must be stable,
reproducible, and available in sufficient quantities. Specifically, cell substrate
stability is important in terms of safety and quality because it ensures that only
the desired and specific biopharmaceutical product is manufactured without the
introduction of any mutations and with minimal likelihood of contamination by
infectious agents. Cell substrate reproducibility is important over time because
the biopharmaceutical product manufactured during the first manufacturing cam-
paign has to match the product that is produced in subsequent campaigns. Finally,
cell substrate availability is important to ensure that there is adequate long-term
inventory for commercial production. Typically, manufacturers prepare a mas-
ter and a working cell bank to ensure supply of stable and reproducible genetic
source materials [10].

A cell bank construction strategy is usually in two stages. The first stage is the
construction of a master cell bank (MCB). The MCB is produced directly from
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the R&D cell bank constructed for early production. Recombinant production cell
lines are often initially constructed by the introduction of a plasmid (containing
the nucleotide sequence that expresses the protein of interest) into a selected
cell line. For the MCBs, the cell line of interest is expanded and cultured for a
defined number of cell passages. The resultant product producing cells are then
aliquoted in small amounts into ampoules or vials and frozen and stored under
defined conditions. Thus, the cells with the desired genetic source material are
effectively cryopreserved for an indefinite amount of time. MCB ampoules are
then used to generate a working cell bank (WCB). The generation of a WCB
typically entails the thawing of a single MCB ampoule, culturing and propagating
the cells contained in the ampoule, and subsequently aliquoting these cells into
multiple hundreds of ampoules. This new batch of ampoules is then cryopreserved
to form the WCB. When a single batch of new product is desired, one ampoule
of the WCB is thawed and used to seed that batch. When all the ampoules of
the WCB have been utilized, another ampoule of the MCB is thawed and used
to generate another WCB.

Contaminated cell lines pose a risk to product quality and safety. As such,
the characterization and testing of cell banks is critical to confirm the identity,
purity, and genetic stability of the cell line. The potential risk of introducing
adventitious agents such as bacteria, mycoplasma, fungi, or viruses to the bio-
pharmaceutical must be eliminated or minimized during the cell banking process.
Regulatory agencies (e.g., FDA, EMEA, and World Health Organization) require
an appropriate and sufficient characterization of the MCB and WCB because the
quality and safety of the cell banks impact the quality and safety of the product.
And since there are a diverse number of banks in use, regulatory agencies such
as the FDA and EMEA have also provided specific guidance on the characteri-
zation tests needed for the types of banks used for biopharmaceutical production
[11–13]. In accordance with the guidances cited earlier, some common tests rec-
ommended for characterization of bacterial/mammalian cell banks are outlined
in Tables 12.1 and 12.2.

These comprehensive characterization tests ensure that a contaminated bank
is not used for production, and they confirm the identity, purity, and suitability
of the bank for manufacturing use. In addition, it is also critical to check that the
cellular material at the end-of-production (EOP) run remains essentially the same
as that in the MCB or the WCB. That is, EOP cells should be evaluated once
for those endogenous viruses, which may not have been detected in the MCB
and WCB. Also, by conducting adventitious virus assays once, it shows that the
production process is not prone to such contamination.

12.3.2.2 Quality Risk Management for Cell Banking The major risks associ-
ated with the cell banking process are discussed in the following section.

Presence of Infective Agents (Viruses, TSE/BSE, Bacterial Endotoxin, Mycoplasma)
Manufacturers of biopharmaceutical products, products derived from animal or
human tissues, blood products, and some medical devices are required to assess
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TABLE 12.1 Tests for Master Cell Banks (MCBs)

Tests for Master Cell Banks (MCBs)

Attribute Test Methods

Microbiological contamination Bacteriostasis and fungistasis
Sterility
Mycoplasma (cultivable and noncultivable strains)
Endotoxin

Cell line identification Isoenzyme analysis/DNA fingerprinting or karyology
Copy number determination
Restriction map analysis
DNA/RNA sequencing

Retroviruses Reverse transcriptase, infectivity assays, PCR-based
assays

Adventitious viruses In vitro and in vivo assays for viral contaminants
Specific virus assays Antibody production assays, for example, mouse

antibody production (MAP) assay or hamster
antibody (HAP) production assay; PCR-based
assays

Other virus assays Specific bovine or porcine virus assays

TABLE 12.2 Tests for Working Cells Banks (WCBs)

Tests for Working Cell Banks (WCBs)a

Attribute Test Methods

Microbial contamination Bacteriostasis and fungistasis
Sterility
Mycoplasma (cultivable and noncultivable strains)
Endotoxin

Adventitious virus testing In vitro and in vivo assays for viral contaminants
Cell line identification DNA fingerprinting or karyology or isoenzyme

analysis

aLimited testing is required because WCBs generally originate from a well-characterized MCB.

the ability of their purification and manufacturing processes to produce a prod-
uct that is safe for use in humans. Incoming raw materials (such as animal-
derived serum) for cell banking should be assessed for risk of contamination, for
example, transmissible spongiform encephalopathy (TSE) or bovine spongiform
encephalopathy (BSE). Moreover, the type of testing required needs to be host
dependent. Elimination of the use of animal-derived raw materials/excipients,
selection of cell substrates with low inherent viral (or phage) risk, and the imple-
mentation of appropriate in-process and lot release detection tests are all important
strategies to mitigate the risk of viral and TSE/BSE contamination. The documen-
tation regarding viral and TSE/BSE clearance studies are required by regulatory

کوفا
دنیاي ش



INDIVIDUAL PROCESS STAGES AND ASSOCIATED RISKS 335

authorities as an integral part of Biologic License Applications (BLAs) before
approval. For more information, refer to EP 5.1.7 Viral Safety [14], FDA’s 1993
Points to Consider in the Characterization of Cell Lines Used to Produce Bio-
logicals [15], and ICH Q5A (R1) [11].

The presence of bacterial endotoxins should also be monitored and levels
controlled throughout the production process to ensure that the downstream
purification process is not overloaded with this contaminant. In vitro bacterial
endotoxin testing and in vivo pyrogenicity testing are critical for demonstrat-
ing that the manufacturing appropriately reduces, removes, or inactivates these
hazards. Mycoplasma are the simplest, smallest, self-replicating organisms. Pro-
duction culture contamination usually originates from components of cell culture
medium (e.g., serum) or from an infected person working in production. Tests
such as direct fluorescent assay or PCR can be employed to readily detect
mycoplasma contamination.

Facilities, Equipment, and Personnel For all areas in which cell banking opera-
tions are performed, precautions should be taken to prevent contamination. Gen-
erally, GMP banks need to be prepared in well-controlled facilities where rooms
are appropriately classified to demonstrate control in quality of air, movement of
equipment (clean and dirty), and segregation of activities. In addition, thorough
personnel training and control of work practices are necessary to ensure that the
preparation and maintenance of cell banks are free from cross-contamination.
Inappropriate preparation and handling of the cells for banking is one of the
common reasons for contaminated cell lines.

Documentation Inappropriate or inadequate documentation of proper control
procedures used during the assembling, preparation, and storage of the cell banks
is a risk because it does not provide assurance regarding the true identity of the
components and the absence of introduced contamination. The results of all test
performed on the MCB, WCB, and EOP cells have to be appropriately docu-
mented and filed with regulatory agencies to demonstrate the safety and quality
of the genetic source material for the biopharmaceutical product. Inadequate
documentation can be a significant problem for companies because according
to the FDA, per 21 CFR 601.2(a), the Agency can refuse to file a submitted
BLA/NDA because of “ . . . insufficient description of source material (including
characterization of relevant cell banking systems) . . . ” [16].

Storage Finally, the appropriate and reliable storage of cell banks is also critical
for ensuring the availability and the quality of the genetic source material. Cell
banks have to be maintained in a suitable and controlled environment (typically
in the vapor phase of liquid nitrogen) to ensure viability, stability, absence of
contamination, and their availability. Therefore, the selection of the appropri-
ate cell banking conditions and facilities is important in minimizing risk to the
integrity of the MCB and WCB banks.
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Figure 12.4 Cellular growth curve for microbial cells.

12.3.3 Fermentation/Cell Culture

12.3.3.1 Process Overview
Fermentation In biopharmaceutical manufacturing, the term “fermentation”
describes any process for the production of a product by the large-scale
cultivation of a microorganism (occurring with or without air). The growth
of microbial cultures can be divided into a number of stages as shown in
Figure 12.4.

Initially, the microbial cells of interest are inoculated into a selected growth
medium, a period during which growth does not appear to occur (adaptation phase
or lag phase). The next phase is characterized by a period where the growth rate
of cells gradually increases as the cells grow at a constant, maximum rate (log
or exponential phase). During this phase, the microbial cells take up nutrients
from the fermentation broth and release products, byproducts, and waste metabo-
lites. Eventually, the growth of cells ceases, or the number of new cells formed
equals that of others dying (stationary phase), owing to the continuously falling
concentrations of nutrients and/or a continuously increasing (accumulating) con-
centrations of toxic substances. Finally, after a further period of time, the viable
cell number declines and the cells die (death phase). It is important to keep the
cells in growth phase because if they are allowed to reach the lag or stationary
phase, the culture may cease or lag depending on the cell line and growth medium
used. Once acceptable microbial cell growth is achieved, that microbial culture
can be used to inoculate the production fermentor. Microbial fermentations typi-
cally do not require elaborate cell accumulation and expansion steps (as required
for mammalian cell culture processes) because of the short doubling time for the
microbes (e.g., 15–20 min for Escherichia coli in the laboratory).

Cell Culture Tissue/cell culture is the general term for the removal of cells,
tissues, or organs from an animal or plant and its subsequent placement into an
artificial environment conducive to growth. This environment usually consists of
a suitable glass or plastic culture vessel (e.g., shake flasks) containing a liquid or
semi-solid medium that supplies the nutrients essential for survival and growth.
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As cells are placed in a suitable culture environment, they will divide and grow.
This is called the “primary culture.” When the cells in the primary cell culture
have grown, they are subcultured to allow continued growth with a fresh medium.
For mammalian cells, cell subcultures are normally used to inoculate intermediate
bioreactors to generate enough cell mass or cell density (>1.5 × 106cells/ml) so
that they can be used to inoculate the large production bioreactors.

Process Overview The schematic in Figure 12.5 represents a typical fermenta-
tion/cell culture process. In brief, the fermentation/cell culture process can be
described as follows: the first steps involve the removal and thawing of a vial
from the WCB or MCB into an appropriate medium in the presence or absence
of selective agents; the next steps are the production of an active, pure culture in
sufficient quantity to inoculate the production vessel, followed by growth of the
organism in the production fermenter/bioreactor under optimum conditions for
product formation. The final steps involve the collection of the product containing
harvest fluid and the disposal of the effluent waste.

12.3.3.2 Quality Risk Management for Fermentation/Cell Cultures The major
risks associated with the fermentation/cell culture process are discussed in the
following section.

Contamination One of the primary risks in cell culturing and fermentation is
contamination. There are two main types of contamination: chemical and bio-
logical. Chemical contamination is usually harder to detect and can be caused
by agents such as endotoxins and extractables/leachables from plastic storage
vessels and tubing, metal ions, or minute traces of chemical disinfectants. Bio-
logical contamination is usually easier to detect and is caused by fast-growing
yeast, bacteria, and fungi that usually have a visible effect on the cell culture
(e.g., phage in a fermenter can destroy a culture in an hour with mass cell lysis;
the first hints are the production of large amounts of foam in the culture ves-
sel or increased oxygen consumption). However, two other sources of biological
contamination, mycoplasmas and viruses, are not easily detectable and usually
require special detection methods, such as sensitive PCR-based methods and
immunocytochemical procedures.

Therefore, in order to minimize risks of both chemical and biological con-
tamination, it is essential that personnel engaged in cell culture are appropriately
trained in aseptic techniques; and that properly designed, maintained, and steril-
ized equipment is used during the process.

Suitable Environment There is a significant risk to production if microorgan-
isms/cells are not provided quality materials, selection agents, and a suitable
environment in which to grow, proliferate, and carry out their desired physiolog-
ical and biochemical functions. Therefore, appropriate control and monitoring of
equipment, culture media, environment, etc. is required to ensure provision of
a good suspension/substrate for attachment (i.e., for anchorage-dependent cells),
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Inoculum generation, Cell growth and Harvesting

Expansion from vial to spinner flasks/seed fermentor.
Cells are transferred from spinners to inoculate bioreactors
or fermentor. Harvest fluid is collected and stored sterile.

Figure 12.5 Schematic representation of typical fermentation/cell culture process. Detailed information on fermentation and cell culture can
be found in P.F. Stanbury et al. [18] and J.A. Ryan کوفا.[34]
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the supply of proper culture medium (with the appropriate growth factors, pH,
osmolality, etc.), and the control/monitoring of appropriate temperature, CO2,
and DO parameters.

Selection of Stable Strains The ability of the producing strain to maintain its
high productivity during both culture maintenance and fermentation is a very
important quality. Therefore, certain characteristics of the producing organism
that affect the process are critical for its selection; otherwise, there is a risk to its
commercial success. Some examples of these characteristics are strain stability,
resistance to phage infections, response to dissolved oxygen, tolerance of medium
components, the production of foam, the production of undesirable byproducts,
and the morphological form of the organism.

Culture Media The quality and composition of culture media play an impor-
tant role in the production process. Development studies are typically necessary
for selecting the most suitable media for fermentation/cell culture processes;
otherwise, there is a significant risk that process and product quality will be
compromised. Generally, the media selected should produce maximum yields
and concentration of product per gram of substrate used. Selected media should
also permit the maximum rate of product formation with a minimum yield of
undesired products. In addition, media quality should be consistent, be readily
available, and should cause minimum problems during preparation and steriliza-
tion. Media should also cause minimal problems in other aspects of the production
process, such as aeration and agitation, extraction, purification, and waste treat-
ment. Another consideration to be kept in mind while selecting appropriate media
is that the selection of media can sometimes affect the design of the fermenter
or bioreactor to be used.

Oxygen Requirements The majority of fermentation processes is aerobic and,
therefore, requires the provision of oxygen enrichment. The oxygen demand of
industrial fermentation and cell culturing processes is normally supplied by aer-
ating and agitating the fermentation broth or culture medium. However, there is
a risk that cellular metabolism of many processes can be limited if there is not
enough oxygen availability. It is critical that factors affecting the fermenter’s or
bioreactor’s efficiency in supplying microbial or animal cells with oxygen are
considered and carefully monitored to ensure that there is enough oxygen in the
reactor.

Sterilization A biotechnology product is produced by the culture of a specific
organism or organisms in a nutrient medium, and foreign microorganism contam-
ination can have serious consequences. For example, a foreign microorganism
can contaminate the reactor and compete with the desired culture organism for
nutrients, thereby ruining the fermentation and causing costly delays in pro-
duction. Therefore, procedures should be employed to avoid the risk of con-
tamination. Examples of such procedures are using a pure inoculum to start
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fermentation/cell culture, sterilizing the medium to be employed, sterilizing the
fermenter/biorecator vessel, sterilizing all materials to be added during the pro-
cess, and maintaining aseptic conditions during fermentation and cell culture
process. Clean-in-place (CIP) and sterilization-in-place (SIP) processes should
be qualified and/or validated where required. The extent to which these proce-
dures need to be adopted is determined by the risk of contamination and the
nature of the consequences.

Facilities and Equipment The maintenance of aseptic conditions during fermen-
tation/cell culture and the design of suitable fermentation/bioreactor equipment
are critical for the fermentation/cell culture process. The main function of a
fermenter/bioreactor is to provide a controlled environment for the growth of
microorganisms or mammalian cells used for obtaining the desired product. As
such, the fermentation/bioreactor vessel should be capable of being operated
aseptically for a number of days and should be reliable in long-term operations.
Significantly, it should also provide adequate aeration and agitation to meet the
metabolic needs of the microorganisms and cells and should not cause damage
to the microorganisms/cells during mixing and agitation.

Scale-Up The challenge of developing a process from a laboratory to the pilot
scale and subsequently to the industrial scale is also an important consideration
during fermentation/cell culture. Additional details on scale-up considerations are
provided in Section 12.3.5.

12.3.4 Downstream Processing

12.3.4.1 Process Overview Downstream processing refers to the recovery and
purification of biotechnology products from the recombinant culture or plant
tissue or fermentation broth. The purification of biotechnology-derived products
can be difficult, resource intensive, and expensive. Therefore, the main goal of
the recovery and purification process is to obtain a sufficient quantity of good
quality product and to do that as quickly and efficiently as possible. In general,
downstream processing steps can be broadly categorized into four main groups:

• Removal of insolubles involves the recovery of the product as a solute and
removal of large particulates and/or cell debris.

• Product isolation involves the removal of those components whose prop-
erties vary markedly from that of the desired product, for example, viral
inactivation.

• Product purification is done to separate those contaminants that resemble
the product very closely in physical and chemical properties.

• Product polishing involves the final processing steps to obtain a concentrated
and pure product and ends with packaging/storing of the product in a form
that is stable and transportable.
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The choice of a recovery/purification process is typically based on
process/product-specific criteria such as the intracellular or extracellular location
of the product, the concentration of the product in the harvest fluid, the minimal
acceptable standard of purity, facility limitations, etc. Detailed information on
downstream processing can be found in R. Bates [17].

Microbial Products For fermentation or microbial products (i.e., obtained from
bacteria, yeast, and fungi) that are usually intracellular, the recovery and purifi-
cation process can be summarized as follows: the first step is the removal of
large solid particles and microbial cells. The method commonly employed for
this purpose is either filtration or centrifugation. In the next step, the cells are
lysed either by chemical or mechanical methods to release the product. The cell
lysate is then fractionated (primary isolation of the product) using techniques
such as ultrafiltration, reverse osmosis, adsorption/ion exchange/gel filtration, or
affinity chromatography. After this step, the product-containing fraction is further
purified by fractional precipitation, or more precise chromatography techniques
(intermediate purification/concentration) to obtain a product that is highly con-
centrated and essentially free from impurities and ready for filtration and fill
[18]. The flowchart in Figure 12.6 depicts the typical stages of extraction and
purification of fermentation products.

Mammalian Products For therapeutic proteins (i.e., obtained from mammalian
cells) that are usually extracellular and secreted, the recovery and purification
process are briefly described as follows: the first step is the clarification and ini-
tial purification stage. The main goal of this step is to reduce the working volume
of the process stream and to remove the cell debris and harmful contaminants.
The speed of recovery is critical in this step to minimize degradation and product
loss. Typical unit operations include the use of filtration (including depth filtra-
tion to reduce solids content and ultrafiltration and diafiltration to reduce volume
and change buffering conditions), chromatography, precipitation, or centrifuga-
tion techniques. In the next step, once the whole cells are separated from the
product-containing harvested cell culture fluid (HCCF) during clarification, the
HCCF can often be applied directly onto a chromatographic column for initial
purification. Typically, filtration, centrifugation, ion exchange column (IEC), or
hydrophobic interaction columns (HIC) are used for this purpose. Ideally, this
initial purification results in a substantial reduction in the level of proteases or
other harmful components. In the next step, intermediate processing, most of
the remaining contaminants are removed from the process stream (e.g., virus
particles, nucleic acids, endotoxins, and other host cell proteins). Unit opera-
tions with a large capacity, high recovery, and good resolving power such as
adsorption chromatography (e.g., ion exchange, hydrophobic interaction, affinity
chromatography, etc.) and membrane chromatography are common methods for
use in this stage. The final step of the process is concentration and polishing.
This step removes impurities such as deamidated isoforms or aggregates using
chromatographic techniques such as gel permeation chromatography (GPC). In
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Figure 12.6 Stages in the extraction and purification of intracellular fermentation
products.

general, the feedstock for the final polishing step is very clean, with few impu-
rities, so this step typically involves only one unit operation having both high
resolving power and high recovery. However, if the processing capability of the
chromatographic step is limited, a concentration step may be required before col-
umn loading [19]. Drug substance after the final concentration and polishing step
is ready for formulation and fill/storage. The schematic in Figure 12.7 depicts
the typical stages of recovery and purification of therapeutic products and the
methods employed during the processing steps.

12.3.4.2 Quality Risk Management for Purification Process The major risks
associated with the extraction and purification process are discussed in the fol-
lowing section.

Inefficient Harvest/Recovery Conditions One major risk during the manufactur-
ing process is inefficient harvesting of the product from cells. For example,
low cell culture titers (10–100 mg/l) may require the collection of large vol-
umes of product-containing HCCF that then requires rapid processing; or if the
desludge time in the centrifuge is too long or too short, it can result in low
yields of product, poor clearance of medium components from solids, or product
contamination. Other risks to the product may include degradation risk from high
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Harvest fluid that has been filtered and pH adjusted can be loaded onto chromatographic columns (e.g., ion exchange 
columns - IEC) for initial purification. In the next step, the eluate is loaded onto chromatographic columns (e.g., IEC, affinity, etc.) 
for intermediate processing and removal of contaminants (e.g., viruses). Intermediate processed eluates are then loaded onto 
chromatographic columns (e.g., GPC, high resolution adsorption chromatography) for a final polishing and concentration step for
removal of contaminants and impurities.

DNA filtration & viral filtration

Figure 12.7 Typical stages in the recovery and purification of extracellular therapeutic products.
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temperatures, long hold times, inappropriate processing times, and degradation
due to shear. Given the fragility and the high value of the cell-derived products,
cell separation must be accomplished with minimum cell damage, degradation,
and loss of product activity during the recovery process. Therefore, thorough
process/equipment risk assessments need to be performed for quick and efficient
recovery and to mitigate product loss.

Inefficient Purification Conditions Downstream processing is used for the
removal of a variety of process- and product-related impurities, typically
via efficient, orthogonal, and robust purification processes. However, many
downstream processes often consist of only two or three separation steps, and
usually avoid conditioning steps such as ultrafiltration/diafiltration (UF/DF) for
buffer exchange to reduce the total number of processing steps. This strategy
can significantly increase the risk that contaminants are not completely removed
during the purification process, especially if complex microbial feedstocks or E.
coli lysates are used as starting materials. In addition, a typical chromatographic
purification step has numerous operating parameters that can impact its
performance. Therefore, it is important to apply risk analysis at the process
characterization stage to identify key process parameters that may impact the
purification process and product quality.

Viral Contamination The major concern when using mammalian cell lines for
production of a biotechnology product is the risk of viral contamination. Such
contamination could have serious clinical consequences and can arise from source
cell lines from infected animals, virus endogenous to the cell line, use of con-
taminated reagents or equipment, and improper handling of the cell line.

There are three complementary approaches that are generally employed to
reduce the risk of viral contamination. Specifically, these approaches are as fol-
lows:

• Selecting and testing cell lines and raw materials (including cell culture
media and animal-derived raw materials) for the absence of undesirable
viruses that may be infectious and/or pathogenic for humans

• Assessing the capacity of the manufacturing process to inactivate or remove
infectious viruses.

• Testing the product at appropriate stages during production for the absence
of contaminating infectious viruses.

The selection of a cell line with undetectable virus levels and the use of con-
taminant free raw materials are essential for the production of therapeutic proteins
by cell culture. However, even with such a cell line, the absence of viral con-
tamination is not guaranteed, so the downstream processing must demonstrate
sufficient viral clearance. Viral inactivation (by acidic pH conditions and/or by
addition of detergent) along with virus removal (by centrifugation or filtration)
are methods generally used to minimize the risk of viral contamination. In addi-
tion, viral clearance can be demonstrated through viral spiking and challenge
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studies utilizing appropriate viral agents (e.g., generic as well as specific types of
virus particles). The above-mentioned strategies along with testing for absence of
infectious agents at appropriate stages during the purification process are typically
used to minimize this critical risk to the product.

Endotoxins (Pyrogens) Endotoxins are lipopolysaccharides found in the cell
membranes of gram-negative bacteria, which are released during cell division,
cell growth, and cell death. Because of their high toxicity in vivo and in vitro,
their removal is essential for a safe parenteral administration. Ideally, in cell cul-
ture supernatants the endotoxin level should be zero, which is not always the case
because endotoxins can be found virtually everywhere (e.g., the process water
used in cell culture). Methods used for decontamination of water, such as ultra-
filtration, have little effect on endotoxin levels in protein solutions. Therefore, to
reduce the risk of endotoxins, removal techniques tailored to meet specific prod-
uct requirements must be built into the purification process. The standard protein
purification process often includes an ion exchange step, a hydrophobic interac-
tion step, and some sort of size-based separation to remove risk of endotoxin
contamination. These three steps frequently are adequate for endotoxin removal,
but the product should be tested at appropriate stages for their absence.

12.3.5 Scale-Up of Production Process

12.3.5.1 Process Overview Scale-up is a standard aspect of product devel-
opment and/or life cycle management. Typically, material requirements increase
significantly from clinical trial stage to product launch, and the increase in product
demand drives the decision to increase the scale of production. A successful scale-
up strategy requires identifying parameters that should either remain constant or
need to be scaled appropriately when transferred to large-scale manufacturing.
Therefore, an understanding of the cellular mechanisms that regulate cell physiol-
ogy, the physicochemical characteristics of the product, and the basic engineering
design principles of equipment and process parameters is essential. In addition, at
the completion of a process scale-up operation, it is important that a comparison
of the laboratory and large-scale operation should be performed and documented.
The comparison report would typically focus on the process performance, pro-
cess design, and product quality aspects between the two manufacturing scales,
and is important to demonstrate comparability (or noncomparability) of a pro-
cess/product.

This section presents a brief overview of some of the typical unit operations
that are scaled up during upstream and downstream manufacturing operations of
biotechnology products.

Scale-Up of Upstream Operations

Medium Preparation While it may be feasible to use custom, completely
liquid media for production runs at the laboratory scale and pilot scale, com-
mercially available powdered media or liquid concentrate media is typically
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used during large-scale production because of economic reasons (e.g., shelf life),
storage, and shipment concerns. At the large scale, the culture medium is typi-
cally prepared by the addition of base powder or liquid concentrate mixtures to
appropriate grade water. These base media mixtures usually contain amino acids,
vitamins, cell membrane precursors, antioxidants, and growth factors. Additional
components such as lipids and proteins may be added separately. Media may
also contain poorly characterized ingredients such as yeast extract or protein
hydrolysates. It is important that media be identical in terms of composition.
One major issue that needs to be monitored when using powdered media is the
issue of blend uniformity or homogeneity of powdered mediums from different
drums [20].

Inoculum Expansion Inoculum expansion increases the number of cells avail-
able for inoculation of the large-scale production fermenters or bioreactors. Cells
are cultured in successively larger flasks by adding fresh medium during their
growth phase, so a vigorously growing culture can be used for start of commer-
cial production. Inoculum expansions are typically carried out in T-flasks and
shake flasks for smaller volumes at the beginning of expansion, and subsequently
roller bottles or spinner flasks are used for larger volumes (10–20l). For volumes
greater than 10–20l, bioreactors of successively large scale can be used for expan-
sion of cells until the working volume of the production fermenter/bioreactor is
reached [20].

Bioreactor Operations The choice and scale of any fermenter or bioreactor
will depend upon the needs of the process, product, and the market demand. At a
minimum, at commercial scale, fermenter/bioreactor vessels should be capable of
being operated aseptically for a number of days, reliable in long-term operations,
and meet containment requirements. In addition, vessels should be capable of
providing adequate mixing, agitation, and aeration to meet the metabolic require-
ments of the microorganisms or cells.

Cell culture and fermentation processes are often considered the most difficult
to scale up, partly because causal links between culture conditions (e.g., aeration,
mixing, dissolved oxygen and carbon dioxide, and nutrient concentrations) and
product characteristics are often poorly understood, and also because not all
critical process parameter values can be kept the same during scale-up.

Harvest Operations Biotechnology-derived products can be either intracellu-
lar or extracellular (or secreted). As mentioned in Section 12.3.4, in the initial
stages of recovery and purification, a product needs to be purified from the
accompanying cells, cell debris, and other large particles or contaminants. Typ-
ical unit operations employed for this clarification step include centrifugation,
filtration, etc. To ensure a successful scale-up strategy, it is important to select a
method that is robust, readily scalable, efficient, and can provide high processing
rates.
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Scale-Up of Downstream Operations

Membrane/Filtration Operations Membranes and filters are an integral part
of most protein purification schemes, and are used for a variety of operations,
such as control of bioburden and particulate levels, medium exchange during
cell growth, cell harvest, product concentration, diafiltration, formulation, and
for removal of viruses and other agents. The important process parameters that
should be kept in mind when selecting membranes/filters for scale-up opera-
tions are cross-sectional area, trans-membrane pressure, volume processed per
unit area, filtration area, shear rate, operating time, temperature, protein con-
centration, solution viscosity, and, where applicable, number of uses [20]. A
conservative approach to scale-up involves increasing flow rates and filter areas
while keeping other variables constant. Additional details on this topic can be
found in PDA Technical Report No. 15, Validation of Tangential Flow Filtration
in Biopharmaceutical Application [21].

Centrifugation Centrifugation is used to separate or concentrate materials
suspended in liquid medium, based on sedimentation rates in an increased gravi-
tational field. That is, two particles of different size, density, and shape will settle
in a tube/bowl at different rates in response to gravity. For biotechnology opera-
tions, batch centrifugation is often used at the laboratory scale, while continuous
centrifugation is preferred at the production scale. Scale-up operations typically
use centrifugation for separating whole cells from the supernatant. It is also used
after precipitation steps to separate solid from liquid phases.

For cell culture operations that involve secreted proteins, filtration may be
preferable because of the relatively mild operating conditions. Another advantage
of filters is the relatively simple cleaning validation as compared to the cleaning
validation required for centrifuges. However, as process volume increases, the
economics of using filters decreases and makes them unsuitable for very large-
scale operations [20].

Chromatography The majority of processes currently used to manufacture
biotechnology products employ column chromatography as the main method
for product recovery and purification. It is capable of combining relatively
high throughputs with high selectivity to either capture the product or purify
it from accompanying impurities. Key process parameters for scaling up and
using chromatographic columns include protein and product loading, linear
velocity, buffer volume, bed height, temperature, cleaning capacity, and gel
lifetime. Other parameters include buffer properties (e.g., pH, ionic strength)
and measures of packed bed quality (such as number of theoretical plates or
asymmetry in a pulse test).

The most commonly used types of chromatographic columns in commercial
production are ion exchange columns (impurities are removed by manipulating
the pH and conductivity of equilibration wash and elution buffers), hydrophobic
interaction columns (contaminants and proteins are selectively removed on the
basis of their hydrophobic interactions), and affinity chromatography (provides
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high specificity, selectivity, and volume reduction based on a highly specific
biological interaction such as that between antigen and antibody, enzyme and
substrate, or receptor and ligand). Additional details can be found in the PDA
Technical Report No.14, Validation of Column-Based Chromatography Processes
for the Purification of Proteins [22].

12.3.5.2 Quality Risk Management for Scale-Up Process The major risks asso-
ciated with the scale-up process are discussed in the following section.

Inappropriate Purification Techniques/Process Design For purification, scale-up
considerations are important from the earliest steps of product/process develop-
ment because the risk of using purification techniques that have limited scale-
up potential can be rate limiting for large-scale manufacturing. For example,
designing an elaborate peak collection scheme for column chromatography may
be unfeasible for implementation during large-scale manufacturing. In order to
minimize this risk to large-scale manufacturing, the relationship between con-
trolled purification parameters (e.g., temperature, pH, conductivity) and process
performance parameters (purification factors, yield) should be defined early in
development using laboratory systems to model the manufacturing equipment
and scale. This strategy helps define the edges of failure through experimen-
tal analysis of the input parameters or output variables, and also helps identify
the parameters necessary for reliable process performance. In addition, it is also
important to verify that a scaled-down process is an accurate representation of
the production process so that validation studies for issues such as viral clearance
and column lifetimes are justified and can be performed at the laboratory scale.

Viral Contamination One of the major risks during scale-up is viral contami-
nation. Viruses can be introduced into the process through the following routes:
source cell lines from infected animals, viral establishment of the cell line, use
of contaminated reagents or equipment, and improper handling of the cell line.

It is critical that the small-scale viral studies are accurately representative of
the production process. In addition, it is recommended that viral studies include
the use of typical critical operating parameters for each step of the process, as
well as conditions that represent a worst case for viral removal. For example,
for process validation of chromatography, the criticality of the viral inactivation
step usually demands that the validation be done at the extremes: for example,
at 90% of minimum time, at the highest pH (or lowest temperature), protein
concentration, reduced height, or contact time, and total protein capacity. Finally,
testing for absence of infectious agents should also be conducted at appropriate
stages/steps during the entire process (e.g., routine testing should include the
end-of-culture samples). Refer to Section 12.3.4 for additional information on
viral contamination.

Inadequate Process Controls Owing to the difficulties involved in maintain-
ing homogeneity during large-scale production, adequate monitoring/control of
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process parameters (e.g., temperature, oxygen dissolved concentration, pH etc.)
is essential to ensure a successful operation. Inadequate or inefficient process
monitoring and/or process controls pose a significant risk for large-scale produc-
tion. Therefore, it is important to perform optimization experiments at a small
scale, and identify relevant analytical techniques and issues during small-scale
production so that they can be integrated into the large-scale manufacturing pro-
cess. A deficiency in understanding and control of critical process parameters
could significantly impact the validation campaign. For example, during inoculum
development, it is important to know the oxygen requirements for the cell cultures
because culture flasks used during large-scale operations may have oxygen trans-
fer limitations, and a different aeration strategy may need to be employed than the
one used during laboratory or pilot-scale production. Optimization experiments
can significantly help in reducing this risk.

Inappropriate Facility Design The use of inappropriate facilities or equipment
poses a considerable risk for biopharmaceutical production because biotechnology
products are inherently more complex and susceptible to harm (e.g., degradation,
aggregation, denaturation, or contamination). Scale-up primarily depends upon
a product’s specific characteristics and the market demand for the product. As
it is not always feasible to design a new facility or to implement a new design
of large-scale equipment, and retrofitting a facility can be cost prohibitive, the
design of a process sometimes has to consider constraints imposed by existing
production facilities. As such, it is critical to review scale-up calculations for
the different process steps in an existing environment with minimal changes in
equipment, for example, buffer preparation, bioreactor operations, etc. [20].

12.3.6 Excipients

12.3.6.1 Process Overview Excipient control also influences product quality
and patient safety. Its impact is seen in microbial, pyrogen, and chemical con-
tamination. Basic information about excipient quality can be obtained from the
USP-NF if a monograph exists for that particular item, USP/NF 2009 and C.
Moreton [23,24]. Compendia standards can provide some assurance of mate-
rial quality; however, they may not always require tests for all relevant quality
attributes and should not be a substitute for rigorous material qualification.

The primary interest for excipients is the components in them. Excipients are
generally not pure compounds but rather mixtures of compounds, portions of
which may be critical to performance. Thus, the critical concern for excipients
is functionality, and purity may not be the major concern. Data from mate-
rial Certificates of Analyses may not coincide with performance in a specific
formulation.

Data from the manufacturer and previous lots can be analyzed to assess vari-
ability. Lot-to-lot variation in incoming lots can influence product variability.
Thus, manufacturers need to understand excipient variability to establish robust
formulations. The information needed for excipients varies with formulation and
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application. Oral, parenteral, and topical applications all differ. Excipient vari-
ability is a critical issue and one that should be studied as part of formulation
development.

Use of multiple lots of a material during qualification reduces overall risk
because it facilitates the definition of lot-to-lot material variability and the effects
thereof on product quality. The influence of material degradants on product qual-
ity should also be studied. For example, Polysorbate-80 (PS-80) is a surfactant
used to prevent aggregation in biotechnology products. However, PS-80 degrades
over time to form peroxides and if lots are not monitored/tested appropriately
before use, products manufactured using the old PS-80 material may not meet
specifications. Therefore, manufacturers should be concerned about the stability
of the excipients used in their formulations. Stability testing on excipients is
difficult because of the large and varied range of container quantities in which
they come, for example, small package through railcars. In addition, excipients
are exposed to a wide range of environmental conditions, that is, temperature
and humidity, while transiting from supplier to pharmaceutical manufacturer.
General International Pharmaceutical Excipient Council (IPEC)-recommended
storage conditions for excipients are 4–40 ◦C and 20–90% relative humidity
[25]. Some excipients require more stringent storage conditions and should be so
labeled. Suppliers should be able to provide data supporting their recommended
storage conditions. Stability studies may be performed to generate data showing
that the excipient continues to perform as expected from the time it is packaged
until the time when the biopharmaceutical manufacturer uses it (i.e., shelf life).

Risk assessments should be performed to assess the risks associated with a
specific excipient in a given application. The assessment should address several
distinct attributes of the material including safety, efficacy, and availability to
better understand the materials’ impact on product quality and patient safety.
They should identify the material attributes that are critical to the application in
question. Adulteration may be an issue and should be addressed through ongoing
assessments.

Risk assessments should be reviewed periodically and should include lessons
learned from past experiences. They should be updated to reflect current knowl-
edge about the materials such that new hazards, failure modes, and occurrences
are included in the assessment. The assessments can then be reevaluated to insure
that known risks continue to be acceptable. A model for performing raw material
risk assessments may be found in Beck et al. [6].

12.3.6.2 Quality Risk Management and Excipients The major risks associated
with excipients are discussed in the following section.

Risks associated with excipients include, but are not necessarily limited to,
the potential for microbiological contamination, lot-to-lot variability, a potential
lack of stability, and the presence of additional chemical compounds that are
critical to product performance. Many of these risks are monitored and controlled
through supplier qualification and testing programs. Lot-to-lot variability may be
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addressed by including multiple lots in product qualification exercises and by
periodically testing incoming lots of material.

12.3.7 Primary Packaging

12.3.7.1 Process Overview Packaging for biopharmaceuticals is a major area
of concern primarily because of its impact on product quality. The FDA’s require-
ment, as spelled out in the “Guidance Container Closure Systems for Packaging
Human Drugs and Biologics,” provides companies with the guidelines as to what
is expected from them to demonstrate that the proposed package and its com-
ponents are suitable for their intended use and will maintain the quality, safety,
potency, and stability of the drug product over its intended shelf life. In addition
to maintaining product quality, primary packaging for biotechnology drug sub-
stances also need to be sterile, scalable, disposable, and readily available. There
are three important points to consider when choosing primary packaging:

1. Does the container-closure system protect the product from environmental
challenges (e.g., moisture, light, oxygen, shipping)?

2. Is the dosage form identified in the FDA guidance as a high risk for pack-
aging concerns (e.g., inhalation or injectable drug)?

3. Does the container-closure system play a functional role in the delivery of
the drug product (e.g., inhalations and transdermals)?

An affirmative response to these questions indicates that the primary packag-
ing could significantly impact the product and the information supplied to the
agencies will undergo careful scrutiny in the license applications.

Drug Substance Typically, after the final purification step, bulk drug substance
is formulated, filtered, and stored under defined conditions in either plastic bottles
or bioprocessing containers (e.g., ethylene vinyl acetate or EVA bags), or glass
containers (e.g., tetrafluoroethylene or Teflon glass bottles), or in stainless steel
vessels. There is no single packaging configuration that is suitable for all products;
they all have advantages and disadvantages (e.g., the glass bottle containers are
inert but fragile), so the selection of the correct primary packaging depends upon
the unique product/process characteristics and the business needs of the sponsor.

Drug Product For biotechnology-derived drug products, parenteral or intra-
venous (IV) injections of proteins often provide the most efficient route of
delivery for protein-based formulations. Despite the significant advances in deliv-
ering therapeutic enzymes, peptides, and proteins through nontraditional means,
injection remains the principal delivery system. The typical primary packaging
presentations used for protein drug products are single-dose vials, IV bags, or pre-
filled syringes. The product is provided either as a solution, or, as a lyophilized
cake, which is reconstituted and injected via syringe. Requirements for prod-
uct purity, activity, and shelf life are critical and necessitate high standards
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for injectable drug packaging, particularly for highly active peptides and pro-
teins. Therefore, packaging should not only protect the product from leakage,
or contamination from foreign particles, at the same time it must also be fully
compatible with the product [26].

12.3.7.2 Quality Risk Management for Primary Packaging Process The major
risks associated with primary packaging process are discussed in the following
section.

Excipient Interactions Excipients aid in protecting the drug substance, sup-
porting and enhancing its stability, improving bioavailability, and in general
contributing to the overall safety and effectiveness of the drug substance. How-
ever, there is a risk that excipients may impact product quality by interacting
negatively with the primary packaging. For example, polysorbate 80 (PS80) is a
surfactant that is typically used to prevent protein aggregation in drug substance,
but PS80 can adsorb to glass surfaces and its levels can decline significantly dur-
ing storage, thus reducing its ability to prevent protein aggregation. Therefore,
it is important to evaluate the risk of potential excipient interactions with the
primary container closure during development studies.

Environmental and Chemical Hazards Biopharmaceuticals are proteins and pep-
tides molecules with unique chemical, physical, and mechanical properties. Pro-
teins are sensitive to heat, light, and chemical contaminants. As proteins and
peptides have a tendency to adsorb onto the surface of packaging containers
and closures, there is a risk that minute concentrations of metals, plasticizers,
and other materials from packaging may deactivate or denature therapeutic pro-
teins. This can essentially remove all active materials from the drug formulation.
For example, storing drug substances that contain sodium chloride in their for-
mulation in stainless steel containers is a risk because metal oxidation can occur.
In situations where the drug desorbs back into the solution, such interactions
could cause the drug to lose potency.

Many biotechnology products are also sensitive to silicone oil, a material
commonly used to lubricate elastomeric stoppers during fill/finish to facilitate
insertion of the stopper into the vial. However, silicone oil poses a risk to product
because it has been associated with protein inactivation through nucleation of
proteins around oil droplets. Recently, fluoroelastomer coatings on stoppers have
mitigated this risk and helped provide chemical inertness, barrier protection, and
safety for the product [27]. Therefore, it is important to perform risk analysis
studies to assess the interactions of environment and chemical hazards with the
packaging and to minimize product risk.

Packaging Operations Another major risk to the product is inappropriate pack-
aging/handling conditions. For example, most lyophilization cakes are sensitive
to moisture, and an inadequate seal on the vial could cause water and other con-
taminants to enter the package and deactivate the drug. Therefore, vial-capping
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operations play an important role in ensuring product quality and as such should
be validated and monitored throughout the production process to minimize prod-
uct risk. Risk assessment on the packaging operations is critical for identifying
equipment and process steps that need to be validated and/or monitored.

12.3.8 Extractable/Leachables

12.3.8.1 Process Overview The potential impact of extractables and leachables
on biotechnology-derived drug products is significant, especially since the drug
product may contain just micrograms of the active ingredient. Extractables are the
most common source of leachables contamination. An extractable is any chemical
species that can be released from a packaging component, and which has the
potential to contaminate the pharmaceutical product. Extractables are typically
generated by interaction between strong solvents and the package (including
the glass vial and stopper) over time depending on temperature and extraction
conditions.

A leachable is an extractable or chemical that actually migrates from packaging
or other components into the drug product under normal storage conditions.

Evaluation of extractables from packaging materials should be performed as
part of product development and qualification operations. Leachable tests should
be carried out at the point of use, and in real-life situations in the presence of
the actual drug product.

Section 501(a) [3] of the Federal Food, Drug, and Cosmetic Act defines a drug
as adulterated “if its container is composed, in whole or in part, of any poisonous
or deleterious substance which may render the contents injurious to health . . . ”
[28]. The concept may easily be extended from containers to the processing aids
used in the manufacture of biopharmaceuticals.

Risks associated with extractables and leachables include both product quality
and regulatory risks. FDA requests for extractable and leachable data began with
inhalation and nasal dosage forms and have now expanded to parenteral prod-
ucts. FDA provided guidance to industry in its 1999 document Container Closure
Systems for Packaging Human Drugs and Biologics, wherein the concept of suit-
able for intended use [29] was defined. Suitable for intended use was defined
as addressing product protection, compatibility, safety, and performance [29].
Elaborating on compatibility, the Agency noted that packages should not interact
with the product such that unacceptable changes in product or package quality
occur. Examples of such interactions include loss of potency due to absorption
or adsorption to the package, degradation due to leachates, excipient absorption
onto the package, pH and color changes due to leachates. The guidance notes
that while some problems may be detected during qualification, others may not
be manifested until the package is placed on stability.

The large amount of plastics used in processes provides a significant oppor-
tunity for process streams to interact with and extract materials from process
components.
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The primary reason for testing these materials is to address the issue of suit-
ability for intended use. By testing extractables, one can generate information
about the potential of a process material to leach contaminants into the process
stream. This information can inform decisions regarding the need for further
testing of the process stream.

Extractable testing can be based on model solvents and thus data provided by
suppliers can be used to assess actual conditions. Adequate characterization of
extractables will facilitate choosing containers that contribute minimally to the
drug product over the product lifecycle. The initial materials used to formulate
polymers and elastomers all degrade during processing and may potentially leach
degradants into the drug product. Other contaminants in elastomers that may leach
into the drug product include curing agents, additives, accelerators, plasticizers,
processing aids, and reaction products.

Potential interactions between biologicals and containers are influenced by
the characteristics of the biological and the container itself. While plastics and
elastomers have the most potential for interaction, other materials, for example,
glass, metallics, etc. may also interact with biological materials.

Leachates from the package may adversely impact the safety profile of prod-
ucts and should therefore be carefully characterized. Characterization processes
include both the extraction and the identification of contaminants as well as an
assessment of the toxicological impact of the contaminants. Establishing levels
at which no or minimal toxic effect is observed provides important information
in assessing the risks associated with extractables and leachables.

Extractable/leachable testing should address several risk questions including,
but not limited to, those in Table 12.3.

Answers to these questions can be used to establish risk-based test schemes to
characterize materials from the perspective of compatibility and safety [30,31].
Such characterizations will minimize adverse patient impact.

TABLE 12.3 Extractable/Leachable Considerations

Category Consideration

Drug–Container Interaction Container material of construction
Container surface finish
Drug solvent characteristics
Drug/Container surface-volume ratio
Drug and container manufacturing processes,

molding, sterilization, etc.
Product storage conditions, temperature, humidity

Drug administration Oral
Parenteral

Patient demographic Age
Sex
Degree of illness, acute, chronic
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12.3.8.2 Quality Risk Management and Extractable/Leachable Concerns
Extractables and leachables may interact with biopharmaceutical products
causing degradation of the molecule, thereby impacting product performance.
This may be addressed by careful selection and characterization of processing
aids and packaging materials. Table 12.3 describes the factors that should be
considered in terms of biopharmaceutical compatibility and product performance.

12.3.9 Distribution and Cold Chain Supply

12.3.9.1 Process Overview Distribution processes for biopharmaceutical prod-
ucts can be very complicated. They extend from the loading dock of the phar-
maceutical manufacturer to the patient (Fig. 12.8).

From the manufacturer, products can be delivered either via air or local
highway transport to distribution centers, or, in the case of local highway
transport, directly to hospitals and pharmacies. From the distribution centers
products may be further transported to hospitals and pharmacies or, in the case
of specialty services providers, the product may be repackaged and delivered
directly to a patient. Patients may also receive products from local hospitals and
pharmacies in which case they themselves transport the product home via local
transport, for example, automobile or public transport.

The distribution chain is subject to variations that manufacturers are unable
to control and thus cannot be validated. However, manufacturers may qualify
portions of the distribution chain, for example, shippers, warehouses, etc. A typ-
ical approach would be to qualify primary, secondary, and tertiary packaging to
demonstrate its ability to protect the product during rough handling/condition.
Tertiary packaging may include cooling units and be qualified to prove the ade-
quacy of those units to ensure that the product is not exposed to temperature
excursions during transport. Generally, distribution tests are executed according

Factory

Air transport
Distribution

center

Highway transport

Highway transport

Hospital

Pharmacy

Carry home Patient

Figure 12.8 Typical distribution chain. (See insert for color representation of the figure.)
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to international standards to demonstrate the ability of the final packaged, car-
toned product to withstand the drops, vibrations, etc. that accompany routine
transportation and handling.

The risks associated with the distribution of biopharmaceutical products are
primarily associated with their temperature sensitivity [32]. Some products
require refrigerated or freezer storage to maintain product quality. In addition,
other products, although stable at ambient temperatures are degraded if exposed
to temperatures exceeding 0 or 30 ◦C, which represent extreme temperatures for
many biopharmaceutical products . Products such as these require controlled
transport conditions to ensure that product degradation does not occur during
the distribution process. Distribution environments are influenced by climate
zone, season, and transportation modality.

A risk assessment of the distribution chain should begin at the manufacturer’s
loading dock. There, the product is palletized in its tertiary container and loaded
onto trucks for transport. The risks associated with this step are associated with
rough handling, which may result in crushed cartons and damaged product. Mit-
igations at this step demonstrate that primary and secondary packaging are able
to protect the product.

Once loaded onto trucks, the product is transported to the next stage in the
distribution chain, as shown in Figure 12.8. At this step, there are several risks
associated with the transportation equipment. Transportation vehicles may have
faulty suspensions or mechanical failures that may result in carton and product
damage. Malfunctioning or uncontrolled cooling units may result in temperature
excursions that result in a degraded product. Biopharmaceutical products are often
shipped in qualified insulated containers with cold packs or refrigerated trucks to
ensure that controlled temperature conditions are maintained during the shipping
process.

If being transported to an airport, the product may need to pass through a
Customs inspection, which may add additional time to the transport process
and may exceed qualified times for product cooling containers, thus resulting in
potential temperature excursions and degraded product. Once through Customs,
the product is loaded onto an airplane where it may subjected to rough handling,
with risks that are similar to being loaded onto a truck. While in transit on the
airplane, the cartons can experience turbulence, engine vibrations, and pressure
changes all of which have the potential to impact the cartons and result in product
damage. Thorough testing of primary and secondary packaging is required to
insure adequate protection of the product.

Failure modes similar to those already discussed are again present as the
product is unloaded from the aircraft, loaded onto trucks, and transported to
distribution centers. The same mitigations apply in these circumstances.

The final step in the distribution chain is the transport from a local hospital
or pharmacy to the patient’s home. This may occur via public transportation or
personal automobile. At this step, the product is outside of the manufacturer’s
control, but must still be protected against rough handling and temperature excur-
sions. Mitigations at this step rely on well-designed packages to protect the
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product and a robust product formulation that is able to withstand slight excur-
sions in temperature. The former is demonstrated via validation exercises, while
the latter is demonstrated through stability studies that challenge the product at
temperature extremes.

12.3.9.2 Quality Risk Management in Distribution The major risks associated
with distribution and supply chain are discussed in the following section.

While biopharmaceutical products share many of the same distribution risks
as pharmaceutical products, their primary risk is associated with temperature
excursions beyond acceptable ranges. This risk is controlled through careful
qualification of packaging and shipping containers as well as a thorough charac-
terization of the distribution chain to ensure that product temperatures are well
maintained and excursions are minimized.

12.4 SUMMARY AND CONCLUSIONS

Risks are associated with biopharmaceutical manufacturing processes from the
acquisition of raw materials and excipients through distribution of the final prod-
uct (Table 12.4). The identification (Table 12.5) and analysis of risks at each step
of the process facilitates better process knowledge, resulting in a more robust
process and a product of more uniform quality. A variety of tools are available
to help the practitioner complete this task. Examples of these tools have been
provided in this chapter and elsewhere in this book.

The overall control of process risks begins with the identification of the prod-
uct’s critical quality attributes and the critical process parameters by which they
are controlled. Given this information, appropriate control strategies can be estab-
lished to mitigate the potential for process shifts and subsequent product quality
issues.

Raw material and excipient supplies must be carefully assessed and controlled
to assure consistency and safety of the incoming material. The microbiological
attributes of raw materials are of particular importance and must be carefully
controlled to preclude the possibility of contamination. Excipient variability and
its impact on product quality must be well defined.

Cell banks must be adequately characterized and maintained. Cell banks carry
a risk of introducing adventitious agents into the process stream, or changing
genetically or biochemically, and thereby altering the characteristics of the prod-
uct produced. These risks need to be addressed and mitigated through appropriate
cell bank handling, characterization, and storage.

Biopharmaceutical manufacturing risks can be similar at several stages of
the process, a fact that can be advantageous for manufacturers. For example,
cell culture and downstream purification processes carry common risks including
that of microbial contamination and unsuitability of growth media. Improper
resins, cleaning failures, or changes in process parameters may also adversely
impact product quality. Robust process characterization analyses through either
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TABLE 12.4 Summary Table of Manufacturing Process Stages and
Associated Risks

Process Stage Risks Associated with Individual Process Stages

Raw materials Lot-to-Lot variability; vendor qualification; origins of
raw material; contamination; stability

Cell banking Viral/TSE/BSE clearance; bacterial endotoxins;
mycoplasma; facilities; equipment; personnel
training; documentation; improper storage
conditions

Fermentation/cell culture Contamination; suitable environment; selection of
stable strain; culture media; oxygen requirements;
sterilization; facilities and equipment; scale-up
considerations

Downstream processing Inefficient harvest/recovery conditions; inefficient
purification conditions; viral contamination;
endotoxins (pyrogens)

Scale-up of production
process

Inappropriate purification techniques/process design;
viral contamination; inadequate of process
controls; inappropriate facilities

Excipients Lot-to-lot variability; vendor qualification; origins of
raw material; contamination; stability

Primary packaging Excipient interactions; environmental and chemical
hazards; packaging operations

Extractable/leachables Suitability of use of materials; technical risks;
regulatory risks; contaminants in elastomers

Distribution and cold chain
supply

Insufficient primary/secondary/tertiary packaging;
inappropriate qualification of distribution and
supply chain warehouses and shippers; inadequate
testing; inappropriate storage and handling
conditions; transit times

TABLE 12.5 Example of Risk Acceptability Definitions

Risk Level Risk Acceptability

Broadly acceptable These are acceptable risks. No further risk control
measures needed. Minimal impact to product
safety and efficacy

As low as reasonably
practical

All practical risk mitigations have been undertaken.
Further risk reduction is not practical and the
benefits outweigh the residual risk

Intolerable Unacceptable if no further risk reduction measures
are feasible. Individual risks may be accepted on a
case-by- case basis by proving that the risk/benefit
ratio is favorable, once all reasonable risk
reduction measures have been taken
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FMEA analysis or other risk assessment methodologies are an effective way of
identifying and mitigating these common risks at all stages. Designed experiments
may also be used to identify critical parameters, their interactions, and their
impact on process limits. Given this information, analysts can validate the process
to establish reproducibility within identified ranges and demonstrate the adequacy
of control strategies for identified risks.

In addition to the manufacturing process, primary packaging is critical as
a biotechnology product may be sensitive to a variety of environmental fac-
tors such as surface of its primary package, temperature, moisture, and light.
Primary packaging must also be characterized for extractables and leachables
to ensure absence of adverse interactions between these components and the
product.

Finally, the product is packaged and ready to begin its journey to a patient.
Distribution processes must be carefully qualified and controlled to preclude
adverse product interactions. Typical distribution tests address product impact
by emulating transportation challenges such as vibration, time, dropping, etc.
Through such testing, adequate secondary and tertiary packaging may be designed
and distribution processes developed so that product quality is not compromised.

The use of risk management to identify, assess, and mitigate risks associated
with biopharmaceutical manufacturing can reduce the impact of unplanned and
uncontrolled events that periodically occur. Risk management activities result in
more robust processes that are capable of handling a broader range of inputs
while still yielding a product of consistent quality. Although risk assessments
require somewhat more effort (time and resource) to complete, they ultimately
benefit both the manufacturer and the final patient.

APPENDIX A: APPLICATION OF RISK MANAGEMENT TOOLS
TO BIOPHARMACEUTICAL MANUFACTURING

A.1 Case Study: Raw Material Hazard Analysis

This example addresses the use of a hazard analysis to identify the potential
hazards associated with the use of fetal bovine serum (FBS) to manufacture a
master cell bank for a biological product. The example follows the general outline
provided in PDA TR44 and utilizes the same scales [33].

A.2 Prerequisites

Initiation: Risk assessments should begin with careful planning to establish the
scope and boundaries of the task at hand. A basic risk question that addresses the
issues to be considered should be identified. For example, one might ask “what
are the risks associated with the use of FBS obtained from ABC country for the
production of a master cell bank for XYZ product line?”

A tool used to map the process at a high level and establish boundaries around
the analysis is the SIPOC analysis. The acronym SIPOC stands for supplier,
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Supplier Input Process Output Customer

Cell culture Cell nutritional 
needs

Master cell bank Down stream 
processing

Banks

Supplier quality Audit data Audit report Quality assurance

Regulatory affairs Review 
international
requirements for 
animal derived 
products

Standards
reviewed

Supplier quality

Quality assurance Supplier quality 
data review

Certification of 
acceptability and 
compliance with 
applicable
regulations

Cell culture

QXR serum supply 
company

Data on FBS 
collection and 
processing
activities

FBS Cell culture

Collect datafrom 
QXR serum supply 
company

Analyze data Certify vendor as 
acceptable

Health authorities

Quality assurance

Health authorities

Working cell bank

Figure A.1 SIPOC analysis: FBS utilization.

input, process, output, customer. It is a standard Six Sigma graphic that may be
used to gather fundamental information into an organized graphic that will allow
the team to focus the assessment. The SIPOC assessment shown in Figure A.1
indicates that the scope of this issue extends from the vendor, QXR Serum Supply
Company, through to certifying the vendor as acceptable.

Team selection: Teams that include subject matter experts who have knowledge
of the issue and can thoroughly identify and assess the associated risks should
be chosen. For example, an assessment of FBS might include representatives
with expertise in cell culture, formulation development, supplier quality, quality
assurance, regulatory affairs, etc.

Product analysis: At this stage, the team should develop a high level under-
standing of the product and its usage. The serum itself will be used as a nutritional
supplement in the production of cell banks for the XYZ product line. In this con-
text, the team should identify the critical quality attributes of the product. For
FBS, a critical quality attribute would be its ability to support the growth of cells.

A.3 Risk Assessment

Risk identification: The hazard analysis in the following, Table A.1, shows
that five principle hazards were identified: contamination (microbiological),
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TABLE A.2 Example of Risk Analysis Scales

Risk Factor

Rank Severity Likelihood

High Failure has a severe impact on product
safety and efficacy

Frequently occurs

Medium Failure has a medium impact on product
safety and efficacy

May occur if not controlled

Low Failure has a severe low on product
safety and efficacy

Rarely occurs

Risk evaluation: Risk evaluation is the act of assessing the risks and determining their acceptability
in terms of potential impact to product safety and efficacy. Risks are frequently rated as broadly
acceptable, as low as reasonably practical, and intolerable. The terms may be defined as indicated
in Table 12.5.

contamination (prion, e.g., TSE), contamination (particle), FBS out of specifi-
cation, and FBS degraded. These hazards are caused by a variety of factors as
shown in the “Cause” column of the hazard analysis table. The predominate cause
is a potential lack of compliance by the vendor with established health authority
regulations as noted in the following:

• Serum collection does not comply with applicable protocols.
• Serum collection by untrained personnel.
• Serum collected in contaminated vessels.
• FBS processing does not comply with cGMPs.
• Testing does not comply with European Pharmacopeia requirements.

Risk analysis: A hazard analysis is a tool that facilitates a high level assessment
of risk. It typically looks at the classic risk parameters of severity and likelihood
of occurrence of the harm. Detectability, often included in more extensive risk
assessments, is not a factor in a hazard analysis. Both severity and likelihood
were examined for the hazards identified and are shown in the hazard table. Both
severity and likelihood were ranked on a three-level—high, medium, low—basis.
If desired, a more detailed scale, for example, a 5-point or 10-point scale, may
be utilized. An example of a three-point scale is shown in Table A.2.

The hazard analysis shows that all risks were assessed as either broadly accept-
able or as low as reasonably practical given the current level of mitigation.

A.4 Risk Control

Risk reduction: Risk reduction involves identifying and implementing measures to
minimize and controls the risks that have been identified. An underlying assump-
tion is that mitigations will be reasonable and practical. A point of diminishing
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364 BIOPHARMACEUTICAL MANUFACTURING

returns may be reached wherein mitigations are too costly or impractical to imple-
ment. At this point, one must determine if benefits outweigh the potential risks
and decide if utilization of the material is warranted.

The mitigations in this example included supplier audits to assess compliance
with Health Authority regulations and the inclusion of process steps, that is,
filtration and irradiation to reduce particle load and microbial contamination. In
addition, testing in compliance with regulatory requirements was identified as an
additional mitigation to verify serum quality.

Risk acceptance: Risk acceptance is the act of determining if the risks remain-
ing after all mitigations have been implemented is acceptable. In this example,
after implementing the risk reduction activities, all risks were assessed as being
either broadly acceptable or as low as reasonably practical. No further mitigations
were identified as being possible.

Risk communication: Risk communication involves notifying key stakeholders
of the conclusion of a risk assessment. The information communicated should
include an assessment of residual risks and a recommendation of further action,
that is, the acceptance or rejection of the material in question. In this example,
the overall risk of using FBS was deemed acceptable and key stakeholders should
be so notified.

Risk review : A review of the risk analysis should be performed if there is a
change to the process or if new hazards are identified. Such changes may impact
the mitigations previously identified and/or alter the residual risk inherent in the
process.
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13
RISK-BASED CHANGE CONTROL

William Harclerode, Bob Moser, Jorge A. Ferreira, and
Christophe Noualhac

13.1 INTRODUCTION AND KEY POINTS

Integrating quality risk management (QRM) into pharmaceutical quality systems
can be a daunting task. Even though the regulatory agencies have issued guide-
lines on QRM [1], each individual company must decide which specific risk
assessment tools to use. The process is made even more difficult because there
are many pharmaceutical quality systems and many different types of products.
This chapter discusses an approach to risk-based change control for commercial
products.

Integrating QRM into the change control system is essential to maintain risk
management as a living process, but it can be especially challenging because
change control covers so many areas in the pharmaceutical industry (equip-
ment, facilities, utilities, processes, materials, computer systems, and documents,
for example) and most of the product life cycle (technical transfer, commer-
cialization, and product discontinuation). This chapter introduces some practical
methods and tools that can be used to integrate QRM into an existing change
control system.

13.1.1 Key Points

• QRM can increase both the quality and the speed of decision making,
improve regulatory compliance, and increase efficiency of resource

Risk Management Applications in Pharmaceutical and Biopharmaceutical Manufacturing,
First Edition. Edited by A. Hamid Mollah, Mike Long, and Harold S. Baseman.
© 2013 John Wiley & Sons, Inc. Published 2013 by John Wiley & Sons, Inc.
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368 RISK-BASED CHANGE CONTROL

utilization for implementation of changes. This ensures that patient safety
is not adversely impacted because of the change.

• Risk assessment is typically used at two steps of the change control process
(Fig. 13.1). First, a defined, preapproved risk-based approach can be used
to perform initial risk assessment to determine whether they are in scope
or out of scope. Second, a more detailed risk assessment can be performed
for more complex changes, using formal tools such as failure modes and
effects analysis (FMEA) or process hazards analysis (PHA).

• Patient risk is difficult to measure directly, without a medical professional’s
opinion. In the pharmaceutical industry, patient safety is also assured by
meeting both product quality and regulatory compliance requirements, which
are more easily measured. Therefore, product quality and regulatory com-
pliance may be considered as acceptable surrogates for patient safety.

• Critical success factors for integrating QRM into change control include
management commitment and support, a defined procedure for maintain-
ing risk management in a living process (or a living document), a cross-
functional change review team, and a process to ensure that any risk control
actions identified for the change are completed before production and/or
release of the product.

13.2 CHANGE CONTROL PROCESS

A formal change control process is a key component of a modern pharmaceutical
quality management system. Change control is required to assure that any changes
to established products, processes, or systems (such as equipment, facilities, util-
ities, materials, processes, or computers) are properly evaluated and implemented
to protect product quality and ultimately ensure patient safety. Figure 13.1 pro-
vides a flow chart of a typical change control process and shows where QRM
may be used.

QRM and knowledge management are two of the enablers used in imple-
menting modern quality systems [2]. Knowledge management can assure that
sound science and historical experience are used to evaluate changes. Regula-
tory agencies expect companies to know their products and to understand how
changes might affect product quality and patient safety. QRM provides a proac-
tive approach to identifying, evaluating, and controlling quality risks. Ideally,
risk management for each product or process includes a living, controlled risk
assessment document that serves as the standard against which all changes are
compared. Otherwise, the risk assessment document must be prepared on a case-
by-case basis.

The first step in a formal change control process is the initiation of the change.
This starts with a written change request. The change request should include a
description of the change, reason for change, justification for change, supporting
documentation (including existing risk assessments), and a proposed risk-based
implementation plan (including product quarantine requirements). The change
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Figure 13.1 The change control process. (See insert for color representation of the
figure.)
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370 RISK-BASED CHANGE CONTROL

TABLE 13.1 Change Control Screening Criteria

Type of Change Alternate Documentation System

Changes that do not impact a CGMP system Maintenance work order

Changes that occur during commissioning,
before completion of the initial system
installation qualification (IQ)

Final IQ; ECR

Change that are allowed per established
operating procedures (PM, calibration, etc.)

Equipment use log, maintenance
work order, calibration record, PM
record, ECR, etc.

request is then reviewed and the reviewer may request more information from
the initiator.

The reviewer also performs an initial risk evaluation to screen out any change
requests that do not need to be handled through this formal system. This step
adds value, as handling changes through the formal change control system may
consume more resources than handling them by other means.

Changes can be screened out from the formal change control system for two
basic reasons (Table 13.1). First, changes that do not impact product quality or
regulatory compliance, such as changes to non-GMP areas (such as nonprocess-
ing areas, maintenance shop, and certain plant utilities such as electricity) are
out of scope. Second, changes that are specifically allowed per approved stan-
dard operating procedures (SOPs) can also be eliminated, provided that these
SOPs were developed using QRM concepts. One example is the calibration and
preventive maintenance (PM) system. Established calibration procedures allow
adjustment of the sensor, provided it was not outside of the preestablished toler-
ance. Maintenance procedures typically allow replacement of normal wear items
using approved spares, and documentation may be performed through the mainte-
nance work order system and equipment log books. A further example is change
that occurs before the installation qualification of a system. As long as the user
requirements specifications (URSs) have not changed, it may be acceptable to
document these changes through the engineering change request (ECR) system,
if the company SOPs permit. Table 13.1 shows the kinds of changes that might
be processed outside of a formal change control system via procedural (SOP)
controls.

Change requests that pass the screening criteria are then reviewed by a cross-
functional change review team. The team performs a detailed review of the
change request, supporting documentation (including any existing risk assess-
ments), and especially the proposed change implementation plan, to assure that
all considerations have been made to protect patient safety by maintaining prod-
uct quality and regulatory compliance. The change review team members (which
typically include representatives from the owning department, quality assurance
(QA), quality control, operations, engineering, technical support, and regulatory
affairs) look at the change request from their individual areas of expertise to
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BENEFITS OF USING QRM FOR CHANGE CONTROL 371

assure that planned actions and documentation are sufficient. As part of this
review, the team should verify the impact of the change on the existing risk
assessment document for the impacted product or process. If this is not available,
then a new risk assessment may have to be performed.

Once all items are deemed acceptable including the change implementation
plan, the change request is approved as “OK to implement.”

The change is then implemented according to the approved plan. Unanticipated
events may prevent the implementation from going exactly according to plan.
When this happens, the team (including QA) needs to be made aware of any
significant deviations, and any further actions that may be required (such as
deviations or Corrective and Preventive Action (CAPA)).

Lastly, when the change has been implemented and all significant deviations
and actions addressed to the satisfaction of the change review team, the change
request documentation can be reviewed and closed out.

13.3 BENEFITS OF USING QRM FOR CHANGE CONTROL

The main advantage of integrating QRM into the change control process is the
quality and speed of the change review. The risk ranking format promotes objec-
tivity in the decisions, and each change submitted to the Change Review Board
can be addressed with a dependable and rational approach. After completing the
risk assessment, the change can be implemented on the basis of a sound, scientif-
ically documented rationale. This can provide a considerable improvement from
the “tribal knowledge” decision making that is often used to determine change
implementation plans.

When a change is addressed with QRM, the immediate benefit is the ability to
make timely, science-based decisions. First, on the initial review of a submitted
change, changes defined as out of scope can be immediately removed from the
formal change control process. In addition, routine low risk changes that are
already allowed through SOPs can be removed. The impact analysis of these
low risk changes is predetermined and accepted, and no further discussion is
required during a formal change control meeting. As a result, the process for
implementing these types of changes is clear, and can be immediately launched.

Use of score-based risk tools (e.g., FMEA, PHA, etc.) can lead to faster
assessment and scientific decision making because of a clearer understanding of
relative risks associated with the change. The formality of the documented review
process (using a risk assessment template) allows an immediate understanding
and appreciation of the change and its impact on the product. The risk assessment
discussion focuses on the risk resulting from the change and its impact on the
identified critical parameters. The structured format and scientific approach for
addressing the changes contributes to thorough and timely decision making.

Once the decision to accept the change has been made, the benefit of QRM
is to reduce the time to implement the change. Activities adding no value to
the product quality are avoided, and the change can be effected in a timely and
efficient matter.
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The second benefit of using QRM is more efficient management of resources.
Qualification and validation activities for change controls require a significant
amount of resources (manufacture, testing, and documentation). Focusing only
on the parameters that are important to product quality (critical aspects) leads to
a reduction in non-value-added activities, which provides a benefit to resources
at all levels.

A third benefit is improved compliance. QRM provides a method by which
product knowledge can be leveraged to deliver a rational and consistent approach
for supporting change. It is a compliance benefit to have change control docu-
ments that can stand up to any future inspection by the regulatory authorities.
A properly documented change request package does not rely on the memory
of those involved to provide the rationale and justification for changes during
agency inspections.

These resource and compliance benefits ultimately lead to improved efficiency.
Short-term benefits may not be so obvious, because at first glance it may seem
that the extra effort taken to document the risk management process is counter-
productive. In the long run, however, this documentation process constitutes a
small investment upfront, which yields a time savings later, in improved com-
pliance and accessibility to information. Long-term benefits include avoiding the
costs of later quality concerns by thoroughly addressing the change upfront. Over
the long term, a good change control system will result in both improved quality
and compliance, as well as avoiding unnecessary future costs.

13.4 ONE QRM TOOL: FMEA

FMEA is a method that can be used for analysis of potential failure modes within
a system as a result of a change, in order to determine the effects on the system.
The potential failure modes and effects are then quantified and analyzed in order
to answer two main questions:

• Is the potential failure mitigated to an acceptable level?
• If not, what additional measures can be taken to further mitigate the potential

failure?

In the context of change control for patient safety, the failures can easily be
construed as any event that could affect quality and/or regulatory compliance.
Mitigation is any control added to the system that aids in the prevention of the
failure.

FMEA was formally introduced in the late 1940s for military use by the U.S.
Armed Forces [3]. It was later used in the 1960s, during the space race, in
order to safely put a man on the moon. Industry in the United States adopted
FMEA in the 1970s, in part because of industrial disasters such as the chemical
plant explosion in Flixborough, the United Kingdom, in 1974. One reason for
the widespread popularity of the FMEA tool in industry may be the systematic
approach used to aid in the mitigation of risk.
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There are many other types of systematic analysis tools that are used to mit-
igate risks during change control [1]. These techniques are typically associated
with hazard analysis [4]. These tools include, but are not limited to, the following:

• checklists;
• what-if analysis; and
• FTA (fault tree analysis).

A checklist method incorporates a list of qualitative, predefined system risks.
A checklist is particularly useful when the variables are known, such as regulatory
requirements. Checklists are routinely used as prescreening methods that identify
known variables to reduce the amount of review time for more rigorous methods,
such as FMEA.

In a “What-if” qualitative analysis, an individual and/or a team compiles a list
of what-if questions designed to test the system; for example, “what if the power
to a storage freezer is interrupted?” A potential consequence in this example
may be that the product stored within the freezer is compromised. Potential
safeguards (i.e., controls) may include high temperature alarms. The results of a
what-if analysis are presented in the form of a table that includes the questions,
potential consequences, safeguards in place, and recommendations.

The FMEA begins with the identification of a failure or a fault, whereas an
FTA begins with a top risk; then all possible causes are evaluated in the form of
a tree. The faults are quantified in accordance with each of their risks. The FTA
is a visual tool (refer to Fig. 13.2 for an FTA example).

Inhibitor concentration 
change can affect 

patient safety 
A

Unacceptable bacterial 
growth

MODERATE
B

Bacteria present in 
sufficient concentration 

LOW
E

Chemically damage 
resin
LOW

C

Inhibitor concentration 
allows bacteria to grow 

HIGH
D

AND

OR

Figure 13.2 Resin inhibitor risk assessment (FTA).
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The various risk assessment tools are used widely; each has its particular
strengths and weaknesses. An FMEA is a versatile tool that can be used to
leverage process knowledge and experience in an organized manner, in a team
environment. Possible failure events and their causes are determined qualita-
tively. A second step then quantifies the risks associated with the failure event
by assigning values for the FMEA risk elements of severity, occurrence, and
detection. FMEA is one of the common methods that incorporate detection into
the risk measurement equation. This analysis may lead to recommendations that
decrease the probability that the failure will occur.

13.5 KEYS TO SUCCESSFUL IMPLEMENTATION

The importance of integrating QRM into change control may not always be
recognized, because of the initial perception that it requires extra effort with no
apparent benefit.

Not integrating QRM may ultimately lead to disparate failures, including
product rejections, recalls, and regulatory agency observations associated with
documentation or questionable rationales for addressing a change.

Building a solid cross-functional team and obtaining management commitment
and support for the QRM program are the first, most obvious requirements for
successfully integrating QRM into a change control system.

Successful change control teams must follow basic rules for conflict resolution,
i.e., mutual respect, participating, and listening to each other in order to reach,
ideally, consensus. A leader must facilitate the team’s dynamics and promote
active participation. Individual commitment is obviously crucial, as the final
decision cannot be made if one or more of the members do not fulfill their
role. Quality must be an active participant in the process, as patient safety is the
main focus.

Although changes must be addressed in a timely matter, no artificial time con-
straint should be imposed to reach the final decision. Addressing the change using
QRM should naturally lead to a quick decision and identification of appropriate
actions.

Firms should have a documented approach to using risk management in change
control. FDA’s Q9 Guidance [1] does not mandate a specific QRM methodol-
ogy. A formal scientific approach supplemented by comprehensive risk templates
(FMEA, PHA, etc.) is recommended.

Finally, it is important to track the items in the agreed-upon implementation
plan to completion.

13.6 USE OF A RISK ASSESSMENT TOOL IN CHANGE CONTROL

A step-by-step procedure for completing a risk analysis using the FMEA approach
is presented here.
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13.6.1 Step 1: Establish Definitions and Levels for Severity, Occurrence,
and Detection and Risk Tolerance

One of the most important steps in FMEA is choosing the definitions for the dif-
ferent levels of severity (S), occurrence (O), and detection (D). These definitions
should be standardized by each company to reflect the risk tolerance. Table 13.2
presents some example definitions used by one company.

The number of levels for severity, occurrence, and detection should be care-
fully chosen. If too many levels are used, then the team may spend excessive
time determining which level to assign. Fewer levels generally will make deci-
sions easier. A simple three-level approach (high, medium, low or 3, 2, and 1)
may be a good starting point.

Severity is a measurement of the potential consequence of a hazard that
could result from a change request, with respect to patient safety. As previ-
ously mentioned, product quality and compliance requirements are often used
as measurements that assure patient safety. A medical professional’s judgment
should be sought when necessary.

Occurrence (or likelihood) of the failure event can be separated into categories
ranging from frequent to almost never and may be defined in numeric (e.g., 1%,
10%, etc.) as well as qualitative (e.g., frequent, occasional, almost never, or 3,
2, 1) terms. When possible, numeric definitions should be used. Process capability
index (CpK) is an especially useful measure. The presence of existing controls
should be considered when measuring occurrence.

Detection measures the capability of existing controls to detect the failure
event and to prevent a defective product from reaching patients. (A detection level
of high means there is low detectability and thus high risk.) As with occurrence,
detection may be defined in numerical as well as subjective terms. The presence
of existing controls should be considered when measuring detection.

The change review team should also agree on its risk tolerance; i.e., the level
of risk the team will accept without requiring further mitigation. For example,
the team may decide that a risk priority ranking above a medium severity,
medium occurrence, and high detection level would not be acceptable without
mitigation.

13.6.2 Step 2: Define Critical Quality Attributes (CQAs) and Critical
Process Parameters (CPPs)

It is important to identify the critical quality attributes (CQAs) for the change
request, to understand the risk. CQAs are typically defined as those that have
potential impact to patient health, product quality (for example, release specifi-
cations), and regulatory compliance (stability during shelf life, etc.).

The critical process parameters (CPPs) that ensure meeting the product quality
requirements should also be known and understood. CQAs and CPPs are typically
identified in a development report, technical transfer report, or validation report,
and serve to help define the design space [5].
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13.6.3 Step 3: List Failure Modes, Effects, and Causes

The potential impact of the proposed change is assessed with respect to failure
events that affect product quality and regulatory compliance. When possible,
the team should refer to failure modes already identified in existing living risk
assessment documents. Where not available, a simple FMEA spreadsheet can be
used such as the following (Table 13.3).

For each identified type of failure that could happen as a result of implementing
the change request, list all failure modes, effects, and causes. For example, one
failure mode for the tablet manufacturing process might be incorrect direction
of rotation for mixer . The effect would be failed content uniformity . A specific
cause could be mixer wired incorrectly after motor change.

Certain reasonable assumptions should be made to keep the hazard analysis
manageable. Controls that already exist and that serve to mitigate the failure
should be listed and included in the measurement for occurrence and detection.
Other assumptions may be globally recognized (and do not need to be restated
each time), for example, that existing quality systems are in place and functional
(deviations, change control, CAPA, calibration, preventive maintenance, etc.).

13.6.4 Step 4: Assign Severity, Occurrence, and Detection Levels to each
Failure Mode

The team should discuss each failure event and assign the appropriate levels to
severity, occurrence, and detection. The level assignment should be based on
objective data whenever possible.

13.6.5 Step 5: Calculate Overall Risk (RPR) for each Failure Mode

Using the assigned levels for severity, occurrence, and detection, calculate the
risk priority ranking (RPR) for each failure event, using an agreed-upon method.
The RPR can either be a number (if numbers were assigned) or a category
(high–medium–low). Table 13.4 provides an example of one method of deter-
mining RPR based on high–medium–low categories.

TABLE 13.3 Sample Risk Assessment Spreadsheet
Process Failure Current Overall Accept Recommended
Step Mode Effect Severity Cause Occurrence Controls Detection Risk Risk? Actions
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378 RISK-BASED CHANGE CONTROL

TABLE 13.4 Calculation of Risk Priority Ranking (RPR)

Level 1 Level 1

Level 3 Level 2 Level 1

Level 3 Level 3 Level 2

RISK CLASSIFICATION
Occurrence

Low Medium High

High

Medium

Low

RISK PRIORITY RANKING

Level 1

Level 2

Level 3

Low Medium

MEDIUM

High

HIGH

Detection

Risk
classification

Severity

Level 2

LOW

LOW LOW

MEDIUM

MEDIUM

HIGH

HIGH

13.6.6 Step 6: Mitigate Risk to an Acceptable Level

If the RPR exceeds the agreed-upon value in Step 1 (risk tolerance), the team
decides what additional mitigation steps will be taken to reduce residual risk (risk
remaining after remediation efforts have been completed) to an acceptable level.

In certain circumstances, the team may decide to accept risks that have been
reduced to as low as reasonable practicable (ALARP), based on a documented
risk–benefit analysis [6].

The “law of unintended consequences” also applies to change control. Imple-
mentation of mitigation actions can create additional risks. It is therefore impor-
tant to repeat the risk assessment process after mitigation has been implemented
to verify that no new risks have been introduced.

13.6.7 Step 7: Communicate Acceptance of the Residual Risk to the
Appropriate Level

The last step in the risk management process for change control is to make sure
that the acceptance of any residual risk has been communicated to the appropriate
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level of management. Risk communication should include senior management for
high risk rankings.

13.7 CASE STUDIES

To better illustrate how to integrate QRM in change control using the FMEA
approach, four case studies are presented here. (The final step of evaluating risk
after implementation of mitigation actions is not included in these examples.)

13.7.1 Case Study #1: Changing Magnesium Stearate from Bovine
to Vegetable-Based

13.7.1.1 Change Description The animal grade magnesium stearate used in
the formulation for a tablet is to be replaced by an equivalent vegetable grade
to reduce risk of BSE/TSE contamination. (Magnesium stearate is added to the
tablet’s final blend in the manufacturing process to facilitate lubrication during
tablet compression.)

The supplier proposes using an equivalent grade material with comparable
particle size distribution and shape, to minimize the impact of the change. There
is no change to the material release specification, supplier, or manufacturing site.

13.7.1.2 Potentially Impacted Critical Quality Attributes The final blend prop-
erties are sensitive to the hydrophobicity of magnesium stearate. Even though the
material may meet the release specifications, a replacement material with slightly
different hydrophobic properties could potentially impact the tablet’s critical qual-
ity attributes, such as appearance, hardness, and dissolution (because of under-
or over-lubrication).

Under-lubrication may cause adhesion of the powder to the punches during
compression, leading to sticking and potential alteration of the embossing used
to identify the tablet and/or the strength. An illegible imprint is considered a
critical defect.

Over-lubrication, a result of excess coating of the granules with hydropho-
bic material, can delay dissolution or alter the cohesion between particles and
adversely affect tablet hardness, producing soft tablets.

13.7.1.3 Calculated Risk The risk analysis (Table 13.5) led to unacceptable
medium level risks and required a mitigation plan. It is assumed here that imple-
mentation of these recommended actions would not create any new risks to be
evaluated.

13.7.1.4 Recommended Actions One verification batch will be produced with
extensive stratified testing for appearance, hardness, and dissolution to ensure
equivalency of the alternative Mg stearate in the formulation. Implementation of
this action would reduce the risk to as low as reasonably practical, by providing

کوفا
دنیاي ش



T
A

B
L

E
13

.5
R

is
k

A
ss

es
sm

en
t

fo
r

C
ha

ng
in

g
So

ur
ce

of
M

ag
ne

si
um

St
ea

ra
te

Pr
oc

es
s

C
au

se
/P

ro
ce

ss
C

ur
re

nt
A

cc
ep

t
St

ep
Fa

ilu
re

SE
V

Fa
ilu

re
O

C
C

C
on

tr
ol

s
D

E
T

R
PR

R
is

k?
A

ct
io

ns
B

le
nd lu
br

ic
at

io
n

Ta
bl

et
fa

ils
ap

pe
ar

an
ce

-
em

bo
ss

in
g

w
or

n
of

f

H
U

nd
er

-l
ub

ri
ca

tio
n

(F
ilm

in
g,

st
ic

ki
ng

,
pi

ck
in

g)

L
In

-p
ro

ce
ss

te
st

in
g

(v
is

ua
l

in
sp

ec
tio

n)
an

d
re

le
as

e
te

st
in

g

M
M

N
o

Pr
oc

es
s

ve
ri

fic
at

io
n

(1
lo

t)
w

ith
in

cr
ea

se
d

st
ra

tifi
ed

in
-p

ro
ce

ss
te

st
in

g
fo

ra
pp

ea
ra

nc
e,

ha
rd

ne
ss

,
an

d
di

ss
ol

ut
io

n
B

le
nd lu
br

ic
at

io
n

Ta
bl

et
s

fa
il

ha
rd

ne
ss

in
-p

ro
ce

ss
sp

ec
no

t
m

et
(t

oo
so

ft
)

H
O

ve
r-

lu
br

ic
at

io
n

(t
ab

le
t

da
m

ag
ed

du
ri

ng
no

rm
al

pr
oc

es
si

ng
)

L
In

-p
ro

ce
ss

te
st

in
g

(f
ri

ab
ili

ty
an

d
ha

rd
ne

ss
)

M
M

N
o

B
le

nd lu
br

ic
at

io
n

Ta
bl

et
s

fa
il

di
ss

ol
ut

io
n

sp
ec

.
H

O
ve

r-
lu

br
ic

at
io

n
(e

xc
es

si
ve

co
at

in
g

of
th

e
pa

rt
ic

le
le

ad
s

to
re

ta
rd

at
io

n
of

pr
od

uc
t

di
ss

ol
ut

io
n)

L
In

-p
ro

ce
ss

te
st

in
g

(d
is

-
in

te
gr

at
io

n)
an

d
re

le
as

e
te

st
in

g

M
M

N
o

380

کوفا
دنیاي ش



CASE STUDIES 381

assurance (data) that future batches will meet the product quality and compliance
requirements.

13.7.2 Case Study #2: Primary Component Change for a Sterile Product

13.7.2.1 Change Description Containers (glass vials) made by a particular
supplier are being replaced. Alternate containers meeting current material speci-
fications (dimensionally and chemically equivalent) are available from the other
supplier at a different facility.

13.7.2.2 Potentially Impacted CQAs Incoming bioburden/contamination
(existing cleaning and sterilization cycles are based on the now-discontinued
vials) is one CQA (specification) that could be adversely impacted by using a
different supplier.

Incoming bottle integrity (breaks or cracks can cause sterility failure) could
also be adversely impacted.

13.7.2.3 Calculated Risk The overall risk for the identified risk events
(Table 13.6) is generally high, primarily because the severity of a sterility failure
and the detection of an occasional sterility failure are always high. (In normal
(acceptable quality level) AQL testing, there is a low likelihood of detecting an
occasional sterility failure.)

13.7.2.4 Recommended Actions Actions recommended to mitigate the risk
include increasing incoming quality assurance (IQA) inspections, performing a
vendor audit/qualification, reexecuting cleaning and sterilization cycle validation,
and conducting at least one media fill run.

13.7.3 Case Study #3: Equipment Change

13.7.3.1 Change Description During the synthesis of a corrosive, temperature-
sensitive pharmaceutical suspended solid, a 350-liter jacketed mixing vessel is
used to heat and mix the suspension. It is being changed to a 700-liter vessel to
increase batch size.

13.7.3.2 Potentially Impacted Critical Quality Attributes The attributes consid-
ered critical to meeting product specifications (and thus ensuring patient safety)
were identified as follows:

• materials of construction (corrosion);
• mixing fluid dynamics (flow, shear, etc.); and
• temperature uniformity.

These characteristics and the integrity of the process need to be maintained in
the design of the new equipment.
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13.7.3.3 Calculated Risk The calculated risk was considered to be medium for
product mixing and heating scale-up, primarily because the existing controls for
this complicated process did not require a detailed mixing design analysis before
purchasing the equipment. The risk of using the wrong materials of construction
was considered low because existing controls are sufficient (Table 13.7). (Note
that detection is low, because detectability was high.)

13.7.3.4 Recommended Actions The following recommendation was devel-
oped to assure that quality is maintained during this change:

• Perform a detailed 3D engineering study before designing and purchasing
the new vessel. (The standard best practices analysis was not considered
sufficient to mitigate the risk for this product, because the process was too
complex.)

13.7.4 Case Study #4: Resin Inhibitor (FTA)

13.7.4.1 Change Description Consider a change in the concentration of an
inhibitor used in a resin storage solution to prevent biological growth. The resin
is used in the manufacture of a pharmaceutical product. It is desirable for process
safety purposes to reduce the inhibitor concentration as low as possible.

FTA is a technique that can be used to evaluate the effect on patient safety
because of a change in the pharmaceutical manufacturing process. An FTA is
developed from the top–down. These fault trees are built using gates and events
(blocks). The two most commonly used gates in a fault tree are the AND and OR
gates. As a visualization example, consider the simple case described by the ref-
erenced FTA (Fig. 13.2). This example has been oversimplified for demonstration
purposes.

In this example, consider two events (or blocks) comprising a top event (or a
system).

A change in inhibitor concentration possibly affecting patient safety (A) can
lead to

• unacceptable biological growth (B) or
• chemically altering the resin (C).

If occurrence of either event (B or C) causes the top event (A) to occur, then
these events (blocks) are connected using an OR gate. If one of those events
such as unacceptable biological growth (B) requires two other events to occur,
such as

• inhibitor concentration too low allowing bacteria to grow (D); and
• bacteria present in sufficient concentration to grow (E).

Should they occur together causing the event above (B) to occur, they are
connected by an AND gate.
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The probability of the event is described by high, moderate, and low. The
probability that a lower inhibitor concentration can allow bacterial growth (D)
is considered high without further study. The probability that bacteria will be
present in sufficient concentration to grow (E) is low because of cleaning proce-
dures associated with the resin manufacture. Since both a low enough inhibitor
concentration (D) and bacteria present in sufficient concentration (E) are needed
to allow unacceptable growth, the overall risk is moderate. The probability that
the resin will be chemically changed (C) is low, as it typically does not need the
inhibitor to chemically preserve it.

The analysis of the FTA chart leads to the conclusion that key element is (D)
to inhibit bacterial growth. A study may prove that a certain concentration of the
inhibitor may be high enough to inhibit bacterial growth while being low enough
to address the process safety concerns.

13.8 CONCLUSION

The benefits of integrating QRM into the change control system include improved
risk communication, faster and more thorough science-based evaluations, and
increased productivity.

Integrating QRM should not be difficult. Routine changes may be initially
assessed from a risk perspective and then managed through administrative con-
trols such as simple procedures. More complex changes can be assessed and
managed using tools that are commonly accepted in industry, such as FMEA or
FTA. Keys to successful implementation include a defined methodology, team-
work, and management commitment.

QRM ultimately focuses on risk to patients. Product quality and regulatory
compliance may be used as acceptable surrogates for risk to patients . The use
of QRM demonstrates to regulatory agencies that a company understands its
products and has all of its processes under control.
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291–292
material management, 287
milling process, 284
mixing/blending process, 284
packaging, 285–287
people interactions, assessment of risks, 293
personal hygiene, 292
process flow chart, 279
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raw material management, 280
risk assessment, 277–293
storage conditions, 291
supplier management, 281–282
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use of risk assessment, 275–276
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pharmaceutical products under development,
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Poisson distribution, 83–84
precautionary principle of risk, 65–67
preliminary hazards analysis (PHA), 92,
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approach to risk mitigation, 106–107
benefits, 22
description, 22
example, 24
fitting into risk management program, 25
limitations, 22–24
with stability data input, 106
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addition rule, 79
cautions, 78–79
conditional, 81–82
definitions, 77
estimating, 85–87
joint, 82
luck and, 76–77
multiplication rule, 81–82
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risk and, 79–82
rules of, 77–78

process analytical technology (PAT), 90, 244
process capability analysis, 92
process design, validation of, 187–207

cause/effect process parameter, 199–201
critical material attributes (CMAs) and, 189
critical process parameters (CPP), 191–196
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in-process hold stability studies, 203–205
mixing process for solutions, example,

198–203
new product, 192
normal operating range (NOR), 193–195
processing steps, 192–193
proven acceptable range (PAR), 193–195
quality by design (QbD) principles and, 189
risk-based approaches, 189–191
risk prioritization for commercial-scale

experimental design, 205–207
scaled-down models, 187
tablet compression/coating process, example,
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process mapping, 41
process parameter, 90–91, 95, see also critical

process parameters (CPPs)
process performance qualification

in multiproduct manufacturing, 212–214
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process validation (PV)
challenges in, 186–187
general considerations, 183–186
life cycle approach, 187–188
of process design, 187–207
risk-based life cycle approach, 180
tools, 182–183

process validation (PV), guidance for, 130–131
ASTM E2500 Standard Guide, 132–133
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for quality risk management, 181–182
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Product Quality Lifecycle Implementation
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and risk management, 137–139
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in aseptic processing, 239
background, 89–90
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quality risk management (QRM), 6, 49, see also
biopharmaceutical manufacturing process
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383–385
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equipment change, case study, 381–383
general system expectations, 51–52
integrating into change control system,

367–368
keys to successful implementation of, 374
primary component change for a sterile

product, case study, 381
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control activity, 329–331
QRM for, 331–332
related to origin, 330

reason, 63
residual risk, 79

evaluation, 44
responsibility of management, 50
restricted access barrier system (RABS),

229–230
risk, defined, 45
risk acceptance, 20–21
risk analysis, 19–20

defined, 45
risk assessment, 3, 18–20

of product quality, 130

risk assessment, defined, 45
risk-based approaches, 2

life cycle approach, 180
process design, validation of, 189–191
qualification, 133–136

risk-based decision-making, 4–5
risk-based qualification plan, implementation of

component-level impact assessments, 158–160
computer system qualification, 171–172
contamination control process, 173–174
correlation between process steps and product

quality attributes, 153–154
criticality analysis, 161–163
critical process parameters and operating

conditions, analysis of, 169
design review, 168–169
fault tree analysis, 160
FMEA assessment, 163–165
impact assessment, 154–157
installation qualification, 169–170
Ishikawa analysis, 161
level of qualification, 160
notes, 168
objective of plan, 153
operational qualification, 170–171
qualification tests, 154
requalification, 172–173
requirements, 152
risk ranking, 163–164
sequence, 155
system-level impact assessments, 157–159
system risk determination, 162
test functions and acceptance criteria, 164–168
three point qualitative risk priority rank

determination, 167
risk-based qualification planning

information management for, 151–152
program-level alignment, 142–143
project control system, 140–141
project description, 139–140
project performance metrics, 141
qualification-related information, 146–151
schedules, 141–142
system boundaries, 143–145

risk communication, 109
risk control, 20–21
risk control, defined, 45
risk evaluation, 20
risk evaluation, defined, 46
risk identification, 18–19
risk information, 18

sources, 44–45
risk management, 3
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defined, 46
ICH Q9 recommendations, 10
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5–8
practical guide to, 8–11
process, 18–21
use of, 14

risk perception
heuristics, 70
influence factors, 64

risk prioritization and rationale, 111
risk prioritization number (RPN), 124
risk ranking and filtering, 92
risk ranking and filtering (RRF), 38, 40

benefits, 35
description, 35
examples, 35
limitations, 35

risk reduction, 20
risk registers (risk master plan), 54–55
risk review/communication, 21
risk training, 69–70

safety by design (SbD), 239–240
scale-up of production process

bioreactor operations, 346
cell culture and fermentation processes, 346
centrifugation, 347
chromatography, 347–348
harvest operations, 346
inappropriate facilities or equipment, risk of,

349
inoculum expansion, 346
medium preparation, 345–346
membrane/filtration operations, 347
overview, 345
purification techniques/process design, risk of,

348
QRM of, 348–349
viral contamination, risk of, 348

screening risk assessment, see preliminary
hazards analysis (PHA)

Six Sigma programs, 83
social responsibility of a pharmaceutical

manufacturer, 50
societal response, 66
societal trigger level, 66
statistical risk, 82
sterility assurance level (SAL), 227–228
sterility tests, 265–267
subject matter experts (SMEs), 168

t distribution, 87
tissue/cell culture, 336–337, 346

facilities and equipment for, 340
provision of oxygen enrichment, 339
quality and composition of culture media,

339
scale-up considerations, 340
sterilizing medium, 339–340
strain stability, 339
suitable environment for, 337–339

tools for risk management, 42
advanced, 23–24
applicability, 17–18
comparison, 43–44
preliminary hazards analysis (PHA), 22–25

total organic carbon (TOC) testing, 114
t-tests, 78–79
type II error (false negatives), 265
type II (two) error, 82
type I (one) error, 82

uncertainty, 76
unintended consequence of risk regulation, 67
U.S. Food and Drug Administration (FDA)

regulations, 1, 3
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