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Quality by Design in Clinical Development

Quality by Design in Clinical Trials and
Development Projects

Requirements and Recommendations for Designing, Conducting,
and Monitoring Clinical Trials that Provide Quality Information

Abstract

Key regulatory agencies such as the FDA and EMA began efforts in the first decade of
this century to improve quality in pharmaceutical development. In the process, the
International Conference on Harmonization (ICH) issued several guidances to industry
based on the key notion of "Quality by Design" (QbD). The guidances applied QbD to
both the manufacturing and quality control of pharmaceutical entities and the
preclinical and clinical development of these compounds. This document focuses on
QbD efforts in clinical development.

Obtaining high-quality results in clinical development programs is extremely challenging.
This is because clinical trials involve numerous "actors" in the conception, planning,
execution, and analysis of these studies. In addition, many programs involve substantial
unknowns, including the pathophysiology of the disease under study, the event rate of
the symptom being followed, and/or the clinical significance of the selected endpoint.

This brief examination of the issues related to the effort to build and emphasize quality
in clinical studies focuses on: (a) the regulatory framework for Quality by Design (QbD)
in clinical studies; (b) the significance of the target product profiles (TPPs) in the pursuit
for quality; the methods and the effort for identification of risks to quality; (c) the
sponsor's organizational issues that lead to quality failures; and (d) the conceptual
issues that may affect clinical study design. Many quality failures occur because of our
incomplete knowledge of the pathophysiology of the disease studied, the mechanism of
action of the drug tested, and/or the event rate that underpins the primary endpoint.
Therefore, this review examines methods for managing and mitigating scientific and
conceptual risks, including selecting appropriate animal models, natural history studies,
disease progression models, and real-world data collection. In that context, the review
also discusses quality risks related to the choice and type of endpoints.

There is also a discussion of operational quality risks in clinical studies, risks that occur
during study conduct and data collection. Such risks include the proper identification
and management of study violations and deviations, and the selection of the type of
monitoring for these clinical trials. The review also briefly discusses the quality issues
and biases introduced by interim analyses and the early termination of clinical trials.
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This review concludes with a discussion of the possible effects of artificial intelligence
(Al) on clinical development and the quality of clinical trials.

Introduction

The key aim of the QbD initiative is to proactively build quality into clinical studies to
enhance data quality and design integrity, avoiding post-trial efforts to correct problems
and inaccuracies. The rationale for this effort is the high failure rate in the clinical stage
of development, which prevents many potentially efficacious drugs from reaching the
market. Medical schools in universities, clinical study organizations, regulatory
agencies, and collaborations among them, such as the Clinical Trials Transformation
Initiative (CTTI), are driving efforts to improve the quality of clinical studies.”

The clinical development of new therapeutic agents has a remarkably high rate of
failure. Smietana et al. (2016)! analyzed the R&D productivity of the pharmaceutical
industry by examining the fate of more than 9,200 compounds from 1996 to 2014.
These researchers determined that approximately 90% of potential drugs that enter
clinical development are destined to fail. There were similar observations by Harrison
(2016).2 This was despite efforts by various leading pharmaceutical companies to
increase the success rate by more carefully selecting their candidate drugs, such as
AstraZeneca's 5R process.® There were certain improvements, of course. Dowden and
Munro (2019) * were able to show, based on customer relationship Management (CRM)
system data, that success rates in late-stage development — from phase Ill through to
launch — have increased from just under a one-in-two chance of getting to market at
the beginning of the decade to almost two in three in the most recent time period for
which data are available, 2015-2017. On the other hand, the same authors found that
success rates in Phase 2 had not improved.

Despite the efforts s by pharmaceutical companies to better position test drugs,
compounds that appear safe and efficacious in preclinical testing fail to demonstrate
efficacy or adequate safety in clinical studies. The failure rate, despite modest
improvements, remains high. Therefore, such failures may occur not because the test
compound lacks efficacy or has unacceptable toxicity but because of inadequacies in the
clinical development program. The sheer complexity of planning and executing these
studies, due to the multiplicity of actors and processes, makes maintaining quality
difficult. Therefore, methods to improve the rate of clinical development success by
improving data quality and strengthening the scientific validity of studies warrant
careful examination.

* The Clinical Trials Transformation Initiative (CTTI) is a public-private partnership co-founded by Duke
University and the U.S. Food and Drug Administration in 2007. It currently includes >70 organizations
and has > 500 partners in the clinical studies business area (CTTI Homepage - CTTI).
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What is meant by the term "quality" in clinical studies, and why would quality increase
the likelihood of success? If a clinical study has been performed ethically, the subjects
have been provided with detailed and accurate informed consent, all procedures have
been conducted per protocol, and all data have been collected and accurately reflect
the source material, is this a "quality" clinical trial? Not necessarily. The scientific
validity of the study is also an important consideration. This validity is reflected in the
enrollment criteria, the disease progression elements assessed (signs, symptoms,
biomarkers, organ function, etc.), the selected endpoints, and the adequacy of the trial's
sample size. However, most clinical studies are not individual units but exist within the
nexus of an overall development effort. Each clinical trial is an element of an overall
clinical development plan with defined goals. In most cases, development targets
marketing authorization for the intervention/therapeutic compound from a regulatory
authority. A clinical study that does not address the correct questions regarding the
drug's safety and efficacy within the attributes and parameters set by the regulatory
authority has not met the definition of quality, regardless of the robustness of the data
it collected.

Considering the above, an appropriate definition of "quality by design" in clinical
studies is the combination of planning, operational, conceptual, and organizational
processes and procedures that are science-driven and provide robust and accurate
data, fully reflective of the actual record, which are adequate for the appraisal of the
safety and efficacy of the tested intervention/therapeutic agent. The Clinical Trials
Transformation Initiative (CTTI) defines quality as "the absence of errors that matter". |
do not think this is an all-encompassing definition, as a clinical study may have no errors
that matter, yet still be uninformative or unhelpful in defining the efficacy or safety of a
novel drug.

This document attempts to define the processes that imbue quality not only to
individual studies but also to the clinical development program overall. It also discusses
methods and approaches to improve quality and prevent failures.

The Regulatory Framework

The requirements for clinical studies (both of conducting and reporting them) have
typically been included in sections 312 and 312 of Title 21 of the US Code of Federal
Regulations (21 CFR 312 & 314). These sections define the current Good Clinical Practice
(GCP) regulations. In further defining these regulations, key regulatory agencies under
the International Conference on Harmonization (ICH) umbrella have developed
additional guidelines. In the ICH efficacy guidelines, the ICH E6 defines the key principles
and requirements of GCP. The original guideline (E6(R1)) was published in 1996.
However, progress in the methodology of clinical trials and pharmaceutical
development necessitated a substantial amendment in 2016 [E6(R2)]. In this revision, an
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annex (Annex 1) has been added to provide guidance on quality in the conduct and
reporting of clinical trials.> Annex 1 of E6(R2) goes beyond the general principles of
Good Clinical Practice (GCP). It provides detailed instructions on the roles and
obligations of ethics committees, the investigator, and the sponsor, including the
specific documents required for the full application of GCP processes. In addition, it
standardizes the information that should be presented in clinical trial protocols,
investigator brochures, and clinical study reports.

Because ICH E6 is so important to pharmaceutical development, ICH issued a 3rd
revision of the guideline in January 2025 [E6(R3)]. E6(R3) contains a major revision of
Annex 1 of the E6(R2) guideline and introduces a substantial number of new elements. It
emphasizes, more than its predecessors, the need for quality by design. This guideline
was expected to eventually include Annex 2, which will address non-traditional
elements of clinical trials, such as decentralized activities, alternative designs, and the
use of Real-World Data (RWD). Annex 2 of E6 is still in draft. The 29 draft (Step 2) was
released in November 2024. Please note that the FDA has already issued guidance to
industry on the use of Real-World Data in pharmaceutical development. This guidance is
discussed in Section V.C.1 of this document.

The ICH E8 guideline addresses general considerations for clinical studies. A recent
revision of this guideline (ICH E8(R1)), finalized in October 2021, includes specific
suggestions/instructions for building quality by design (QbD) in clinical trials. A key
reason for updating the E8 guideline was to provide a table that lists the Critical-to-
Quality Factors (CtQFs) and to cross-reference them to other ICH E (Efficacy) guidelines.
Although the finalized E8(R1) includes an annex on the process for identifying CtQFs, it
does not provide a comprehensive cross-reference to these CtQFs beyond the
summaries of typical activities in sections 5 and 6 of this guideline. It is, however, a very
valuable document, and it should be carefully examined by clinical development
professionals.

Since properly powering a clinical study to provide reliable data is an important
proactive quality consideration, the ICH E9 guidance, Statistical Principles for Clinical
Trials, is essential. The FDA has expanded on certain issues of this guideline, including
the recent guidance on multiple endpoints in clinical studies.

Although it does not address clinical studies per se, the ICH Q9 guideline on Quality Risk
Management is also essential in clinical development. In fact, it is not possible to design
quality in clinical studies without risk management. A risk-based approach, strongly
indicated in clinical development, directs attention, monitoring resources, and testing in
areas of risk. Without defining the risks, such an approach is not possible. Therefore, risk
identification and proactive mitigation are essential activities for building quality into
clinical study design.
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In 2011, the FDA and EMA launched a pilot program to assess the effects and potential
complications of implementing the QbD guidelines. The program concluded in 2017; as
a result, a series of Q&A documents was produced to further clarify the QbD guidelines.
Q&A (1)%78 was published in 2013 and has been amended several times, including this
year; it covers extended information on the quality target product profile (QTPP), critical
quality attributes (CQAs) and additional items related to manufacturing processes and
analytical methods. Q&A (2) was also published in 2013 and covered issues regarding
Design Space both for active substances and finished products. Q&A (3) was published
in 2014 and addressed issues such as the details required for risk assessment and Design
Space. The final report concluded that there was a "solid" alighment of these agencies
regarding the implementation of concepts included in the ICH Q8, Q9, and Q10
guidelines

Although the above-mentioned guidances, guidelines, and Q&A documents comprise
the umbrella regulatory framework, major regulatory agencies (such as the FDA and
EMA) have issued additional guidance to industry on various issues related to improving
clinical development. We will refer to these guidelines in individual sections of this
document.

Other Initiatives

To build quality prospectively in clinical studies, one would be remiss not to mention the
Clinical Trial Transformation Initiative (CTTI), a Duke University—FDA partnership. CTTI
was founded in 2007 and is partially funded by the FDA, although its membership has
expanded to include a substantial number of pharmaceutical and biotech companies
and contract research organizations. Certain CTTI publications can be very helpful in
interpreting regulatory documentation.

Methodology for Quality-by-Design (QbD) in Clinical Studies

Several key activities are necessary to build quality into a clinical development effort. A
crucial one is to fully conceptualize the final goal of development in a comprehensive
target product profile (TPP); To examine the main areas of quality risk; and a third would
be to define the "critical to quality factors" (CtQFs) in the proposed clinical development
effort, specific to each clinical study protocol.
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Target Product Profile

Achieving quality by design in clinical trials is challenging without a comprehensive
target product profile (TPP) that clearly defines the intended outcome of the clinical
development process, including the indication that is both desirable and feasible for the
test compound. A well-designed TPP should contain, in precise regulatory terminology,
the intended claims for physicochemical characteristics, safety, and efficacy of the test
compound/device. The TPP should provide the acceptable range of essential
attributes/targets of the investigational product (maximal, base, minimal). The TPP
should also include extensive annotations explaining the rationale for the values
assigned to various product attributes. The role, design elements, and methods to
complete an effective TPP are discussed by Retzios (2020).% In addition, more
information on the function and use of TPP is available in various publications and
monographs.®

A complete TPP is usually accompanied by the Quality TPP (QTPP) and a Risk
Identification and Mitigation document. The QTPP identifies key quality elements of the
formulation and manufacturing of the test drug/biologic/device (the CMC element of
development). The Risk Identification and Mitigation module of the TPP details the
possible risks to the development process and rates them for likelihood and severity. It
also provides alternative routes through the development process if the identified risks
materialize.

Because a TPP introduces clarity to the development effort (if done correctly), it can
enable specific go/no-go decisions at specific stages of the project. In addition, such
go/no-go decision nodes can be introduced at any time if the therapeutic/device in
question fails to achieve the minimally specified value for a key product attribute or
claim.

Although the TPP is a valuable tool for designing and achieving quality in clinical trials
and for facilitating pertinent comments from regulatory agencies, it remains underused.
This problem is caused by a variety of factors, such as organizational and operational
constraints, a lack of focus among the development team, and a lack of training.®
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Figure 1: The Key Role of Product Target Profile in a Quality-Driven Clinical
Development Effort
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B. Identification of Quality Risks

It is important to have a good understanding of the quality risks before commencing
clinical development, especially risks that would affect the adequacy of the informed
consent process, the protection of patients, the reliability and completeness of the data

A risk-based collected, and their interpretability in conjunction with the objectives of the clinical trial
approach to in question and the overall clinical development program. A risk-based approach to
clinical trials concentrates management attention on areas of potential risk. In
development N . : .
identifying these risks, one needs to define the following:
concentrates

attention and e The reason for the risk

e The severity of the risk (minor, moderate, major)

e The likelihood of the risk (Unlikely, Possible, Likely/Probable, Certain)

e The actions that need to be taken to eliminate or reduce the severity of the risk

(mitigation actions)

effort in areas of

visk to quality

e The consequences of these actions (several actions may lead to different
regulatory considerations)
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In general, risks can be organizational, conceptual, and operational. A brief analysis of
these risks follows below:

1.

Organizational Risks

To achieve quality by design in clinical trials, it is important to take a good, hard
look at the organization and its ability to achieve and maintain quality. In the
recent ICH E8(R1) harmonized Guidance on General Considerations on Clinical
Trials, regulatory agencies support the notion of establishing “a culture that
supports open dialog.” Only through open dialogue and the opportunity for all
stakeholders to challenge each other can quality be both designed and achieved
in clinical studies. However, in many organizations, this is a really difficult task,
not only because of organizational barriers (of which there are many), but also
because of personalities. Therefore, it is essential to create this "culture of open
dialogue" in pharmaceutical development by removing organizational barriers
and empowering team members. A good way to do this is to map the
organization's SOPs in a way that allows all stakeholders to provide input and
ensures that input is properly weighted by the development team and company
management.

a) Clinical Study Management Team

Given the number of people involved in drug development,
organizational and management issues are important because the
process requires input from individuals with different areas of expertise.
Therefore, organizing and managing the development teams to
optimize their operations is always a remarkably difficult task.

The development team should be staffed and organized with a clear
understanding of each member's responsibilities. It should empower all
members to communicate freely and share opinions. How best to
organize "parallel" teams with members of all appropriate skill sets from
various departments remains a challenge when "vertical"
(departmental) organization creates potential conflicts. Various types of
"matrix" schemes exist as companies strive to create the optimum
environment for drug development.

b) Training

A dedicated team cannot achieve much without appropriate training.
Therefore, training is essential in Good Clinical Practice (GCP), study
protocols and associated procedures, and the symptoms and
pathophysiology of the disease addressed in the development project.
This training should be comprehensive, documented, and repeated at
regular intervals. All new team members must be fully trained in all
aspects of the disease treated by the test drug and the clinical tests
involved. It is not uncommon for clinical research associates who

Page 10 | 41



Conceptual/scientific
risks are the most
difficult to overcome
in the process of
enhancing the quality
of the development

program

Quality by Design in Clinical Development

monitor investigational sites to not understand the implications of
certain test values (normal or abnormal) and, therefore, to fail to seek
necessary clarification and explanation from site personnel.

Certain training should also be extended to investigational sites that
participate in the development project. The investigator meetings and
study initiation procedures at sites provide some training, but this often
falls short of being comprehensive.

Unfortunately, training in biotech is one of the activities usually cut or
drastically reduced when organizations try to achieve "economies".
Considering the multiplicity of "moving parts" in a clinical study,
personnel turnover and the occasional flurry of amendments can be
"fatal" to the project.

C) SOPs

SOPs that address clinical development should carefully map the
organization's actual responsibilities and activities. They should also be
developed to minimize human error and increase quality.

Conceptual/ Scientific Risks

In the author's experience, most development projects fail because of
conceptual and scientific reasons. This is not to say that the organizational and
operational risks are negligible; of course not. But the operational gestalt is far
better understood, and its rules are well defined. On the other hand, conceptual
issues present many varied and difficult challenges. Our knowledge (or even,
occasionally, the definition of certain diseases) is fragmentary, absent, or
contradictory. Fully understanding the pathophysiologic pathways affected by a
disease remains challenging because biological systems are complex. Our
"conceptual tools" leave much to be desired. For example, we are now on our
third definition of sepsis;!! we are not doing that much better in ARDS??, two
diseases with high mortality and challenging development history. Also, clinical
design approaches and endpoints may be suboptimal in certain situations,
failing to provide appropriate information or accurately measure a drug effect.
In summary, a well-designed and adequately controlled clinical trial remains a
difficult goal to reach.®® Below, we will attempt to identify the areas where
these risks may occur and discuss possible ways to mitigate them.

a) Poorly Understood Progression and Physiopathology of the
Disease

Clinical studies leading to the marketing approval of any therapeutic
agent need to be well-designed and controlled. This cannot happen
when the scientific information in the therapeutic area of development
is deficient. One of the most difficult aspects of clinical development is
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structuring a clinical program for a disease/syndrome whose
pathophysiology is poorly or incompletely understood. Some
therapeutic areas, due to our limited understanding of the diseases
involved, make clinical development extremely difficult. These fields
often have a high failure rate for test drugs/biologics. These include (but
are not limited to) sepsis, acute respiratory distress syndrome, stroke,
Alzheimer's disease, Parkinson's disease, and various cancers. Beyond
these well-known areas of severe developmental challenge, thousands
of rare disorders remain poorly understood due to limited interest or
very small patient populations. Some approaches discussed below may
reduce the risk in these cases.

(1) Understanding the Disease: Staying on Top of Scientific Advances

Mitigating risks from an imperfect understanding of the disease's
pathophysiology can be challenging. However, for those "brave
enough", there is a substantial reward if successful. Science is
advancing, of course, and our understanding of a particular disease
is improving with successive failures in development. Therefore, it is
important to examine these advances and understand how they
may "modify" development and regulatory precedent in the
targeted disease. For example, there are now more accurate
definitions of sepsis and ARDS.**?> They are not perfect, but they
are an improvement over what was there before and, to a degree,
can facilitate further development by more accurately defining the
eligibility criteria for patients who may benefit from treatment.

(2) Understanding the Disease: Utilization of Appropriate Preclinical
Models

In addition, substantial evidence should be placed on preclinical
pharmacology data. Advances in this area have also produced new
models that approximate human disease better than earlier ones.
Using such models may provide important information for planning
the clinical program.®

Beyond examining the interplay between new information and prior
development, other potential approaches exist for diseases that are not
well understood. These consist of natural history studies, disease
progression models, and real-world evidence collection.

(3) Understanding the Disease: Utilization of Natural History Studies

These observational studies, usually designed by the sponsor,
attempt to define the natural history of a disease. If carefully
planned and executed, they can provide substantial information
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about a poorly understood disease: its epidemiology, symptoms,
penetrance, genetics, environmental factors, progression, and
outcome measures.'” Importantly, when designing such studies,
one needs to be comprehensive in the information sought and
potentially identify biomarkers relevant to the natural history of the
disease. Beyond the substantial information these studies can
provide to the development program, they can occasionally be used
as external controls when ethical considerations require it, and the
number of patients is too small to allow concurrent control groups.
The FDA recently released a draft guidance on the design and
conduct of natural history studies to assist drug development.1®

Understanding the Disease: Utilization of Disease Progression
Models

These models use mathematical algorithms to quantitatively
determine, over a defined period, parameters related to disease
pathophysiology (patient characteristics, symptoms, organ function,
biomarkers) and outcomes, based on available information about
disease progression.’® Depending on what one wants to evaluate,
these models can also include treatment-induced modifications to
disease progression (and effects on symptoms, organ function, and
biomarkers), based on the treatment agent's mechanism of action
and general pharmacological principles.?’ These simulations can
provide important information for clinical study design. For
example, in such a model, one can assess the effects of various
enrollment criteria and thus select a population more likely to
respond to treatment, thereby limiting the sample size (this
approach, of course, has regulatory consequences). Of course, if the
mechanism of action of a test compound is known, one can
potentially obtain useful information on dosing and dosing
frequency. Such information may shorten the duration of the
learning phase (Phase 2) of drug development. As information
about the disease increases, these models can become increasingly
elaborate and predictive. For example, several models for ARDS
provide useful information on the predictive capacity of certain
biomarkers.?! Various progression models are also available for
Alzheimer's Disease.?

Disease progression models (DPMs) can also be incorporated into
Model-Informed Drug Development (MIDD) efforts. MIDDs" have

t Model-Informed Drug Development comprises a set of statistical and disease models, pharmacokinetic
and pharmacodynamic information, information from preclinical and clinical studies to structure an
effective development framework that may require fewer studies or resources to provide convincing
answers to the posed development hypotheses.
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received extensive attention from development groups in the
pharmaceutical industry and the regulatory agencies. Although they
are outside the bounds of this document, Al/ML utilization in these
models is further explored in Section V (Artificial Intelligence and
Quality by Design in Clinical Studies)

Understanding the Disease: Collecting Real-World Data and Evidence
(RWD/RWE)

RWD are data on patients with the disease under investigation and
their treatment, collected from various sources, mainly registries,
health records, medical claims data, and/or publications. Analysis of
such data leads to Real-World Evidence (RWE) on the safety and
efficacy of the treatment agent in question. The FDA has issued
guidance on the utilization of RWD and the specific requirements
for supporting RWE in regulatory submissions.?*2* The FDA
guidance on the use of RWD and RWE in regulatory submissions is
specifically for new indications for drugs that have already been
approved and for satisfying post-approval requirements.

Regarding the use of RWD for investigational drugs, these can be
used as data from natural history studies to define more accurately
the progression of the disease, the demographics and
characteristics of patients (to facilitate the incorporation of
appropriate inclusion criteria), select appropriate biomarkers, as
well as clinically relevant endpoints, all key elements of a well-
designed study. RWD can also be used to determine treatment
parameters for various drugs used to treat the disease in question
and to select an appropriate control for clinical studies. It should be
considered, however, that registries, the main source of RWD, and
publications may suffer from various biases stemming from their
design (for example, by targeting specific demographics). Natural
history studies, designed specifically to provide the information
needed to design a clinical development program, may be a better
approach. Of course, combining information from RWD and from
natural history studies may well be the best approach.

The risks in a therapeutic area with a high failure rate should be fully
covered in the Risk Definition and Mitigation plan. One would need to

provide various "exits" from the program when there is adequate
information that the project is failing to meet set minimal values for key

attributes. Another approach is to structure a flexible study design and

institute futility analyses.
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Poorly Defined Mechanism of Action

It is difficult to implement quality controls without a clear
understanding of the drug and its mechanism of action, specifically, the
cellular/molecular entities it affects (the drug target). Identifying these
should be a very important step in drug discovery and development. A
good number of beneficial drugs do not have a well-understood
mechanism of action, but for most of these, the "target" of the drug, the
molecular entity affected or modified by the drug's action, is known.
Efforts have been ongoing to define such targets for a variety of drugs
for which these targets were not identified, even during the process of
approval.?® Since the beginning of this century, drug discovery has
mainly been based on identifying specific targets that, when acted upon
by the appropriate drug/biologic, (target-directed discovery).?’
However, there has also been renewed interest in phenotypic drug
discovery that dispenses with defining the drug target or the molecular
process by which the drug affects the disease.?® However, the author
believes that defining the drug’s mechanism of action (irrespective of
the method of initial discovery) is very helpful in developing a
preclinical/clinical testing strategy. Without a clear understanding of
the drug's dynamics, one may target the wrong indication or patient
population. In that context, clinical development efforts are doomed to
fail. A good example is the development of Dimebon (Latrepirdine) by
Medivation (San Francisco, California, USA).?° Dimebon was assumed to
be an effective NMDA receptor inhibitor. In Alzheimer's Disease, early
synaptic dysfunction is associated with NMDA receptor-dependent
synaptic depression.® A phase 2 study provided hopeful results, but a
Phase 3 study failed to detect any activity. Further investigations into
Dimebon's activity revealed that its NMDA receptor inhibition was too
weak to have an effect in the targeted indication.? Pfizer’s torcetrapib
is another good example of a development failure caused by a poor
understanding of the drug's mechanism. Torcetrapib inhibited CETP
(cholesterol ester transfer protein), which greatly increased HDL
("good") cholesterol and lowered LDL ("bad") cholesterol. Researchers
did not fully understand the mechanism linking HDL levels to
cardiovascular protection. HDL turned out to be much more complex
than a simple biomarker. Increasing HDL concentration did not
necessarily improve HDL function or promote cardiovascular benefit. In
addition, torcetrapib had side effects, including raising blood pressure
and aldosterone levels that were not “discovered” until relatively late in
the development effort. The result was that in the Phase 3 clinical trial,
patients receiving torcetrapib experienced more deaths and more
cardiovascular events despite the apparently favorable cholesterol
profile. The study and the project were discontinued.3!
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These examples clearly illustrate that poor understanding of the
mechanism of action, the specific targets the drug affects, and the
kinetics of interaction is likely responsible for many drug "efficacy"
failures, the most common type of failure in development.2

In summary, it is imperative to define, as well as possible, the drug's
mechanism of action and its likely targets (intended and unintended)
during the discovery process. The earlier the development team has the
relevant information, the easier it is to design appropriate clinical
studies.

Selecting the Proper Endpoints

Endpoints are measures of treatment outcomes and, therefore, key
elements of the development process. There is a substantial volume of
information on endpoints; this section is not meant to be a full
exploration. It incorporates recommendations and tools for selecting
appropriate endpoints to improve the quality of clinical studies and the
overall development project.

It is strongly recommended to start thinking about the endpoints of the
learning and pivotal phases of clinical development at the planning
stage, specifically during the assembly of the target product profile. If
the validity and usefulness of the selected endpoints are discussed early
in the development effort, the resulting considerations can inform
planning across the preclinical and clinical program. In the planning
stage, one must also identify potential risks and complications
associated with specific endpoints and develop strategies to mitigate
them within the clinical development program. If, for example, the
development effort would depend on an unvalidated or previously non-
utilized surrogate endpoint, it is incumbent on the managers of the
development effort to define the data and studies required to convince
the regulatory agencies of the validity of such an endpoint. The earlier
one starts considering this issue, the higher the quality of the resulting
studies will be.

It is imperative to use specific endpoints from regulatory precedent, if
available and current; pivotal studies targeting superiority or non-
inferiority to already approved products may depend on them. In
therapeutic areas with no previous developments, or for drugs with a
novel mode of action, selected endpoints must be carefully considered.
They must be clinically relevant, sensitive to intervention, and accepted
by regulatory bodies, policymakers, and the treatment community.
Endpoints can be clinical or nonclinical, measuring clinical changes or
reporting on proximal/distal pharmacodynamic measures and/or
various biomarkers.
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Clinical Endpoints

Clinical endpoints directly assess the patient’s symptoms, physical
function, and/or survival and, as such, are the preferred option
when feasible. They can be reported by the treating physician or by
the patient. The emphasis on clinical endpoints is that they must be
"meaningful". Because many clinical programs utilize endpoints of
limited clinical value, certain tools have been developed to define
what is meaningful in specific clinical endpoints.

Nonclinical Endpoints

If nonclinical endpoints have a proven association with the clinical
condition being assessed, they are surrogate endpoints. Surrogate
endpoints can be used when the specific pharmacodynamic
measure is strongly associated with a clinically meaningful outcome
and appropriate studies validate that relationship. The FDA
provides a list of surrogate endpoints that serve as the basis for
approval and licensure.3? However, non-validated surrogate
endpoints with no well-defined connection to clinical outcomes are
used extensively in accelerated development programs. For
surrogate endpoints that are new or not included in this list, the
FDA proposes a Type C meeting with the sponsor to discuss key
elements of the proposed surrogate endpoint. The agency has
published considerations that the sponsor should address in such a
meeting.3 Surrogate endpoints are used extensively in oncology
drug development. The "gold standard" in oncology endpoints is
"overall survival (0S)", but the observation period required to
define it in each study is lengthy. Therefore, a variety of surrogate
endpoints are typically used, such as Objective Response Rate,
Complete Response, Disease-Free Survival, Progression-Free
Survival, and Time to Progression. However, their relationship to OS
is often poor and varies across cancers and populations. To improve
the relationship between these endpoints and OS, regulatory
authorities have issued various guidances, such as the FDA's
“Clinical Trial Endpoints for the Approval of Cancer Drugs and
Biologics.”3* Overall, specific criteria must be considered when using
surrogate endpoints; it is important to evaluate these criteria before
deciding to proceed with such endpoints.
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Various guidelines, tools, and other resources can assist those who
are involved in the clinical development program in defining the
optimal endpoint. For example, the FDA, in collaboration with the
NIH, has produced a useful guide for the utilization of biomarker-
based surrogate endpoints called BEST* (for Biomarkers, Endpoints,
and other Tools).?® As discussed previously, the FDA has issued
guidance to industry regarding the use of surrogate endpoints in
oncology clinical trials.>* This guidance discusses various
considerations for using such endpoints, as well as statistical
considerations for analyzing them. The EMA maintains a site that
lists all guidelines issued for determining efficacy across various
diseases and symptoms.3® The European Network for Health
Technology Assessment (EUnetHTA) has produced several
documents analyzing endpoint issues that those designing clinical
studies should carefully consider.?”

Composite Endpoints: Advantages and Disadvantages

In certain cases, because of disease complexity or the relative rarity
of a cardinal symptom or major outcome, a single endpoint (clinical
or surrogate) is inadequate to define the intervention's
effectiveness and treatment outcomes. In these cases, more than
one endpoint is needed to assess the drug's effect on various
symptoms, organs, or functions. In such cases, clinical study
designers could use either a composite endpoint that combines
multiple aspects of the disease into a single entity or multiple
endpoints to assess specific elements of the outcome individually.

Composite endpoints usually consist of two or more individual
events combined into a single outcome that represents the clinical
benefit of the treatment. Because using composite endpoints can
significantly affect the quality of a study or development program, it
is worth examining this issue in some detail.

Composite endpoints are employed in two key circumstances: (a) in
diseases that present various disparate symptoms, and (b) when a
single measurement for the outcome of treatment is inadequate in
describing its overall effect. Diabetic gastroparesis is such a disease.
It presents various symptoms such as nausea, vomiting, epigastric
pain, early satiety, and others, not all of which may be manifested in
any given patient. One would need to describe all of them to get an
appropriate understanding of the efficacy of the test medication; (b)
when endpoint component outcomes have a very low rate of
occurrence, combining them into a single endpoint increases the

# It should not be confused with FDA CBER’s BEST initiative
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statistical power of the study. For example, composite endpoints
are frequently used in cardiovascular and heart failure studies
because they capture more treatment-related events in less time
than a single endpoint, such as survival, would.3®

Composite endpoints carry many potential risks, especially when
used to inform treatment decisions, which are the key driver of
most development projects.?® Not all components of a composite
endpoint may have the same clinical “value.” Interpretation may be
vexing. For example, in a clinical study for the treatment of chronic
obstructive pulmonary disease (COPD), researchers who
investigated the use of corticosteroids in this disease combined
death from all causes with intensification of treatment. Based on
this combination, the treatment group was statistically significantly
better than placebo. However, if one examined just mortality (death
from all causes), there was no difference between treatment and
placebo.*® Because composite endpoints can be difficult to
interpret, especially when the event rate of certain cardinal
symptoms differs substantially from others, they should not be used
if a single primary endpoint can be used. Composite endpoint scores
are difficult to interpret clinically. A good example of the dangers of
composite endpoints is the clinical program investigating the
efficacy and safety of domperidone (Janssen Pharmaceutica, Beerse,
Belgium), a dopamine antagonist, in diabetic gastroparesis.*** The
study group created a composite endpoint by combining the known
cardinal symptoms of the disease, such as vomiting, nausea, early
satiety, distention/bloating, and abdominal pain. Symptom
intensity was scored on a scale of 0 to 3. The double-blinded phase
of the study found that the aggregate deterioration symptom score
was 1 point higher in the placebo group than in the domperidone
group (1.84 vs 0.85, respectively; P=0,025).** But what was the
actual clinical benefit of this difference? The composite endpoint
made it impossible to determine this, and the FDA did not approve
the drug for marketing in the US.

Although composite endpoints may be essential in certain
development projects, it is imperative to structure a discussion
between the sponsor and the relevant regulatory authority;
concurrence may be reached if the sponsor presents a well-founded
rationale for using the composite endpoint. Without this
concurrence, the use of the composite endpoint needs careful
evaluation.
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Multiplicity

Many circumstances require clinical studies to investigate a variety of
events that cannot be combined into a composite endpoint.
Interventions in various diseases can change multiple parameters that
need to be assessed. This is the case, for example, in Alzheimer’s
disease, where both cognition and functioning must be evaluated in
different ways. Therefore, using multiple primary endpoints becomes
necessary. Consequently, one must address the issue of multiplicity
when analyzing study results. This is a serious issue because multiple
comparisons increase the chance of erroneous associations unless the
study design and statistical methods are adjusted to account for it. For
this reason, regulatory agencies have issued guidance on addressing
multiplicity. The FDA recently released such a guidance,* and the EMA
introduced a draft update to its original guideline on this issue.*

Failing to account for multiplicity may reduce the study's power. The
conservative approach (the Bonferroni correction) of simply dividing the
alpha (the significance level) by the number of comparisons may
substantially increase sample size and render the study impractical.*®
Other, less conservative approaches can yield acceptable sample sizes.
These include the Holm,* Hochberg,*” Hommel,*® Benjamini, and
Hochberg®® adjustments and others. Careful consideration of the
statistical analysis approach is essential here.

The Study Design Elements’ Effects on Endpoint Values

After selecting the appropriate endpoint(s), the key step in any clinical
study protocol is deciding how to detect the effect of the clinical
intervention. Some studies are purely descriptive, but most studies,
especially those in the pivotal stage, involve hypothesis testing.*®
Usually, hypothesis testing compares the null hypothesis (no difference
between tested groups) to the alternative hypothesis (a difference
between tested groups). A clinical study should provide enough
statistical power to discern which hypothesis, the null or alternative, is
true. Usually, a significance level of 5% is adopted to minimize Type |
error (false positive: difference detected when there is no difference),
and a power of 80-90% to minimize Type Il error (false negative: no
difference is detected when there is actually a difference).

The statistical considerations involved in this exercise require certain
estimates of the primary endpoint to calculate sample size. Statistical
considerations and testing require an estimate of the value and
variability of the primary endpoint in patients receiving the control
treatment (to frame the null hypothesis). These estimates typically
come from earlier clinical studies or epidemiological surveys. For
framing the alternative hypothesis, an estimate is required for the likely
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(or desired) value of the endpoint following intervention with the test
treatment. Such estimates are typically derived from earlier studies in
humans or animals.

Unfortunately, these estimates are often inaccurate because the effort
to define them has not been diligent enough, or because specific study
design elements may modify them (occasionally, to an unknown
degree). This is why many studies fail, as is the case in sepsis. Typically,
all-cause mortality at 28 days is the primary endpoint in most sepsis
studies. However, sepsis mortality has been decreasing substantially
over the last twenty years, and a failure to take this into account
resulted in many underpowered studies that failed to pass regulatory
master. For example, in the study examining the role of Eritoran (Eisai
Co., Tokyo, Japan) in severe sepsis, the observed mortality in the
placebo arm (27%) was lower than the anticipated mortality in the study
design (40%). Thus, because the sample size was based on an estimated
placebo mortality of 40%, the trial did not have enough power to detect
a significant difference between treatment and placebo.*! But the
problem is not confined to a single occurrence. Kaukonen et al.(2014)>?
examined the mortality rate of severe sepsis in Australia and New
Zealand between 2000 and 2012. These researchers found that
mortality progressively decreased during this period and that studies
using mortality estimates from previous years were routinely
underpowered.

In other cases, enrollment criteria significantly modify the key outcome
measure. This has been the case with the pivotal study of rBPI21 (Xoma
Corporation, Emeryville, California, USA) in pediatric meningococcemia.
Again, the key endpoint variable, mortality, was substantially reduced in
the control arm by enrollment criteria, resulting in an underpowered
study that could not support a filing for marketing approval.>?

Dealing with Uncertainty: Adaptive Designs in Clinical Studies

Because of problems defining the event rate in the control population
and the extent of the treatment effect in clinical studies, various
methods have been introduced to modify elements of the study design
while the study is in progress. These design elements, defined a priori in
the clinical study protocol, are called adaptive or flexible. There are
various such designs, fully explored in the literature.>*%> Some
introduce interim reviews by independent boards to assess futility or
adjust the sample size. These are highly recommended when there is
substantial uncertainty about key estimates for the statistical
considerations of a pivotal clinical study, which may lead to setting the
sample size too low and thus underpowering the study.
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3. Operational Risks

The sound execution of a well-thought-out design is extremely important. In
many cases, if adequate attention is not paid to the operational end of a clinical
trial, implementation deficiencies can defeat the intentions of a solid design. In
addition, operational risks can be minimized by carefully considering key
elements of study design that may affect the rate of intercurrent events.

Various metrics can help study management staff monitor the proper conduct
of a clinical study. Establishing these quality and performance metrics allows
study management personnel to assess investigative sites' performance in
implementing the study. Key metrics involve patient recruitment rate, patient
retention, patient adherence to visits, and the accuracy and completeness of
data collection and reporting. Study management must decide the acceptable
performance level for each metric and take decisive action when performance
drops below it. These metrics allow managers to identify possible risks and
assign more resources to higher-risk areas.

In this paper, we will focus primarily on operational issues and metrics that
affect data quality and, therefore, the validity of estimates of the study’s
primary endpoint(s). Operational issues of primary importance are (a) protocol
violations; (b) missing data; (c) rate and number of patients withdrawn and/or
lost to follow-up; (d) the type of study monitoring.

a) Deviations and Violations

Key metrics for assessing clinical study quality include the number and
rate of clinical protocol deviations and violations, the amount of missing
data, and the number of patients withdrawn or lost to follow-up. These
can affect the assessment of specific measurements and the
interpretation of the data, including the primary endpoint. The FDA, in

various guidances, defines these events as “intercurrent events”.%®

There are various definitions for protocol deviations and violations.
Although the existing FDA and ICH guidances do not include a specific
definition of violations and deviations, one can be found in the ICH E3
Q&A (R1) companion document.” In that document, the regulatory
authorities define violations as “important protocol deviations,” which
“are a subset of protocol deviations that might significantly affect the
completeness, accuracy, and/or reliability of the study data or that
might significantly affect a subject's rights, safety, or well-being”.

In summary, a deviation occurs when certain planned events, such as
study visits/assessments, do not occur in accordance with the protocol,
but the deviation is not significant enough to render the subject
ineligible for the per-protocol dataset or to affect the interpretation of
the study results. Deviations that may potentially affect the clinical
question of interest or introduce bias should be described as violations.
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Violations may include abnormalities in informed consent, non-
adherence to the study inclusion/exclusion criteria, unscheduled
unblinding, use of prohibited medication, substantial non-adherence to
visits, which renders this patient's dataset impossible to evaluate for the
primary endpoint, and others.

Study management personnel should prospectively define what
constitutes a deviation or violation in the conduct of each study. For
example, in a pharmacokinetics/pharmacodynamics study, the loss of
certain assessments and visits may prevent definitive determination of
PK and PD parameters, while other intercurrent issues may not result in
an adverse event. Study-dependent issues need to be specifically
addressed a priori in the study management/monitoring plan and in the
study statistical plan.

Other key problems that may affect the estimate of the primary
endpoint and interpretation of the results of the study are (a) missing
data and (b) the rate of patient withdrawal or that of patients lost to
follow-up.

Missing data can result from several causes. Patients may miss
scheduled visits or assessments; patients may not complete
questionnaires fully or appropriately; data may also be lost because
tissue samples have been lost, degraded, or contaminated, or because
testing equipment has malfunctioned. Data is also lost because patients
withdraw or are lost to follow-up. Patients may exit the study for a
variety of reasons: the treatment may be ineffective; it may cause
severe or serious adverse events; patients may be withdrawn by the
investigator for non-adherence or may relocate to an area that makes it
impossible to visit the investigative site; patients may die or develop
another health issue for which treatment is incompatible under the
provisions of the protocol.

There are actions that study designers and operational staff can take to
limit the number of deviations/violations. Many of these intercurrent
events can be prevented or their rate minimized by proper attention to
elements of the study design. The length of the study, the extent of
testing for each patient, the number of study visits, the proper
“windows” for each test/study visit, and/or “tolerance limits” for
specific variables need to be carefully assessed to minimize intercurrent
events. Regarding missing data, there are, of course, imputation
methods, but they are not always the best approach or a good
approximation of reality.
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Monitoring Clinical Studies

Although designing an effective clinical study is important for quality, so
is the monitoring of its conduct. This is essential to providing high-
quality data to answer the key questions posed by the study.

Clinical trial monitoring by the sponsor, the investigative site, and other
relevant authorities (such as institutional review boards or ethics
committees) is a key component of Good Clinical Practice (GCP), a set of
principles within the regulatory framework that govern the design and
conduct of clinical studies.>® The FDA provides a list of guidance
documents for clinical studies at Clinical Trials Guidance Documents |
FDA.

Proper monitoring of the clinical study ensures that:

e The procedures of the study outlined in the clinical study protocol
are consistently applied in the participating investigative sites, and
the safety of the participating patients is not compromised

e The personnel of the investigative sites have the education,
expertise, and capability to perform the procedures of the clinical
study

e The resulting data are collected appropriately and in accordance
with the applicable laws and regulations.

The type of monitoring performed for a clinical study depends on the
guantification of risk and the availability of resources. Briefly, these
types of monitoring can be summarized as follows:

e On-site monitoring that ensures 100% source data verification by
appropriately trained study personnel

e Off-site, remote centralized monitoring (with or without statistically
assisted monitoring)

e On-site or remote (or combination of on-site and remote) risk-based
monitoring

Following the release of the ICH E6 guideline and the initial FDA
guidance on monitoring in 1988, it became the norm for most biotech
and pharmaceutical companies to perform on-site monitoring targeting
100% source data verification (SDV) of entries in case report forms
(CRFs) at regular intervals in the investigative sites conducting the
clinical study. This approach requires substantial resources in both
personnel and funds. It is a conservative approach and should be the
obvious choice for any corporation or organization with the funds and
personnel to support it. However, in the last decade or so, significant
attention has been paid to a risk-based approach to clinical study
monitoring (Risk-based Monitoring; RBM). Various regulatory agencies
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have provided guidance or comments on RBM. The FDA issued guidance
to industry on RBM in 2013.%° The agency also recently released a
“Questions and Answers” follow-up document to this guidance.®!
Obviously, the purported advantage of RBM over an effort that targets
100% SDV is reduced costs for sponsors. The EMA has also issued a
reflection paper on this monitoring method. Despite significant
encouragement from regulatory agencies, risk-based monitoring is not
as widely used as expected because of key issues that any company
attempting to use it must address. In the first place, it is far more
complex to implement than the on-site 100% SDV; it would require
certain revisions to clinical operations SOPs; it is far more
technologically demanding; its success (or failure) will strongly depend
on specific assumptions regarding the potential risks; in addition, there
is a lack of personnel familiar with it or well-trained for its
implementation that a company can access.

An alternative to on-site monitoring is remote centralized monitoring in
which a central location, either at a sponsor or contract research
organization, collects and evaluates data and performance metrics for
the clinical study from the participating investigative sites. This method
requires the use of an electronic data capture (EDC) system. Centralized
monitoring was widely used during the Covid-19 pandemic. Statistical
algorithms can substantially support centralized remote monitoring by
identifying misconduct, anomalies, outliers, and errors. In several
circumstances, centralized monitoring can be combined with risk-based
monitoring, further reducing the need for on-site SDV.

The key question, of course, is how good RBM is compared to 100%
SDV. Few definitive studies address this. Andersen et al.®? evaluated the
error rate of on-site 100% source data verification and risk-based
monitoring involving targeted partial source data verification across
three phase lll clinical trials, totaling 3 million data fields. The
researchers found that on-site 100% SDV vyielded an error rate of 0.25%;
risk-based targeted and partial SDV resulted in an error rate of 0.53%.
The difference was statistically significant (P<0.0001). The authors
discussed that no method yielded a 0% error rate and that the
difference between the industry standard 100% on-site SDV and the
risk-based monitoring approach was “marginal.

Klatte et al.®® compared several monitoring methods in interventional
clinical trials, including the typical 100% on-site SDV, risk-based
monitoring, central monitoring with triggered on-site visits, central
statistical monitoring with annual on-site visits, and targeted SDV either
on-site or remote. There was low certainty regarding the effectiveness
of RBM versus extensive on-site SDV, although resource utilization was
significantly higher for the latter. The same low certainty of
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effectiveness applied to the comparison of central monitoring versus
regular on-site visits with 100% SDV. However, despite the low certainty
of evidence that these methods result in effective monitoring, the
authors concluded that both RBM and central monitoring are promising
strategies that require more extensive examination.

The key problem is, of course, that RBM attempts to reduce the
resources required for effective study monitoring, which should be
attractive to companies with limited resources. However, these
companies may lack the technology and personnel needed to use RBM.
If these essentials are not present, it is advisable to fall back to 100%
on-site SDV.

Data/Safety Monitoring Boards

A key element of effective monitoring is the role of Data/Safety
Monitoring Committees/Boards (DMCs/DSMCs/DSMBs). This type of
board is usually composed of independent experts who review safety
data, including adverse events, changes in vital signs, and clinical
laboratory parameters. The FDA has recently issued draft guidance on
the organization and function of these boards, expanding on the 2006
guidance on DMCs.

DMCs can have access to unblinded data and interim analyses. They can
provide several recommendations to the study sponsor; these may
include early stopping of a clinical study for safety grounds (the number
and severity of adverse events), futility, or a higher-than-expected
treatment effect. A detailed charter for this board is essential; it should
clearly outline the responsibilities of the DMC members, its
composition, the mode of communication with the sponsor,
documentation of these communications, and precise rules for early
study stopping or other proposals.

In studies that use flexible designs, the DMC can potentially be assigned
adaptation responsibilities if there is no adaptation committee,
provided that the DMC has the appropriate expertise. In this case, the
board can examine comparative efficacy data during interim analyses
and recommend actions such as increasing sample size or changing
primary and secondary endpoints.

The proper functioning of this board is essential for the quality of the
study and the protection of patients. In studies using a flexible design, it
is imperative that there is a “Chinese wall” between this board and the
sponsor, and that the required changes are clearly spelled out in the
standard operating procedures. All DMC interactions with the company
should be carefully documented.
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d) Planned Interim Analyses and Early Termination of Clinical
Studies

Although early termination of studies is typically not addressed as a
“quality by design” issue in clinical trials, this relatively frequent event
can mask several quality issues that should be addressed by the
responsible steering committee or a DMC. Several discussions address
the effect of early termination on study data; the treatment below is a
brief introduction to these issues, not a comprehensive review.

A substantial number of studies are terminated before completion, and
this certainly influences the quality of the data collected. Many factors
can lead to the early discontinuation of clinical studies.®® The most
common is slower-than-expected patient accrual.®> % Studies are also
terminated early for safety reasons when a higher-than-expected rate
of serious adverse events occurs. They may also be terminated if the
monitored event occurs at a much lower rate than anticipated.®’ In
such cases, there is little to do beyond ensuring that all appropriate data
are collected correctly and assessing the causes of the low accession
rate or the higher-than-anticipated safety concerns.

However, in this discussion, we will focus primarily on early
discontinuations following protocol-mandated interim analyses.® In this
case, the number and anticipated timing of interim analyses, sample
size, statistical methodology, and precise instructions for the DMC need
to be carefully detailed in the study protocol. All these should be
considered carefully to minimize potential bias.™

Assuming that the interim analysis methodology is well spelled out, such
early terminations can occur because of:

e |nsufficient promise for the treatment effect

e Treatment is superior to control, and continuation of the study
presents ethical issues

In early stopping for efficacy, the primary goal is to minimize the risk of
a Type | error. Two key approaches exist: Group sequential methods
with predefined bounds®® and alpha spending functions. The former are
well established and carry very low regulatory risk. The latter allows
more flexibility in the setting of the timing of the interim analyses.

§ Interim analyses can also be used for various requirements of adaptive study approaches, such as
sample size recalculation, changes in primary endpoint, study enrichment and others. Such issues fall
outside the purpose of this monograph

™ Bias is a significant issue in clinical trials. Although not explored in detail in this paper, practitioners
should be aware of it. Interim analyses, even if carefully constructed statistically, may introduce potential
bias to the conclusions of the study
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When the interim analysis indicates insufficient promise of treatment
benefit, clinical studies are terminated for futility. Futility analyses
utilize group sequential methods (as discussed above) or conditional
power. In a review of studies terminated early for futility, Walter et al.
(2020) determined that the early terminations were reasonable in the
cases examined, but the documentation of the process was inadequate.

Interim analyses pose a significant challenge to quality. They may
introduce a bias depending on when they occur within the study. For
example, if a study is terminated early for efficacy, the smaller sample
size may not be representative of the patient population as a whole. If
that population includes mostly patients from only a fraction of the
participating sites, it may not represent the typical treatment approach
across a wide variety of institutions that treat the disease/syndrome in
question. Therefore, those who manage and analyze the clinical study
must carefully address potential bias. A great example of the bias
introduced by early termination is the story of the development of
recombinant activated Protein C (raPC). The pivotal clinical study of this
biologic agent in severe sepsis was terminated after the 2" interim
analysis (1690 patients randomized and treated out of the 2280
planned). This interim analysis found that the raPC-treatment arm
showed a decrease in mortality compared to placebo.®® Based on these
results, the study was terminated at this stage, and this therapeutic
agent was eventually approved for marketing. However, a follow-up
study that randomized 2640 patients and was completed normally did
not find any mortality benefit for raPC in severe sepsis;’° This biologic
was eventually withdrawn from the market in 2011.

VI.  Artificial Intelligence and Quality by Design in Clinical Studies

A.

Introduction and Definitions

There is currently a lot of excitement in many fields of scientific endeavor about the use
of Artificial Intelligence (Al) and Machine Learning (ML). Al consists of computer
processes designed to imitate human intellectual reasoning, discover patterns, and
learn from past experiences (data). ML is a key Al process that builds models based on
existing data and uses them to make predictions. ML is a subset of Al that can analyze
large amounts of data, extract patterns, and make predictions without being explicitly
programmed for these tasks. These technologies have generated significant interest in
their potential to transform and accelerate development efforts. There is a lot of hype
regarding Al and ML in clinical development (and many ardent advocates), but what is
the reality? This is a difficult question to answer. We are at the beginning of using these
modalities, and key regulatory agencies appear to have “thoughts and ideas” but not
much definitive guidance, at least not yet.
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Regulatory Response to Al in Pharmaceutical Development

There is little doubt that the advent of Al and ML in drug discovery and development
has challenged regulatory agencies such as the FDA and EMA. The FDA has recently
released a couple of concept documents intended to facilitate discussion on the
challenges of using Al in medicinal products, as well as on the use of Al and ML in drug
discovery and development. One of these documents discusses how the agency intends
to establish a framework to regulate the use of Al in medical products.”* The FDA has
also released a discussion paper regarding the potential use of Al and ML in the design
and conduct of clinical trials.”> The agency has identified several areas in drug discovery
and development where Al/ML may be assistive.

The EMA has also produced several documents on the use of Al/ML in medicinal
product development. EMA’s key reflection paper on the use of Al in the medicinal
product lifecycle examines the use of Al/ML in product development and marketing
authorization and in the post-authorization period.”® The EMA proposes a risk-based
approach for Al/ML in drug development, and it promises that advice on risk
management will be included in future regulatory guidances.”

Although the use of Al/ML in drug discovery is probably better delineated, its role in
development, given existing regulations, remains ambivalent. For the purpose of this
discussion, “development” will be defined as preclinical and clinical testing of a
pharmaceutical compound

Al/ML in Preclinical Testing

Preclinical testing is an essential part of development for any drug or biologic. It
determines the efficacy, toxicity, and pharmacokinetic/pharmacodynamic (PK/PD)
profile of these medicinal entities across various animal species prior to their entry into
first-in-human testing. Technologies that can accelerate this stage of development
and/or provide more dependable results can have a critical impact on overall
development. Thus, the interest in Al/ML, again within the milieu of regulations, which
certainly create specific bounds for these technologies

The FDA’s Modernization Act 2.0 of 2023 has removed the mandatory requirement for
animal pharmacology and toxicology studies and has allowed the use of validated non-
animal-based methods, providing impetus for the use of Al/ML in preclinical testing.”
To be sure, the FDA has outlined a “roadmap” to achieve this, and its key provisions
currently concern monoclonal antibodies.”® The “new approach methodologies” (NAMs)
introduced with this modernization include Al-based/assisted toxicology, organs-on-
chips, and human-relevant in vitro systems to assist in exploring the pharmacology and
toxicology of drugs and biologics before first-in-human testing. To be acceptable to the
agency, NAMS need to be validated (or be capable of validation) and/or possess a strong
scientific rationale. The truth is that, at the time of writing this document, we are
nowhere near that, and the FDA has not even amended the code of regulations
governing the filing of INDs. This may happen in Modernization Act 3.0, whenever the
FDA plans to release it. For the time being, NAMs are an interesting notion, and the use
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of Al in any of them is alluring, but nothing is close to reality. Those involved in
development should be aware of this; and they should be aware that this is a fast-
changing field that needs to be monitored closely™

Beyond the potential use of Al/ML in NAMs, it can also be useful in providing
information in other areas of preclinical testing, such as identifying the best animal
models to use and how data from testing in these models is interpreted and utilized.””
However, one should be very careful regarding possible conclusions or predictions from
Al/ML. It is certainly strongly recommended that results are examined carefully by a
toxicologist or other well-trained professionals. The problem is that the data sets
available to be used by these methodologies are small and many are proprietary. In
addition, any predictions of toxicity based on Al/ML information must dovetail with a
mechanistic explanation of how the drug works, to make them plausible.

Another potential application of Al/ML is in PK/PD modelling. Although it is relatively
routine to predict the pharmacokinetics of compounds destined for clinical trials based
upon preclinical studies, the real value of such predictions only comes when these are
linked to drug effects, i.e. pharmacodynamics. In summary, PK/PD modelling is an
essential activity during preclinical testing. Of course, PK/PD modelling is not new.
PK/PD information can certainly be collected in vivo, although such an effort is certainly
challenging and expensive. Models can complete information partially collected from
animal testing. The modelling effort, based on the accumulation of information from
actual experiments can provide an interesting capability in defining the drug
“movement” within the body through various tissues. These models are mathematical
algorithms that can predict the concentration of a given drug/biological in various
compartments. A more intelligent dosing can be devised for both animal and human
testing based on that information. In addition, knowing or estimating the amount of
drug/biological compound in the tissue of interest and correlating it to the recorded
reaction of the said tissue provides valuable information on the utility of the tested
drug. Several animal species can be modelled, if of interest. A variety of

1t It is interesting to note here that in 2016, the EMA released a document on its ideas of the reduction of
animal testing. This 3Rs document (Replacement, Reduction, Refinement) is in “spirit” similar to the
FDA'’s road map for reduced testing. But there was very little that was concrete in that document. There
were certain suggestions for regulatory acceptance of NAMs but matters were not concrete. So, recently
the EMA has released a concept paper that intends to provide some ideas to the industry as to where the
agency is heading. In the concept paper, there is discussion about the utilization of microphysiological
system (MPS) models, but the agency is frank in stating that the incorporation of these technologies is
challenging with a critical hurdle being the establishment of robust qualification of these systems for
context of use (CoU). The agency proposed to draft a document for tightening definitions and
terminology and produce a road map for the general qualification of NAMs. For the purposes of all
these, a drafting group may be organized to amend the existing guideline. An industry consortium (the
International Consortium for Innovation and Quality in Pharmaceutical Development) has been
organized and the summary of a 2022 Workshop with the FDA is generally available to those interested
(Baran et al; ALTEX 2022; 39: 2)
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pharmacokinetic/ pharmacodynamic models and associated routines have been
developed over the last few decades. There are two key approaches with the utilization
of ML in modelling. One of these tends to replace the current approach with data-driven
approaches, while the other simply assists traditional modeling processes. In general,
data-driven ML models lack biological/physiological considerations and have generated
doubts that they are reliable enough or accurate enough.”® Future developments will
determine how effective Al/ML may be in PK/PD modeling.

Al in Clinical Development

The focus of the possible use of Al/ML, is, of course, on clinical development,
considering the expenses’ and the rates of failures in this area of pharmaceutical
research.® We described in Section V.2 the many conceptual risks in the clinical
development of drugs. These arise from various information gaps, such as an
incomplete understanding of the pathophysiology of the disease, disease progression
and penetration and by poor understanding of the mechanism of action of the test drug.
Al/ML can help by accessing substantial amounts of information that many investigators
have difficulty collecting considering the number of publications and databases in the
field of biomedicine. In addition to that information, Al can provide extensive scientific
information pertinent to the drug of interest that would have been challenging to obtain
otherwise. It can examine and summarize various related clinical studies and provide
pertinent real-world data (RWD).8! The latter includes disease registries, health records,
medical claims data, and publications of cases studies.

Beyond providing and summarizing existing information pertinent to the field of study,
Al/ML can potentially have other uses. For example, it can assist in the effort to design
better protocols for clinical studies. There are Al tools and routines that can predict the
likelihood of a successful outcome of a given clinical study. They achieve this based on
information available for the drug target, the results of the Phase 2 studies (for Phase 3
study predictions), or from previous clinical trials in the same or similar
indications.8%8%84 ASCO has recently issued a challenge for Al tools to predict the
outcome of specific endpoints in oncology clinical trials.?> Also, Al/ML can suggest
specific biomarkers that influence the outcome. These can assist in patient stratification
in certain clinical trials. Li et al. (2015) 8 developed and validated a model predicting
response to the cancer drugs Erlotinib and Sorafenib using a tumor cell line panel to
identify gene expression that was sensitive or resistant to Erlotinib treatment (using the
median ICsp value as a cutoff). This is just one example of the use of omics** to discover
and validate biomarkers that can be used to predict outcomes both in the clinic and in
clinical studies. A review of such studies by Glaab at al. (2021)% highlights their utility in
such efforts, in utilizing the validated biomarkers for patient stratification in a variety of
clinical studies. Using such tools can produce a protocol with a higher possibility of
providing a successful outcome for the test compound, although the regulatory

# Omics refers to large scale studies of biological molecules in an organism and it includes genomics,
transcriptomics, proteomics, metabolomics, and epigenomics.
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acceptance may not be particularly assured. Human judgment and experience remain
crucial!

Al processes have also been used to predict possible study outcomes based on the
selected design and existing data on the disease and pathophysiological processes.2®
Al/ML can also help identify risks in the designed studies and the overall clinical
development program. The risks that Al/ML can identify include toxicity, efficacy and
regulatory approval and it can do this by carefully evaluating the chemistry of the tested
drug/biologic, preclinical data, the disease that is targeted, the genomics that are known
regarding the disease, gene expression (transcriptomics) and proteomics known, as well
as the molecular pathways and interactions that constitute the drug target. In addition
to all these, RWD and previous studies are examined for clinical outcomes for
predictions of toxicity, efficacy, and regulatory approval. #

Another potential area for Al/ML is selecting the best dose (or dose range), mainly in
first-in-human clinical studies. Al, using predictive algorithms, prior information, and
preclinical testing data (PK/PD), can estimate potential risks, drug concentrations at
target, and pharmacodynamic effects across doses of the test drug. It can therefore help
define the number of doses to administer in dose-escalating Phase 1 studies, speeding
development, reducing costs, and minimizing the number of patients that need to be
enrolled.®® The FDA has recently decided to proceed with a pilot program to assess the
use of Al-based technologies in improving the efficiency and speed of early-phase
clinical trials (mostly first-in-human clinical studies). It stated that it will attempt to do so
without compromising the scientific rigor and compliance with existing regulations. To
support this pilot program, the FDA has posted a Request for Information (RFI) at
Regulations.gov (https://www.regulations.gov/document/FDA-2026-N-4390-0001).
Those interested may post comments, although the closing date for these was May 29,
2026.

Areas in which Al/ML have shown some promise is in assisting with patient selection by
refining the enrollment criteria for the contemplated clinical studies. Patient
recruitment and retention are critical issues in clinical development and the cause of
early termination of at least one third % of Phase Ill studies.®*2 Al/ML may help by
expanding eligibility criteria; Liu et al. (2022) developed Trial Pathfinder, a
computational framework that integrates real-world data and systematically analyzes
the hazard ratio for overall survival across cohorts defined by different eligibility criteria.
Analysis using this framework showed that many exclusion criteria in oncology studies
do not contribute substantially to the effectiveness and robustness of the study, and
that removing them from protocols would double the number of eligible patients.
Finding the right patients is crucial to demonstrating a drug effect. Verstovsek et al.
(2024)°* used and validated an ML approach to identify polycythemia vera patients at
higher risk for thromboembolic complications after starting hydroxyurea.

Other efforts have been tentative and mostly theoretical so far. One of those has been
study enrichment, an effort to select patients for a study whose test results and
analyses indicate they are more likely to respond to the test compound than others.
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Obviously, there are many regulatory issues with an approach in which an Al algorithm
monitors and selects these patients. The FDA has identified certain issues here and has
outsourced a project to a select group of researchers.®® Various groups have provided Al
platforms for enrichment.

Still, anticipated Al/ML breakthroughs should be weighed against meaningful limitations
and risks. Al/ML is constrained by the datasets available to it—datasets that often
contain gaps and may embed systematic bias. Moreover, such data may not be
representative: (a) much of the evidence comes from clinical studies with
heterogeneous eligibility criteria, and (b) real-world data (RWD) are frequently drawn
from narrow, fragmented populations. In practice, Al/ML summaries may also implicitly
treat RWD variables as independent variables and similarly distributed across settings,
an assumption that is commonly incorrect. Finally, when the underlying
pathophysiology is novel, the target has not been previously addressed, or the
mechanism of action is new, existing data are unlikely to provide reliable guidance or
outcome predictions. For these reasons, the challenges remain substantial, and a
cautious approach is warranted.

Al routines in clinical studies and regulatory compliance

Therefore, Al/ML routines that may be included in any given clinical study protocol, such
as those that may determine dose or study “enrichment”, must be fully documented.
Although it is not “fleshed out” in the FDA discussion paper, the EMA document
specifies that the use of Al/ML in clinical study procedures (patient enroliment,

treatment allocation, etc.) must conform to the ICH E6 Good Clinical Practice guideline.®

Such efforts can also be rolled over in Model-Informed Drug Development (MIDD)
programs. As discussed previously, MIDD approaches integrate nonclinical experience,
dose optimization, and disease progression models (DPMs) to better inform drug
development, reduce the number of clinical studies required, and design studies to
better provide key answers to the proposed hypothesis. Very recently, ICH produced a
draft guideline (ICH M15) on the use of MIDDs in development, which includes a
proposed outline for sponsor interactions with regulatory agencies in clinical studies
informed by MIDDs and associated activities.?® Considering the inputs for MIDD, Al/ML
appears as an optimal synergistic partner. However, much depends on the data used
and the team's experience.

Al in Regulatory Submissions Review

Although not part of this discussion on QbD, designers, planners, and analysts of clinical
studies should become increasingly familiar with regulatory agencies' use of Al. For
example, the FDA uses its own Al tool, Elsa, to assist employees with a variety of
regulatory activities, such as reviewing protocols and submissions and examining
adverse events. In addition, the FDA has recently consolidated disparate applications,
submission data sources, and ports into a new platform called HALO. HALO and Elsa 4.0
can be used to query and analyze submitted data. The FDA’s Al tools can scan
documents to identify and highlight potential inconsistencies, so those submitting data
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to the FDA must carefully screen their submission packages using similar tools and
correct any issues identified this way. However, these tools carry inherent risks, and Al-
to-Al interactions can introduce errors.”’

Discussion

Regulatory agencies and the pharmaceutical industry have placed significant emphasis
on quality by design (QbD) over the last decade and a half. How effective has this
strategy been? Higher quality would mean a higher rate of successful clinical studies
and, therefore, more new drugs and biologics approved. Certain data seem to support
this. Smietana et al. (2016) examined success rates by phase of development and found
that the rate of cumulative success (Phase 1 to Phase 3) declined substantially between
2000 and 2011 but registered a modest increase from 2012 to 2014. There has certainly
been an increase in new drugs and biologics approved starting from 2012 onward (with
the glaring exception of 2016).°8 The average number of drugs and biologics approved
per year between 2000 and 2012 was 20.8 and 5.5, respectively. But between 2013 and
2022, the annual approval rate for NMEs and biologics increased to 31.4 and 11.7,
respectively.®® But was the effort to instill QbD in clinical studies responsible for this?
Around the same time approvals of new pharmaceutical entities began to improve, the
FDA started its “modernization” drive (FDASIA). A variety of regulatory paths were
devised that sped up reviews and lowered approval requirements.®® In certain years,
the plurality of approvals was obtained through these new accelerated pathways. 00101
Therefore, the relatively small increase in Phase 3 success rates reported by Dowden
and Munro from 2015 to 2017 may reflect the new regulatory pathways rather than an
increase in study quality.1? Looking at FDA approvals in 2024 gives a good idea of how
changes in regulatory procedures may have increased the number of approved
medicinal entities. Last year (2024), the FDA approved 50 new pharmaceutical entities:
32 small molecules (drugs) and 18 biologics. Of these, 27 had received priority review
designation, and 7 were approved in an accelerated process based on success in
surrogate endpoints.'?! Therefore, a case can be made that the increase in approvals in
the last decade was due mainly to procedural changes and novel regulatory pathways,
rather than to the introduction of QbD principles. In fact, considering the substantial
increase in the number of clinical studies in the last decade,%3 the failure rate does not
appear to have diminished.

The causes of clinical trial failures remain a field of intense investigation. For example,
Hwang et al. (2016) investigated 640 pivotal (Phase 3) studies of novel therapeutics and
found that 54% of them failed. Of those that failed, 58% did so because they did not
demonstrate adequate efficacy.'®* Efficacy failures are caused by inadequate design,
poor endpoint selection, and underpowered studies. As we discussed previously, it is
not uncommon to underestimate the control's efficacy, leading to underpowered
pivotal studies. Unfortunately, pressure to obtain approval as quickly as possible due to
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funding and investment pressures undermines key elements of QbD, with no time
allotted for an in-depth investigation of all key parameters in the planned studies.

Some reasons for failures in the pivotal stage stem from flawed clinical development in
earlier phases. To be fair, it may not always be the fault of those designing the studies.
In certain therapeutic areas, such as oncology, typical Phase 2 protocols and endpoints
do not provide enough information to design pivotal studies, as Retzios (2010)
previously discussed.1%

However, QbD can overcome certain problems inherent in development in challenging
therapeutic areas such as oncology. Kim et al. (2023) analyzed the success factors of
clinical studies by examining data from approximately 24,000 clinical trials conducted
between 2010 and 2020. The analysis showed that companies with substantial clinical
research experience and several previous approvals were more likely to succeed in their
development programs than companies that lacked this experience. This is further
reinforced by the analysis of pivotal trial successes by Hwang et al.(2016)%, who, after
examining the success rate of late-stage clinical studies of investigational drugs from
2008 to 2015, found that experimental agents sponsored by small or mid-sized
pharmaceutical companies have a lower likelihood of approval than those sponsored by
large pharmaceutical companies. This study strongly emphasizes the need to build
teams with development experience and expertise and to remove organizational and
communication barriers to facilitate their work, as discussed in Section V.B.1 of this
document. Pharmaceutical and biotechnology companies should build on the expertise
they have developed, analyze failures, and identify organizational risk factors based on
their accumulated experience. The analysis also showed that the presence of scientific
collaborators improved success rates, strongly reinforcing the point that increasing
scientific knowledge of the disease being addressed in development and the
drug/biologic's mechanism of action is an essential element of quality. Yamaguchi et al.
(2021)1% further amplified these considerations by examining success rates by target.
An interesting finding in that study was that success rates were lower in areas where the
drug mechanism may not have been fully understood. We discussed earlier (Section V.
2) the negative effect of not fully understanding a drug's mechanism of action on
success; this publication appears to confirm it.

Some pharmaceutical companies are better at this than others, although the record is
not particularly clear. Schumacher et al. (2025)1%7 analyzed the likelihood of approval
(LoA) of new medicinal entities (NMEs) for 18 major pharmaceutical companies
between 2022 and 2026. The average LoA was 14.3%, but it varied substantially among
these companies, with the lowest being for AbbVie (8.1%) and the highest for Amgen
(22.8%). There may be various reasons for this discrepancy among major
pharmaceutical companies, but the results show that organizational factors are
important to quality in pharmaceutical development. Unfortunately, no guidance can
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address organizational matters, internal communication, interpersonal relationships,
hiring competent people, etc.

Why is QbD difficult to introduce in clinical development? The main reason is that
clinical studies have too many “moving parts.” There are many actors, such as the
sponsor’s management teams, CROs, investigative sites, medical monitors, advisory
boards, DSMs, and assorted experts, who participate in planning and conducting clinical
trials. How well all these disparate characters mesh into planning and conducting a
clinical study depends greatly on the sponsor’'s management team; in many cases, that
team does not rise to the occasion. As mentioned in Section V.B.1, many companies
simply lack the corporate culture and organization that allow the free exchange of
information and ideas; training is uneven, decision-making is uncertain, and
communication among study personnel is spotty. Imposing quality in that process
requires determined individuals with excellent training and experience, and this is not
always the case.
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