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Drug development typically consists of conducting multiple studies to eval-
uate a compound’s efficacy, side-effect profile, and risk management strat-
egies. The initial phase involves preclinical testing in vitro -primarily to con-
firm mechanistic target engagement, such as receptor binding and affini-
ty- followed by animal studies to assess desired pharmacological effects,
pharmacokinetic properties, and toxicology. Once preclinical findings suf-
ficiently demonstrate both efficacy and safety, the compound can proceed
to evaluation in humans.

Clinical trials are conducted in human subjects and are typically catego-
rized into three types, as defined by the European Medicines Agency (EMA):
human pharmacology, safety and efficacy, and special populations.' The
earliest human study, known as a First-in-Human (FIH) trial, is designed to
closely monitor safety and pharmacokinetics (i.e., absorption, distribution,
metabolism, and excretion). Desired pharmacodynamic outcomes can also
be evaluated during this stage.? To minimize confounding factors, these FIH
trials are often conducted in healthy participants, thereby offering a clearer
assessment of side effects unclouded by disease symptoms. Additionally,
healthy subjects are typically more readily recruited, facilitating a faster start
to clinical development. These studies in healthy volunteers are commonly
referred to as Phase 1 studies.

Following favourable Phase 1results—demonstrating safety and suitable
pharmacokinetics—trials move on to the patient population. Early patient
studies aim to identify an effective dose, evaluate safety in the target group,
and verify the drug’s underlying concept. Such trials are generally called
Phase 2 studies. Larger, adequately powered studies that definitively test
a drug’s efficacy are referred to as Phase 3. By the time a drug reaches ad-
vanced clinical development, the combined outcomes of Phases 1, 2, and
3 must demonstrate both safety and efficacy, as well as a clear advantage
over existing treatments.

To achieve this proof, the final stage before registration typically involves
a trial in the intended patient population, using endpoints that drug regula-
tors recognize as clinically meaningful. Known as clinical outcome assess-
ments (COAs), these endpoints are often tied directly to the patient’s quali-
ty of life. COAs may be patient-reported, observer-reported, clinician-rated,
or part of a standardized performance measure.? For instance, in patients
with epilepsy, a reduction in seizure frequency is widely accepted as a rel-
evant outcome. Other examples include improved scores on daily-life ques-
tionnaires completed by asthma patients or increased walking distance in
the 6-minute walk test for individuals with Duchenne muscular dystrophy.3

ECOLOGICAL VALIDITY OF BIOMARKERS IN DRUG RESEARCH

Progressing from a FIH trial to these large-scale registration studies is both
lengthy and expensive. Moreover, the likelihood of success is relatively
low—only around 10% of drugs entering clinical development ultimately
achieve registration.* Although precise figures are infrequently disclosed,
costs are estimated at around 500 million euros per approved drug, exclud-
ing expenses related to failed compounds.®

The clinical ‘funnel’ can be illustrated by the transition probabilities be-
tween phases—Phase 1to Phase 2, Phase 2 to Phase 3, and Phase 3to reg-
istration—with the majority of terminations occurring in Phase 2.4 The rela-
tively higher success rate in progressing from Phase 1to Phase 2 is often
attributed to the narrower focus of Phase 1 studies on safety and pharma-
cokinetics, as well as the solid pharmacological data collected from ani-
mal models.

In contrast, moving from Phase 2 to the large Phase 3 registration trials
is less frequently successful. This juncture is considered critical because
trial sizes and associated costs escalate significantly, making failures more
financially consequential.> To mitigate risks, drug developers strive to gath-
errobust evidence early in development and conduct smaller, proof-of-con-
cept studies with sensitive assessments. These approaches help reduce
the likelihood of unfavourable outcomes during registration trials.

One strategy aimed at curbing development costs is a phase-agnos-
tic, question-based framework called Question-Based Drug Development
(@BDD). This method emphasizes systematically asking the most critical—
and riskiest—questions early. It encompasses six core questions spanning
the drug’s path through the human body, from ‘Does the drug reach its site
of action?’ to ‘What are the on-target and off-target pharmacological ef-
fects?’ By directly translating these questions into study objectives and pri-
oritizing them according to each drug’s financial risks, early failures can be
identified, thus reducing unnecessary later-stage expenditures.®

Even with @BDD principles, a considerable gap remains between ini-
tial patient studies and large, costly registration trials. Early patient studies
(often termed Phase 2a) typically focus on target engagement—demon-
strating that the drug modifies the disease’s underlying pathophysiology.”
Subsequent Phase 2b studies frequently resemble small-scale registration
trials, employing the same COAs as in Phase 3. Unfortunately, these tri-
als may be underpowered due to smaller sample sizes. The potential for
false-positive (Type I) errors could lead to failure in Phase 3 and major finan-
cial repercussions, while false-negative (Type Il) errors might cause prema-
ture abandonment of promising therapies.

CHAPTER 1 — INTRODUCTION
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Ideally, Phase 2b studies should incorporate endpoints that balance the
mechanistic accuracy of Phase 2a measures with the real-world relevance
of Phase 3 CcOAs. These ‘bridging’ endpoints are more precise and less
variable than standard COAs -thus requiring fewer participants- yet are still
closer to real-life outcomes than basic mechanistic readouts. In essence,
they serve as an intermediary step between early proof-of-concept and full-
scale clinical outcome assessments, aiding in a more reliable transition to
successful Phase 3 trials.

BIOMARKERS

Biomarkers are objective measures of biological processes, states, or con-
ditions that play a central role in evaluating safety and efficacy throughout
drug development.? Typically classified into two main groups — ‘safety bio-
markers’ and ‘response biomarkers’- they support clinical decision-mak-
ing by providing early and reliable indicators of a drug’s performance.®° An
ideal biomarker should be safe, easy to measure, and cost-effective, while
also meeting key technical requirements such as sensitivity, specificity, re-
producibility, repeatability, and cross-species translatability.

Pharmacodynamic biomarkers quantify the biological response to a ther-
apeutic intervention, providing direct evidence of target engagement and
effect on the disease pathway. By reflecting the mechanism of action of a
drug, these markers facilitate dose selection and enable monitoring of treat-
ment efficacy. Pharmacodynamic biomarkers can help researchers bridge
the gap between preclinical findings and human studies, as they deliver
measurable endpoints that validate the compound’s intended action early
in clinical development. This is called proof-of-concept.

Surrogate endpoints, derived from validated biomarkers, serve as proxy
measures that can predict or correlate with clinically meaningful outcomes,
potentially accelerating drug development and reducing costs by providing
an earlier readout of treatment efficacy or disease progression.® However,
these endpoints are only referred to as surrogate endpoints when drug reg-
istration authorities formally accept their use in place of COAs that reflect
patient symptoms and quality of life. Such acceptance requires extensive
evidence demonstrating a strong correlation between the surrogate end-
point and the traditional clinical endpoints, ensuring that it reliably reflects
the ultimate clinical benefit or risk. As a consequence, surrogate endpoints
are seldom approved and rarely used. Nevertheless, in instances where a
surrogate endpoint is thoroughly validated and mechanistically linked to

ECOLOGICAL VALIDITY OF BIOMARKERS IN DRUG RESEARCH

the disease pathway, it can facilitate smaller, more efficient proof-of-con-
cept studies without compromising scientific rigor.

COAs in drug registration studies evaluate clinically meaningful benefits,
such as improvements in symptoms, function, or quality of life. Because
COAs often rely on clinician-based evaluations, subjective patient-report-
ed outcomes, or a combination of the two, they inherently introduce vari-
ability in the data. As a result, larger sample sizes are typically required in
(phase 3) registration trials to ensure sufficient statistical power to detect
true treatment effects.

Biomarkers used in the above-mentioned bridging trials should present
a more real life setting and/or have a high relevance to the real-world con-
text. The term often used to describe this characteristic is ecological validity.

ECOLOGICAL VALIDITY

The term ecological validity is frequently used in the field of (neuro)psy-
chology and often confused with external validity and mundane realism.""
Whereas external validity concerns the generalizability of findings to var-
ious populations, settings, and points in time, mundane realism relates
specifically to how closely an experimental setting mirrors everyday life.
Ecological validity may incorporate elements of mundane realism to deter-
mine whether the study’s variables and conclusions are truly relevant and
applicable to real-world contexts. By contrast, external validity extends be-
yond ecological validity by examining how well a study’s results can be ap-
plied to a different target population. These differences are often misun-
derstood and can complicate the interpretation of the literature on ecolog-
ical validity."

Within this thesis, ecological validity refers to the degree to which bio-
markers used in earlier phase trials can be generalized to the clinical and
demographic conditions of the COAs used in registration trials, encompass-
ing both trial settings and study populations. Although the use of the term
ecological validity for this phenomenon is not common, the term is used
across studies — spanning aviation research,” mild cognitive impairment,’
Parkinson’s disease,*'® and treatments involving benzodiazepines™ or
medication for opioid use disorder”- and reflects the pursuit of more real-
istic approaches to testing pharmacological interventions. Proposed strat-
egies for enhancing ecological validity include integrating mobile phone
data,”® employing more detailed gait analyses,™ and utilizing virtual reali-
ty.2°?' However, the ecological validity of biomarkers in the early stages of

CHAPTER 1 — INTRODUCTION
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drug development is rarely examined, limiting insights into biomarker po-
tential and potentially affecting how results are interpreted.

RESEARCHOBJECTIVEAND STRUCTURE OF THISTHESIS

The aim of this thesis is to identify highly ecologically valid biomarkers for
early phase clinical drug development and evaluate the ecological validity.

An example of translating clinical findings into measurements more
relevant to real life is the study examining driving behaviour, described
in Chapter 2 of this thesis. This research focuses on biomarkers that as-
sess the potential effects of pharmacological compounds on driving per-
formance, as impaired driving carries significant safety risks. On-the-road
driving tests, widely regarded as the gold standard with strong ecological
validity, have traditionally been used to measure these effects.?? However,
these assessments are both time-consuming and expensive, as well as lo-
gistically complex to implement.

This study proposes using a driving simulator as an intermediate tool
that bridges the gap between fundamental, laboratory-based evaluations
of aspects of driving behaviour and the real-world on-the-road tests man-
dated by regulatory bodies such as the FDA.?3 While simulators inherently
exhibit lower ecological validity than on-road driving tests, they offer high-
er ecological validity than psychomotor tests focusing on hand—eye coor-
dination. Through the use of sleep deprivation to induce impaired driving
performance, the study investigates how well results from these methods
translate to one another. This tiered approach provides a structured path-
way for assessing medication-related effects on driving before advancing
to on-the-road trials.

Another bridging study between the clinical research unit and a real-life
setting, described in Chapter 3 of this thesis, uses a biomarker that eval-
uates a potential increase in fall risk. A commonly employed biomarker of
postural stability in early-phase clinical trials is body sway, measured while
individuals stand still with eyes closed. The total horizontal sway over a
defined period is compiled into a single endpoint, and an increase in this
metric generally signifies diminished stability, assumed to be associated
with a greater likelihood of falling. However, actual fall risk is not directly
measured, introducing uncertainty about potential safety concerns in lat-
er-phase drug development. An outcome measure that can be assessed
in healthy volunteers but has higher ecological validity can be expected to
have stronger predictive value for real-world fall risk in future trials.

ECOLOGICAL VALIDITY OF BIOMARKERS IN DRUG RESEARCH

In this chapter, we aimed to validate the previously described Interactive
Walkway (Iww) for evaluating drug-induced effects. In the study described,
we induced a mild fall risk by administering a benzodiazepine to healthy
older adults and comparing its effects to a more selective hypnotic agent
and placebo. The Iww offers higher ecological validity and greater speci-
ficity to fall risk compared to the body sway test. Additionally, the Timed Up
and Go (TUG) test was included — a brief walking assessment in which par-
ticipants stand from a chair, walk three meters, return, and sit down again.
Finally, we assessed the ecological validity of each task within the context
of the study findings.

Chapter 4 describes our efforts to develop a more ecologically valid
method for quantifying muscle handgrip strength. Although grip strength is
routinely used as an objective measure of muscular function in clinical trials
and is often abnormal in patient populations, it does not adequately cap-
ture the functional outcomes relevant to patients’ daily lives. An increase in
grip strength alone is insufficient for regulatory approval; regulatory agen-
cies require COAs, such as the 6-Minute Walk Test (6MWT), survival metrics,
ortimed chair-stand tests, which typically involve larger patient populations
to detect clinically meaningful changes.

Emerging tools like PowerJar offer a better balance between quantifiabil-
ity and ecological validity. Opening ajar, for instance, demands more than just
hand grip and can also reflect the challenges posed by a unilateral impair-
ment. PowerJar provides a more functional, contextually relevant measure
of muscle strength than traditional grip strength, while offering higher reso-
lution — and thus greater precision- than tests like the 6MWT. By more closely
mirroring real-world tasks, PowerJar may serve as a more meaningful tool for
assessing and demonstrating clinically relevant improvements in strength.

Chapters 5 and 6 of this thesis describe our initial efforts to establish a
pain model that incorporates an affective component into a purely noci-
ceptive task. Traditional pain assessments, which focus primarily on noci-
ceptive processes,?* may overlook drug effects that alter pain perception
via emotional modulation. Anxiolytics, for instance, could be beneficial for
pain management but are not typically evaluated with biomarkers that cap-
ture the emotional response component in healthy volunteers. By integrat-
ing an affective dimension into an evoked pain task, we enhance its eco-
logical validity.

In many chronic pain conditions, the emotional response is believed to
significantly influence the perception of pain.252¢ To replicate this aspect in

CHAPTER 1 — INTRODUCTION
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healthy volunteers, we increased the emotional response to pain through a
virtual reality simulation that displays skin damage at the site of the painful
stimulus. This novel addition to the nociceptive testing battery was initially
examined for repeatability and validated using patient-reported outcome
measures. Subsequently, a first clinical trial was conducted with a drug
known to suppress emotional responses, advancing our understanding of
how the affective component interacts with pain modulation.

Finally, Chapter 7 presents the findings from these studies and discusses
the evaluation of the biomarkers. Current literature on frameworks for as-
sessing ecological validity is reviewed, and a new structured framework is
proposed. This framework enables a standardized approach to quantifying
the ecological validity of both existing and novel biomarkers, thereby pro-
moting more effective use of biomarkers in early-phase clinical drug devel-
opment and enhancing overall efficiency in the drug development process.

ECOLOGICAL VALIDITY OF BIOMARKERS IN DRUG RESEARCH
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