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Ecological validity refers to the extent to which a biomarker, a biological
measure used to assess health or disease states, reflects real-world out-
comes or functional activities relevant to patient experiences and deci-
sion-making by registration authorities. In this context, ecological validi-
ty of a biomarker is defined as its ability to generalize to daily life activities
and its relevance to clinical outcome assessments accepted by regulatory
authorities as valid for the registration of drugs. As clinical drug trials aim
to bridge controlled trial settings with real-world clinical contexts, it is in-
creasingly important that outcome measures not only demonstrate statis-
tically significant treatment effects but also to provide meaningful insights
into how diseases impacts patients’ lives.

This thesis aimed to identify biomarkers used in early-phase clinical tri-
als for drug development and assess them on their level of ecological va-
lidity. This evaluation of ecological validity of biomarkers in early-phase
drug development is a relatively new concept. Therefore, an objective and
structured approach is essential. In this general discussion, we introduce
a novel framework designed to assess the ecological validity of biomark-
ers used in clinical trials. This framework allows for evaluation of biomark-
ers from the stage proof of pharmacology through to later phases, where
real-world evidence is generated. By applying this framework on the bio-
markers used in this thesis, we can evaluate how well early-phase biomark-
ers predict real-world outcomes, bridging the gap between clinical trials
and everyday life.

RATIONALE FOR NEW FRAMEWORK

Interest in ecological validity is growing, as is reflected by the increasing
number of related scientific publications. A search on ecological validity in
the PubMed database, shows an almost exponential increase since 1990
(Figure 1). With this growing interest, various frameworks have emerged
across differentresearch fields. There are frameworks for Human-Computer
Interaction (HCI)', deployment of new systems in a clinical setting?, specific
biomarkers for neurocognitive research (e.g., brain activity markers in neu-
roimaging)?, and pragmatic clinical trials.*>

These frameworks provide insight into assessing the real-world rele-
vance of interventions, tasks, and outcomes, and into the evaluation of bio-
markers in clinical trials. However, they present clear limitations when used
for the evaluation of biomarkers in drug trials. Most of these frameworks are
more focussed on the task or system, which makes them less applicable for
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evaluating the biomarkers themselves in the context of clinical outcomes
in drug trials. For instance, frameworks focused on task performance eval-
uate participant-task interactions but do not consider the clinical symptom
that biomarkers must reflect, such as an immune response or disease pro-
gression."? Other frameworks are focused more on the design of clinical tri-
als or the implementation of systems, and therefore do not directly assess
the biological validity or clinical utility of biomarkers.>> Additionally, some
are domain-specific (e.g., neuroscience) and not generalisable across ther-
apeutic areas.

In summary, although several frameworks address ecological validity,
there is a lack of one tailored specifically to biomarkers in drug studies, par-
ticularly in predicting or reflecting real-world patient outcomes (e.g., symp-
tom relief, disease progression, or quality of life). Therefore, a new frame-
work is needed, one that considers biomarkers used in drug studies and
their ability to predict outcomes that are relevant to the target population.
This framework should address the complexity of biomarkers in clinical tri-
als, their level of relevance to the real-world, and predictive value in rela-
tion to patient experiences and daily functioning. Importantly, it should also
consider the dynamic and evolving relationship between ongoing scien-
tific research and clinical symptoms, which supports the understanding of
biomarker relevance.

DYNAMICS IN ECOLOGICAL VALIDITY

As described above, scientific evidence is an important support in evaluat-
ing ecological validity of biomarkers. The relationship between a biomark-
er and clinical symptoms that affect daily life can be suggested and logi-
cally assumed, but it requires scientific evidence to confirm and strength-
en its ecological validity. Over time, this assumed relationship may evolve
based on ongoing clinical studies, shifting positively (indicating a stronger
correlation) or negatively (demonstrating a disconnection between the bio-
marker and the disease).

For example, Amyloid load in the brain was initially considered primar-
ily a diagnostic marker of Alzheimer’s disease (AD). In patients with mild
cognitive impairment (MCI), an increased amyloid burden on PET scans
was associated with a higher likelihood of progression to AD.® This led to
the development of anti-amyloid therapies aimed at removing amyloid
plagues. However, while early drugs successfully reduced amyloid accu-
mulation, they failed to show meaningful cognitive improvement, raising
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concerns about amyloid as a treatment target.”® Despite these initial set-
backs, amyloid plaque reduction was later accepted as a surrogate end-
point for accelerated approval of monoclonal antibody therapies by the
FDA.° Aducanumab was the first Alzheimer’s treatment to receive acceler-
ated approval based on amyloid plaque reduction, but failed to convince
with clinical improvement in later trials.'® Lecanemab was the first reduced
amyloid load and later demonstrated a significant (but modest) slowing of
cognitive decline, leading to full regulatory approval.”

This example shows how the ecological validity of a biomarker can shift
over time. Initially, amyloid PET imaging scored low on ecological validi-
ty due to the lack of observed clinical benefit despite biological effects.
However, following the positive outcomes of the lecanemab trial, which
demonstrated both amyloid reduction and a measurable slowing of cog-
nitive decline, the ecological validity of amyloid as a biomarker increased
accordingly.

In contrast, biomarkers such as DSDNA for systemic lupus erythemato-
sus (SLE) and serum prolactin for epilepsy were once thought to be rele-
vant but are now understood to have limited or no relevance to the dis-
eases they were associated with. Anti-DSDNA antibodies are often used
for the diagnosis and monitoring of systemic lupus erythematosus (SLE), as
their levels often correlate with disease activity. However, some patients
experience severe disease flares despite having low anti-DSDNA levels.”
Additionally, some drugs, such as belimumab, lower anti-DSDNA levels, but
this does not always translate into clinical improvement. Anti-DSDNA is
therefore not a suitable biomarker for treatment response in clinical trials.”
Similarly, serum prolactin has been proposed as a biomarker for epilep-
tic seizures, because it increases after generalized tonic-clonic and some
focal seizures."*'> However, its clinical utility is limited by several factors, in-
cluding variability in response and confounders affecting serum prolactin
levels.” Furthermore, drugs that lower serum prolactin (e.g., dopamine ag-
onists) do not reduce seizure frequency, indicating that prolactin elevation
is a post-seizure effect and not suitable as a marker of disease activity or
treatment response in clinical trials.”

These examples illustrate that the ecological validity of a biomarker is not
fixed, but changes with the available scientific evidence. This dynamic inter-
play will be essential in evaluating the biomarkers discussed in this thesis.

ECOLOGICAL VALIDITY OF BIOMARKERS IN DRUG RESEARCH

TIERED APPROACH TO ECOLOGICAL VALIDITY
OF BIOMARKERS

EVIB: Ecological Validity of Biomarkers

Here we introduce a framework designed to assess the ecological validity
of biomarkers used in clinical trials with a clinical target population. It con-
sists of six tiers, where a higher tier indicates greater ecological validity sug-
gesting that the biomarker is more likely to predict the outcomes of regis-
tration trials and of real-world benefit. The six tiers of the framework are:

1 Proof of pharmacology: biomarkers in this tier confirm drug-target
engagement with unknown clinical and/or functional relevance (e.g.,
drug-induced changes in cytokine levels without known implications
for symptoms).

2 Mechanistic insight: biomarkers in this tier show mechanistic changes
in disease-related pathways but has not been proven to predict clinical
outcomes (e.g., amyloid-beta levels in CSF for Alzheimer’s disease).

3 Clinical correlation: biomarkers in this tier shows a demonstrated link to
clinical outcome. (e.g., bone mineral density for osteoporosis or spike
wave discharges on EEG for epilepsy)

4 Functional impact: biomarkers in this tier provide insights into the effect
on daily life but lack a direct assessment of daily life activities (e.g., FEV1
in patients with Pompe disease, finger tapping for Parkinson)

5 Daily-life quantification: biomarkers in this tier directly measure or
predict quantifiable activities of daily life (e.g., six-minute walk test for
aerobic capacity, MDS-UPDRS for PD)

6 Real-world evidence: biomarkers in this tier provide longitudinal
observational data for broader insights (e.g., daily number of steps of
patients with Parkinson Disease or phone use for patients with FSHD).

Biomarkers can be categorized into tiers based on available scientific ev-
idence from clinical trials to patient practice. It is important to describe
the biomarker and its relation to clinical symptoms or disease severity in
the context of a specific patient population. For example, the UPDRS as-
sessment can be considered a tier 5 biomarker for Parkinsons Disease.
However, when applied to patients who broke a leg and is in recovery wear-
ing a cast, the UPDRS has limited ecological validity.
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The framework can be applied to biomarker studies through four steps:
First, the relevant real-world activity or COA to which the ecological validi-
ty should be linked must be identified. Second, the evidence generated for
the biomarker within the study should be summarised. Third, the available
evidence supporting the biomarker’s ecological validity should be evaluat-
ed. Finally, the biomarker is assigned a tier within the framework based on
this evidence. Based on these steps, the biomarkers discussed in this the-
sis will be analysed and categorized based on their relevance to daily life
activities. The chapter concludes with practical considerations for applying
the framework, followed by an overall evaluation.

BIOMARKERS FOR DRIVING BEHAVIOUR

The extent to which a drug impairs driving ability (i.e., operating a motor-
ized vehicle) can significantly influence its safety profile and, as a result, its
regulatory approval. If a drug negatively affects driving performance, it may
compromise patient safety, restrict clinical application, and reduce market
potential. Discovering such effects late in the development process, typi-
cally during phase Ill trials or post-market surveillance, can limit the drug’s
usability and success. Therefore, if driving performance is a relevant factor
in regulatory evaluation, it is essential to assess its impact as early as pos-
sible in the development. No single clinical symptom or disease state is di-
rectly predictive of driving ability. Instead, research in this area focuses on
identifying impairments that result in deviations from normative driving be-
haviour that may pose a safety risk.

Summary of generated evidence

In Chapter 2, the impact of sleep deprivation on driving ability was eval-
uated. Sleep deprivation is a well-known intervention that can induce im-
paired driving. In this study, multiple methods were used to assess driving
performance, including on-the-road driving, simulator driving, and various
psychomotor tasks (including eye movements, body sway, and a pursuit
tracking task). The primary outcome variables were the standard deviation
of lateral position (SDLP) for both the on-the-road and the simulated driving
tasks, and the performance on the pursuit tracking task. Sleep deprivation
increased SDLP for both simulated (10cm, 95%Cl: 6.7—13.3) and on-the-road
driving (2.8cm, 95%Cl: 1.9—3.7). Additionally, sleep deprivation affected al-
most all psychomotor test battery biomarkers. A moderate correlation was
observed between on-the-road and simulator SDLP following a well-rested
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night (0.63, p <.001), but this correlation diminished after sleep deprivation.
Among the psychomotor tasks, only pursuit tracking performance signifi-
cantly correlated with simulator SDLP (-0.50, p =.02), but not with the SDLP
of the on-the-road task. The lack of correlation between other objective
biomarkers suggests that these tasks may not be interchangeable. Instead,
each biomarker appears to assess different aspects that can be related to
driving behaviour.

Summary of evidence and tier assignment

Pursuit tracking performance has been demonstrated to serve as a bio-
marker for sustained attention and hand-eye coordination. This perfor-
mance can be influenced by various factors, including drug interventions
(e.g., drowsiness-inducing drugs). Since driving also requires attention and
hand-eye coordination, tracker performance could be considered a proxy
for assessing certain aspects of driving. However, it is important to note that
while the tracker performance captures some relevant factors, it does not
fully reflect all elements of driving. For instance, driving involves elements
such as sustained attention, decision making, and various risk factors (e.g.
accidents) that are not captured by tracker performance alone.

Although there is limited evidence that improvements in tracker perfor-
mance translate directly to improved driving behaviour, drugs known to im-
pair driving are associated with decreased tracker performance. However,
the strength and variability of this relationship across different mechanisms
of action (MOA) remain unclear. Furthermore, due to the lack of strong cor-
relations between tracker performance and biomarkers such as the SDLP,
tracker performance should not be directly equated with actual driving abil-
ity. While mechanistically linked to the intervention, the ability of the tracker
performance to predict driving impairment remains unproven. Therefore,
within the ecological validity framework presented here, tracker perfor-
mance is classified at tier 3; it is correlated with clinical symptoms but has
not yet proven to predict driving behaviour directly.

In contrast to tracker performance, the SDLP derived from driving simula-
tion reflects several realistic aspects of driving, such as driving on highways,
long trip durations, and simulated traffic, all of which resemble real-world
conditions more closely than tracker performance. However, driving sim-
ulators lack certain elements present in on-the-road driving. For example,
simulated driving lacks the danger and dynamic factors of real-life driv-
ing (e.g., interactions with other vehicles, road conditions, and the physical
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sensations of speed and motion). Despite these limitations, driving simula-
tors are accepted by regulatory authorities as valid tools for reflecting daily
driving behaviour in a representative manner.” Depending on the simula-
tor’s level of realism, the recorded SDLP may be considered in either tier 4
or tier 5.

The sDLP assessed in an on-the-road driving test, often referred to as the
gold standard,"?° provides the most accepted and ecologically valid bio-
marker of driving behaviour. The SDLP recorded on the road is strongly cor-
related to real-life driving performance® and widely used to evaluate the
effects of interventions on driving behaviour,?? although it does not capture
all aspects of everyday driving (e.g., urban traffic, intersections, and varying
road conditions). For its alignment with actual driving, the on-the-road SDLP
assessment is considered to have the highest ecological validity, placing
it at tier 5 on the ecological validity scale. However, including a more real-
istic driving scenario, possibly using an actual commute of the participant,
could increase the ecological validity.

Evaluation

This clinical trial, which assessed biomarkers across three levels of ecolog-
ical validity, demonstrates the utility of the proposed framework. In some
cases, stepping back to a lower tier on the scale can make research more
feasible, safer, and more cost-effective. For example, using a driving simu-
lator (tier 4) in early-phase trials offer a more accessible and manageable
alternative to the on-the-road test (tier 5). Additionally, tracker performance
(a lower-tier biomarker requiring only a few minutes to complete) could be
used in early-phase trials, while reserving the SDLP assessment (a higher
tier measure) for later-phase trials to more accurately study the effects of a
drug on driving behaviour. This approach balances scientific evidence with
the practical constraints of clinical trial design.

BIOMARKERS FOR FALL RISK

Falls predominantly occur in ambulatory settings (32-57%), during routine
daily activities. Imbalance is an important factor in most of the cases (39—
62%), but environmental elements such as uneven surfaces or steps also
play a significant role (21—-27%).22 Therefore, if a drug negatively affects bal-
ance or motor control, it can increase the risk of falls. Historically, sleep-in-
ducing drugs have been shown to increase the fall risk, particularly in elder-
ly. Benzodiazepines, one of the most prescribed sleep aids, are well-known
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forincreasing the risk of falls. Depending on the specific type, the risk of fall-
ing may double or even triple.?425 Therefore, when registering a new sleep
medication, it is essential to assess any potential increase in fall risk, both
for patient safety and general market acceptance.

Currently, no COA has been established for the assessment of increased
fall risk. The most ecologically valid biomarker would be the actual num-
ber of falls occurring within a certain timeframe. However, this endpoint re-
quires long-term monitoring of large patient cohorts, making it impractical
for most clinical trial settings. To prevent the need for extended follow-up,
proxy assessments are commonly used to estimate fall risk. These assess-
ments may include isolated evaluations of muscle strength or postural sta-
bility, as well as dynamic assessments that integrate multiple aspects of
gait and balance. Such proxy measures are easier to administer, involve
short tasks, and yield immediate results, making them a more practical al-
ternative for assessing fall risk for clinical development and regulatory re-
view of drugs.

Summary of generated evidence

Dynamic balance assessments may provide a more realistic prediction of
drug-induced falls compared to postural stability measurements, as falls
often result from limited gait adjustments during walking. In Chapter 3, we
explored the sensitivity of the Interactive Walkway (Iww) to drug effects,
using it to assess walking adaptability. Healthy elderly participants were in-
cluded in a 3-way crossover study, with treatments consisting of 5 mg zolp-
idem, 10 mg suvorexant, or placebo. It has been previously shown that ben-
zodiazepines, such as zolpidem, increase the risk of falls, and zolpidem was
therefore considered the positive control in this study. The more specific
hypnotic drug suvorexant is believed to induce fewer side effects than zolp-
idem (e.g., sleepiness, reduction of fine motor control, reduction in muscle
strength). The IWw assessments included an 8-meter walking test, a goal-di-
rected stepping test, an obstacle-avoidance test, and a tandem-walking
test. Other pharmacodynamic measurements included the Timed-Up-and-
Go (TUG) test at both a comfortable and a fast pace, pursuit tracking, and
body sway. Compared to placebo, zolpidem significantly reduced the per-
formance on all biomarkers within 3 hours of the Iww walking adaptabili-
ty test, TUG test, pursuit tracking test, and body sway test. Additionally, the
effect of zolpidem on the Iww included a decrease in walking speed for all
tasks. In contrast, suvorexant did not affect any parameters of the TUG test,
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pursuit tracking, or IWW at any time point. It did, however, result in a signifi-
cant 9.8% increase in postural stability, as assessed by the body sway test.
This suggests that suvorexant may have an impact on balance without di-
rectly affecting dynamic walking performance. In summary, the IWW was
successfully used to quantify the drug effects of zolpidem and suvorexant
on walking performance.

Summary of evidence and tier assignment

The total amount of sway in the antero-posterior direction during quiet
standing is a useful biomarker for assessing postural stability, capturing the
summation of all unilateral sway over time. This biomarker is often referred
to as the total body sway and is recorded over a few minutes. While an in-
crease in sway during standing can logically suggest a potential decline in
postural stability, it is not always correlated with real-world fall risk.26-28 Falls
often occur during movement and not while standing still.>® This means
that total body sway may miss key dynamic factors that influence fall risk.
The total body sway has been extensively validated in patient popula-
tions, particularly with drugs known to increase fall risk, including this trial.3°
We also observed that suvorexant induced an increase in body sway, with
no other significant effects on the other biomarkers. This supports the idea
that body sway may reflect certain aspects of postural stability. However, it
should not be directly equated with fall risk. In conclusion, total body sway
is areliable measure of postural stability but does not capture the full range
of dynamic movements associated with real-world falls. Therefore, itis clas-
sified as tier 3 on the ecological validity scale. This tier reflects a proven link
to clinical symptoms of balance impairment but limited ability to predict re-
al-world activities.
The time to complete the TUG test (i.e., TUG time) is a commonly used clinical
assessment that evaluates mobility, balance, and functional ability. The TUG
time is often used to assess mobility in populations at risk for falls, includ-
ing the elderly or individuals with neurological disorders like Parkinson’s
disease.3"32 The test simulates real-life scenarios: participants must stand
up from a chair, walk a set distance, turn around, and sit back down on the
chair. Any increase in the time to complete the test is believed to reflect im-
balance and therefore potential fall risk. Therefore, we can state that the
TUG time is correlated with daily activities such as walking and standing,
but it remains a simulation of real-life mobility. While the TUG time is useful
in assessing mobility and balance, it does not encompass the full range of
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dynamic factors that contribute to real-world falls, such as navigating un-
even surfaces (e.g., steps causing tripping) or managing sudden environ-
mental changes.® Thus, while the TUG time correlates with activities of daily
living, it remains a simplified simulation of real-world mobility. Given these
limitations, the TUG test is classified as tier 4 on the ecological validity scale,
reflecting its relationship with real-world mobility while lacking the complex-
ity of real-world environments.

The Iww test provides various biomarkers. In the contact of this thesis,
the focus is on the relative margin to the obstacle during the obstacle avoid-
ance task, as this particular biomarker cannot be assessed by any of the
other available tasks. During the obstacle avoidance task, participants are
to complete an 8-meter trajectory. While walking, ‘obstacles’ (i.e., visually
projected flat blocks on the floor) suddenly appear in front of the partici-
pants. The participants were instructed to step over these obstacles with-
out touching them and to continue completing the trajectory. This task sim-
ulates a real-world situation where individuals must adjust their gait to navi-
gate hazards. ltinduces a stepping pattern that is different from the comfort-
able one, requiring adjustments and introducing an environmental hazard
known to increase the risk of falls.?®* The margin of the leading limb to the
obstacle reflects the likelihood that the participant might have tripped over
the obstacle had it been 3D. In our trial, this margin to the object demon-
strated the ability to differentiate between placebo and active treatment,
as well as between two different mechanisms of action of hypnotic agents.
Given the focus on a real-world scenario, despite being conducted in a
controlled setting, the margin of the leading limb in the obstacle avoidance
task s classified as tier 4 on the ecological validity scale. With additional ev-
idence linking the margin to the object to real-life falls caused by stumbling
over objects, it could potentially be elevated to tier 5.

Evaluation

This trial strengthened the ecological validity of the Iww because of the
correlations found with zolpidem, a known fall-risk factor. The time to com-
plete the TUG and total body sway assess only the factor of imbalance as
cause for falls. In addition to assessing possible imbalance during walking
(reflected in the walking speed), the IWwW also includes the factor of uneven
steps (involved in 25% of falls) and objects on surface (involved in 10% of the
falls). Because of this more complete assessment, the margin of the leading
limb reaches a higher level of ecological validity. This chapter also provides

CHAPTER 7 — GENERAL DISCUSSION AND CONCLUSIONS

135



insights into opportunities to enhance the Timed-Up-and-Go (TUG) test. For
example, incorporating obstacles could elevate the task’s ecological validi-
ty, making it more reflective of real-life scenarios.

BIOMARKERS FOR GRIP STRENGTH

Grip strength assessment is commonly used to evaluate general health and
muscle strength in clinical studies. It can be quantified as a single biomarker,
or as an integrative part of a combined performance assessment (e.g., the
Quantitative Myasthenia Gravis (QMG)). A handheld dynamometer provides
a relatively inexpensive, simple, and quick assessment of grip strength.
Since daily life activities often involve gripping objects or items with our
hands, it seems logical that a decrease in grip strength would impact daily
activities, which is likely to be reflected in quality of life assessments in reg-
istration trials. However, while grip strength is a commonly used biomarker,
itis limited in capturing the complexity of daily life tasks, which often require
a combination of strength, coordination, and fine motor control.

Summary of generated evidence

In Chapter 4, we explored the usability and repeatability of the PowerJar
device as an alternative to the handheld dynamometer. The PowerJar sim-
ulated jar-opening tasks and allowed quantification of grip and rotational
forces. In addition to sixty healthy volunteers, we included twenty patients
with neuromuscular diseases, who were expected to have impaired (rota-
tional) grip strength. We observed minimal data loss and generally positive
usability results. Furthermore, the maximum voluntary grip strength mea-
sured with the PowerJar was strongly correlated with the handheld dyna-
mometer (Pearson correlation of 0.79). We assessed the repeatability of
biomarkers obtained using the PowerJar in healthy volunteers for three
tasks, each requiring both grip and rotational strength. We found moder-
ate to good repeatability for both grip and rotational biomarkers. For ex-
ample, the maximum grip during the prolonged grip strength task had an
IcC of 0.87, and the number of openings in the rapid opening and clos-
ing task had an Icc of 0.79. Due to the study design, we could not as-
sess the repeatability of these biomarkers in patients or its relation to dis-
ease severity. We concluded that the PowerJar was moderately repeatable
in healthy volunteers under controlled conditions. The study demonstrat-
ed the PowerlJar’s usability in both healthy volunteers and patients. The
PowerJar simulates the common daily task of opening a jar and quantifies
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itinto multiple high-resolution endpoints, which have the potential to serve
as reliable and sensitive biomarkers. Further research is needed to assess
the PowerlJar’s sensitivity to disease progression, drug responses, and its
correlation with clinical symptoms in daily tasks.

Summary of evidence and tier assignment

The maximum grip measured using the standardized handheld dynamom-
eter is a widely used biomarker for general health3? and interventions.3#35
It has been shown to reflect clinically relevant changes in strength in vari-
ous patient populations.® The task requires a short burst of strength from
the hand muscles, particularly the fingers and thumb.3” However, many daily
tasks require sustained grip strength and/or fine motor control at different
grip levels, such as brushing teeth, cleaning, or dressing. While the hand-
held dynamometer may reflect general well-being, its level of ecological va-
lidity to common daily tasks is less clear. The assessment provides a clinical
correlation (tier 3) of an aspect of a daily task.

The maximum grip in the prolonged grip strength assessment of the
PowerJar is a parameter similar to the maximum grip strength measured
by the handheld dynamometer. However, it differs in two aspects that are
important when assessing ecological validity: (1) the shape of the object re-
sembles a real-life item (a typical jar), and (2) it requires prolonged strength,
which is more representative of daily activities such as holding an object.
The strong correlation between maximum grip strength measured by the
handheld dynamometer and the PowerJar suggests that both assessments
capture similar aspects of grip strength. However, the significantly lower
grip strength measured with the PowerJar indicates a difference in clinical
relevance. Due to the limited clinical evidence for the PowerJar, the eco-
logical validity of maximum grip strength during the prolonged grip strength
task remains classified as tier 4.

Evaluation

Among other parameters, the PowerJar’s rapid opening and closing task
measures the number of successful openings. This parameter reflects both
rotational speed and the participant’s strength in turning the PowerJar lid.
Unlike grip strength, which had a validated comparative assessment, rota-
tional strength lacking such validation in the study. Rotation is an import-
ant component of daily tasks, as seen in actions such as turning a key or
opening a bottle. The current study does not provide enough information
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to place the biomarker on a tier of the ecological validity scale, as the ef-
fects of interventions and/or disease remain unknown. There is a need to
relate the findings to a quantification of daily life tasks. This can be done
with a questionnaire such as the patient-rated wrist/hand evaluation,3® or
a known intervention resulting in a decrease of certain aspects of daily life
activities. If this evidence is provided, the number of openings would cor-
respond to a tier 4 biomarker. However, with further validation against re-
al-world activities (such as opening a jar or a door with a twist knob) it could
potentially reach tier 5.

BIOMARKERS FOR THE EMOTIONAL EXPERIENCE OF PAIN

Pain is an inherently subjective experience, making its clinical assessment
challenging. Often, the clinical outcome for pain is assessed by using a nu-
merical rating score (NRS), where patients rate their perceived pain from 1
(almost no pain) to 10 (worst imaginable pain). While this NRS is simple to
assess, it fails to capture the complexity of pain perception, which is influ-
enced by various factors such as emotional state, psychological conditions,
and external stimuli (e.g., drugs). However, early-phase pain research often
involves healthy volunteers who do not experience pain that the investi-
gational medicinal product aims to alleviate, making the NRS unsuitable.
Consequently, evoked pain tasks are used to study the analgesic efficacy
in healthy volunteers. In such tasks, volunteers are subjected to short pain-
ful stimuli and report pain detection and tolerance thresholds. However,
these tasks do not adequately simulate the prolonged and emotionally bur-
densome nature of chronic pain. Therefore, developing analgesics that tar-
get the emotional aspects of pain requires alternative methodologies that
more accurately reflect the (chronic) pain experience in healthy volunteers.

Summary of generated evidence

There are currently no biomarkers other than pain characteristics ques-
tionnaires to assess the emotional pain experience in healthy volunteers.
The evoked pain tasks do not (or only little) include this aspect of pain. This
is primarily because pain experience requires an emotional connection to
the painful stimulus which is difficult to induce in the setting of a clinical
trial. There is a need for a pain task that immerse participants in a setting
where emotions can be modulated. Virtual Reality (VR) has highly immer-
sive characteristics and is known to modulate pain effectively as analgesic.
In Chapter 5, we aimed to change pain perception by adding an affective
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component to painful stimulation using VR. We assessed the effect of a
simulated wound in VR on the electrical pain detection (PDT) and tolerance
(PTT) threshold in 24 healthy male study participants. The emotional expe-
rience of the simulation and the experienced pain were assessed with VAS-
Questionnaires on unpleasantness and fear. We demonstrated that a virtu-
al wound decreases the PDT compared to the neutral condition (ED: -18.4%,
95%Cl: (-26.9%, -9.0%) p<.001). Additionally, study participants experienced
the electrical stimulation as more unpleasant when shown the virtual wound
(ED: 5.9, 95%Cl: (2.1, 9.8) p=.0028). In conclusion, we demonstrated the po-
tential of VR in combination with a pain task to provide a challenge model
highlighting the affective component of pain.

This challenge model was further validated in Chapter 6, where we as-
sessed the sensitivity of this model to a (pharmacological) intervention.
Diazepam, a benzodiazepine used to treat anxiety, may affect the emotion-
al processing of pain. We hypothesized that the VR-PainCart would lower
the PDT in healthy participants, but that diazepam would inhibit this effect.
The study was conducted with 24 healthy male participants who received
diazepam and placebo in randomized order in a two-way crossover study.
Indeed, diazepam increased the PDT in the VR-wound condition (ED: 6.0%,
Cl 2.4-53.2, p<0.05), while no significant differences were found for the VAS
ratings for unpleasantness across any of the VR conditions or treatment ef-
fects. We concluded that a VR-simulated wound enhanced pain perception
in an electrical nociceptive task and that diazepam increased the PDT only
in the VR-wound condition, indicating pharmacological modulation of the
pain experience.

Summary of evidence and tier assignment

The pain thresholds (i.e., PDT and PTT) obtained in an electrical pain task
are frequently used biomarkers to study the effects of analgesics. The task,
inducing a sharp pain sensation, evaluates primarily nociceptive pain. The
pain thresholds have been validated with registered analgesics and found
to be sensitive to a wide variety of drugs, such as ion channel blockers,
opioids, and NMDA receptor blockers. Even though this indicates that the
biomarker is not selective for one specific mechanism, it is easily obtained
and sensitive to drug effects.?® Depending on the (type of) analgesic, the
biomarker can therefore provide proof of pharmacology and/or mechanis-
tic insights. However, the translational evidence of electrical pain thresh-
olds is limited. This can be partly explained by the fact that patients rarely
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experience electrical stimulation in real life. Additionally, due to the influ-
ence of method and stimuli paradigms on pain thresholds, translational ev-
idence must be provided per task. The task used in this thesis is mostly as-
sumed to be translational for pain syndromes impacting the nociceptive
system. Therefore, the pain thresholds recorded during electrical pain task
as used in this thesis are classified as tier 1 on the scale of ecological valid-
ity. If the analgesic assessed has a specific mechanism of action, it can be
considered as a tier 2 biomarker.

The pain detection thresholds recorded with the vR-PainCart, as de-
scribed in this thesis, can be divided into three parts: 1) the thresholds re-
corded with the neutral simulation, 2) the thresholds recorded with the
wound simulation and 3) the difference between the thresholds recorded
with the neutral simulation and the wound simulation (delta). We propose
the delta recorded with the VR-PainCart as a new biomarker where pain
experience is expected to be a prominent factor of the analgesic effect.
Diazepam is known to influence emotional processing and reduce anxiety.
In our study, diazepam influenced the pain thresholds assessed with the
VR-PainCart when presenting the virtual wound. This supports our hypoth-
esis that emotional processing is modulated by the virtual wound paradigm.

Pain often includes (or warns against) tissue damage. One might think
that by including the suggestion of tissue damage with the virtual wound,
the pain thresholds would increase in ecological validity compared to the
normal electrical pain thresholds. However, the level of evidence is limit-
ed. The delta thresholds of the VR-PainCart aim to measure a different type
of pain. Therefore, the delta thresholds are classified on the same tiers as
the electrical pain thresholds. With the evidence provided by this study for
diazepam, the delta thresholds would result in tier 2, proof of mechanism.
Advancing to a higher level of ecological validity should be feasible when
the VR-PainCart is validated in a patient population with altered affective
pain processing.

Evaluation

The biomarkers in this chapter highlight how important both standardi-
sation and fit-for-purpose evidence are for the level of ecological validi-
ty. Even though the VR-PainCart pain thresholds might present a more re-
alistic pain by emphasizing the possible consequences (e.g., tissue dam-
age), the evidence relating these thresholds to pain syndromes is not (yet)
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available. Additionally, pain thresholds assessed with electrical stimulation
are linked to pain syndromes based on logical reasoning and clinically evi-
dence. However, the stimulus paradigm influences the type of nerves stim-
ulated and consequently the type of pain mechanism involved. Therefore,
each type of stimulus paradigm might result in new biomarkers and these
new biomarkers need to be validated to potentially increase their ecolog-
ical validity.

CONSIDERATIONS WHEN USING THIS FRAMEWORK

The current framework aims to evaluate biomarkers in terms of ecological
validity. Besides ecological validity, biomarkers can have other characteris-
tics that may be more important depending on the context. Other biomark-
er characteristics, such as the technical capabilities, quantifiability and vari-
ability, must also be considered. For example, if biomarker A has a lower
ecological validity than biomarker B, but has a lower within-subject variabil-
ity, then biomarker A could be considered a better choice for a first study
in patients. This can be illustrated with the example of assessing changes
in nerve excitability using threshold tracking techniques instead of the as-
sessment of pain threshold changes.*°

It is important to realise that a biomarker can be placed into a high tier
while lacking evidence for the lower tiers. Studies based on real-world ev-
idence (i.e., tier 6) or clinical data (i.e., tier 3) can result in the development
of new biomarkers for drug development (i.e., tier 1). Additionally, a clinical
rating score such as the Montreal Cognitive Assessment (MOCA), might be
representative of disease severity (i.e., tier 4) without providing mechanis-
tic insight (i.e., tier 2).

Additionally, the framework requires (scientific) evidence for a biomark-
er to obtain a high-level tier. This evidence can be costly, in both time and
money. Such studies are long-lasting studies with multiple follow-up visits,
epidemiological studies, and studies recording events in detail (e.g., acci-
dents, falls, etc). When the link between the biomarker and the disease can
logically be assumed, it will be less likely that these studies are conducted,
and the evidence remains circumstantial. It might appear that this frame-
work provides arguments against the use of the highest-tier ecological bio-
markers. However, this framework only aims to encourage the incorpora-
tion of biomarkers with proven relationships to high level ecological bio-
markers as early as possible in clinical trials for drug development.
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CONCLUSIONS

To accelerate drug development, it is crucial that registration studies are
as de-risked as possible. The selection of biomarkers plays a key role in
this process. We identified ecological validity as an important factor in bio-
marker selection. Ecological validity determines how well a biomarker re-
flects real-world conditions that might impact clinical outcome assess-
ments. Because this relationship can be complex and change over time, a
framework is needed to standardize the assessment of ecological validity
for biomarkers. Even though frameworks exist that address aspects of eco-
logical validity, none were found to focus solely on biomarkers. We intro-
duced a new framework which was applied to the biomarkers used in this
thesis. We have drawn several important conclusions: reducing ecological
validity can enhance study feasibility while still providing sufficient predic-
tive power (Chapter 2); a well-validated biomarker does not always offer a
complete picture of real-world living (Chapter 3); standardization of the bio-
marker is essential for increasing ecological validity (Chapters 4 and 5); ad-
ditionally, a biomarker may have potential, but without a demonstrated in-
tervention effect or clinical relevance, it lacks ecological validity (Chapter
6). The presented framework also has limitations, and it is important to be
aware of these in order to use, refine and improve the framework for future
applications. In conclusion, the framework presented here provides a bet-
ter connection between clinical study results as part of early phase drug
development and everyday life, which is relevant for medication registra-
tion studies.
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