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Abstract
The US Food and Drug Administration (FDA) has publicly recognized the im-
portance of improving drug development efficiency, deeming translational bio-
markers a top priority. The use of imaging biomarkers has been associated with 
increased rates of drug approvals. An appropriate level of validation provides a 
pragmatic way to choose and implement these biomarkers. Standardizing imag-
ing modality selection, data acquisition protocols, and image analysis (in ways that 
are agnostic to equipment and algorithms) have been key to imaging biomarker 
deployment. The best known examples come from studies done via precompeti-
tive collaboration efforts, which enable input from multiple stakeholders and data 
sharing. Digital health technologies (DHTs) provide an opportunity to measure 
meaningful aspects of patient health, including patient function, for extended pe-
riods of time outside of the hospital walls, with objective, sensor-based measures. 
We identified the areas where learnings from the imaging biomarker field can 
accelerate the adoption and widespread use of DHTs to develop novel treatments. 
As with imaging, technical validation parameters and performance acceptance 
thresholds need to be established. Approaches amenable to multiple hardware 
options and data processing algorithms can be enabled by sharing DHT data and 
by cross-validating algorithms. Data standardization and creation of shared da-
tabases will be vital. Pre-competitive consortia (public-private partnerships and 
professional societies that bring together all stakeholders, including patient or-
ganizations, industry, academic experts, and regulators) will advance the regula-
tory maturity of DHTs in clinical trials.

[Correction added on 22 December 2022, after first online publication: the word ‘health’ in the article title was mis-spelled and it has been corrected 
in this version.]  
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INTRODUCTION

The path from drug discovery to regulatory approval can 
be long,1 and there is an urgent need for increased ex-
pediency and efficiency. In 2004, the US Food and Drug 
Administration (FDA) publicly recognized the importance 
of improving efficiency in drug development with the 2004 
Critical Path Initiative Challenges and Opportunities, 
in which the development of biomarkers was deemed a 
top priority.2 The use of medical imaging to develop and 
deploy biomarkers in support of clinical trial end points 
has been associated with increased drug approvals.3 Many 
imaging biomarkers have been deemed fit-for-purpose. 
They are used judiciously and selectively to answer crit-
ical development questions, alongside other biomarkers. 
Corresponding imaging biomarkers are derived from an 
array of imaging platforms, including magnetic resonance 
imaging (MRI), nuclear medicine techniques, such as 
single photon emission computed tomography, positron 
emission tomography (PET), computerized tomography, 
ultrasound, and other scanning techniques. Imaging 
technologies have become indispensable for addressing 
questions about dose selection, pharmacokinetic (PK)/
pharmacodynamic (PD) relationships, drug mechanism 
of action, and establishing proof of concept (POC) in clin-
ical trials (Figure 1). Imaging biomarkers allow a unique 
visualization of anatomic specificity, physiology, and drug 

activity in ways that are not possible with other biomarker 
approaches.4 Imaging biomarkers play different roles 
across the stages of clinical development, and can be cat-
egorized as:

•	 Fit-for-purpose biomarkers enable internal decision 
making by sponsors; for example, they can be used in 
early-phase drug development, including POC studies. 
Here, imaging biomarkers are often aimed at obtaining 
information about tissue distribution, target engage-
ment, or measures of downstream pharmacology.5

•	 Qualified biomarkers for a specific purpose – for 
example, hippocampal volumes as an enrichment tool 
in early-stage Alzheimer's disease (AD) trials6 – are 
done via established regulatory pathways.

•	 Regulatory accepted endpoints as surrogates of clin-
ical outcomes.

Specific examples of imaging biomarker use and their 
impact in clinical investigations are presented in Table 1.

Whereas imaging biomarkers have been applied 
broadly in clinical trials, they do require some specific con-
siderations. Acquiring imaging data relies upon a patient 
visiting an imaging site: this needs to be planned carefully 
into the trial design. Patient burden, trial complexity, and 
cost are important factors that mean imaging biomarkers 
need to be used selectively, where they will have the most 

F I G U R E  1   Imaging and digital biomarkers across the stages of clinical development. PK/PD, pharmacokinetic/pharmacodynamic; 
POC, proof of concept

Phase I Phase II Phase III

measured outcomes
POC: 

Pharmacology + early efficacy

Confirming right
Pharmacology

Preclinical
Animal model PK/PD
Fit-for-purpose   

validated methods 
Human PK/PD 

Go/No Go decision 

Phase II

validated methods 
POC/Early efficacy 
Go/No Go decision 

Phase III
Surrogate endpoint
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impact on decision making, concerns around radiation 
exposure, and patient comfort associated with noise and 
claustrophobia. In general, imaging biomarkers describe 
pharmacology or pathophysiology, rather than patient 
function or perception of benefit.

In recent years, the rapid emergence and evolution of 
digital health technologies (DHTs; Table  2) has opened 
the possibility of measuring meaningful aspects of patient 
health, including patient function, for extended periods 
of time outside of the clinic with objective, sensor-based 
measures in addition to patient self-reporting.7 DHTs 
can capture people's activities under everyday living 
conditions (Table  3). The concept of digital endpoints 
supported by DHTs is a nascent but quickly developing 
field that requires the expertise of multiple stakeholders, 

including drug developers, healthcare providers, the tech-
nology sector, and patient organizations, among others – 
all under the guidance of health regulators. The potential 
of DHTs as drug development tools in clinical trials has 
been clarified through emerging regulatory guidance doc-
uments that provide basic frameworks and definitions.8–10 
Nevertheless, both regulators and the scientific commu-
nity will benefit greatly by following concrete examples of 
validation and deployment of these technologies in drug 
development.

Imaging and DHT-enabled measures, including digital 
biomarkers,8 are both able to contribute critical informa-
tion in the development of a new therapeutic. However, 
their impacts may be different when we consider whether 
we can measure noninvasive pharmacology, individual 

T A B L E  1   Examples of successful imaging biomarker applications in early- and late-stage clinical trials

Disease area
Biomarker/Imaging 
technology Application Impact Regulatory endorsement

Multiple 
sclerosis

Gd-enhanced T1- and 
T2-lesions/MRI

Proof of concept De-risking pivotal studies Fit for purpose, drug 
candidate Go/No Go 
decision making

Rheumatoid 
arthritis

Information and structural 
damage/MRI

Mechanism of action Reducing sample size and 
shortening the follow-up

Fit for purpose, drug 
candidate Go/No Go 
decision making

Polycystic 
kidney 
disease

Total kidney volume/MRI Patient enrichment, 
efficacy

Reducing sample size 
and shortening study 
duration85

Full Biomarker Qualification 
(FDA) as reasonably 
likely surrogate of 
efficacy27

EMA qualification opinion as 
a prognostic biomarker28

Alzheimer's 
disease

Hippocampal volume /MRI Patient enrichment Clinical trial patient 
stratification for trials 
targeting predementia 
stages of AD. 
Identification of a subset 
of MCI participants 
at the predementia 
stage with low baseline 
hippocampal volume 
with a defined rate of 
disease progression for 
enrollment in clinical 
trials

EMA full qualification 
opinion6

FDA letter of support86

Parkinson's 
disease

Molecular neuroimaging 
of the dopamine 
transporter (DAT) as an 
enrichment biomarker 
for clinical trials for early 
Parkinson's disease by 
SPECT neuroimaging

Early disease Confirm 
hallmark pathology 
of Parkinson's disease 
as an enrichment 
biomarker use by 
SPECT neuroimaging 
to exclude SWEDD 
participants who do 
not progress

Reducing sample size87 FDA letter of support36

EMA qualification opinion37

Abbreviations: AD, Alzheimer’s disease; EMA, European Medicines Agency; FDA, US Food and Drug Administration; MCI, mild cognitive impairment; MRI, 
magnetic resonance imaging; SPECT, single photon emission computed tomography; SWEDD, scans without evidence of dopaminergic deficit.
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patient function, or patient diagnosis. The continuous 
spectrum of biomarker technological applications in drug 
development is outlined in Figure 1.

In this paper, we identify key aspects that contribute 
to successful acceptance of imaging technologies in drug 
development and posit that the lessons learned can enable 
the adoption and widespread use of DHTs to help develop 
novel treatments. Below, we provide detailed summaries 
of each of those aspects, noting the applicable stage of 
clinical development.

EARLY- STAGE CLINICAL 
DEVELOPMENT

Early clinical development is focused on characteriz-
ing PK/PD relationships, achieving proof of mechanism 
(POM) and POC, and de-risking future investment in late-
stage trials by evaluating the totality of data from phase I 
and II studies.

The use of imaging technologies in preclinical mod-
els in both rodents and primates is well-established, and 
has informed translational strategies, including the char-
acterization of PK/PD relationships across many differ-
ent diseases.11 Critical aspects of this early stage include 
building confidence in a compound and a target, which 
requires systems pharmacology approaches in conjunc-
tion with disease modification.12 Clinical imaging stud-
ies to assess parameters, such as receptor occupancy or a 

target engagement pathway in POM studies, provide use-
ful information to de-risk moving novel drug candidates 
into the next phase of development by ensuring target 
coverage throughout the dosing interval4 or by ascertain-
ing that a specific pathway was modulated according to 
the mechanism of action (MOA).13 Additionally, imaging 
technologies can provide early signs of drug efficacy in 
POC studies (Table 1 and Figure 2).

The choice of technology, and the rigor of its valida-
tion, including both analytical (sometimes also referred 
as technical) and clinical validation, is usually done ac-
cording to the “fit-for-purpose” principle: a biomarker is 
useful only when it is valid in the context of its specific 
use.14 In the case of imaging biomarkers, this involves an 
assessment of the biomarker's technology performance 
clinically, but it can be also supported by preclinical or 
tissue studies. Characteristics, such as the cross-sectional 
signal difference between diseased and healthy subjects, 
the presence of a signal related to a disease stage, or short-
term test–retest as the easiest way to estimate longitudinal 
variability (Table  3), are usually required to gain confi-
dence in imaging biomarker performance. Pragmatic con-
siderations are equally important. For example, will the 
method be deployable in the required trial setting, for ex-
ample, expandable to multiple centers? Will the scanning 
protocol be acceptable in terms of patient burden?

In deciding on the level of evidence required for val-
idation as fit-for-purpose it is important to consider sep-
arately the technical validation of the methods and the 

T A B L E  2   Definitions of digital health technology, medical devices, biomarkers, and clinical outcome assessments

Term Definitionreference

Digital Health Technology (DHT) A system that uses computing platforms, connectivity, software, and sensors for healthcare 
and related uses. These technologies span a wide range of uses, from applications in general 
wellness to applications as a medical device. They include technologies intended for use as a 
medical product, in a medical product, or as an adjunct to other medical products (devices, 
drugs, and biologics). They may also be used to develop or study medical products.38

Medical device Devices cleared as medical devices; may require a prescription from a healthcare professional and 
trained personnel to configure and deploy88

Biomarker A defined characteristic that is measured as an indicator of normal biological processes, pathogenic 
processes, or a response to an exposure or intervention, including therapeutic interventions38

Digital biomarker A characteristic or set of characteristics, collected from digital health technologies, that is measured 
as an indicator of normal biological processes, pathogenic processes, or responses to an 
exposure or intervention, including therapeutic interventions8

An objective, quantifiable measure of physiology and/or behavior used as an indicator of biological, 
pathological process, or response to an exposure or an intervention that is derived from a digital 
measure. The clinical meaning is established by a reliable relationship to an existing, validated 
endpoint.10

Clinical outcome assessment 
(COA)

A report by a clinician, a patient, a non-clinician observer or through a performance-based 
assessment. There are four types of COAs.38•	 clinician-reported outcome
•	 observer-reported outcome
•	 patient-reported outcome
•	 performance outcome
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overall clinical validation of the biomarker. The aim of 
developing an imaging biomarker is to have a noninva-
sive measure of pathophysiology. The steps toward the 
overall clinical validation of the imaging biomarker are 
mentioned in the previous paragraph. However, there 
may be multiple methods capable of measuring the clin-
ical pathophysiological endpoint in a particular context 
of use. Technical validation of the various methods that 
can be used to ensure reproducibility and minimize the 
variability are equally critical to the overall performance. 
A nonexclusive list of technical parameters important 
for imaging end points has been published in Clinical 
Trial Imaging Endpoint Process Standards Guidance for 
Industry.15 Development of precise, sensitive, and repro-
ducible acquisition and analysis methods for early phase 
trials is a competitive research and development field.

Sponsors want to be sure that novel medicines are ad-
vanced where they can truly bring value for patients, and 
considerable time is spent to evaluate the science around 
these biomarkers to ensure that decisions are made with 
appropriate rigor. There are no explicit regulatory require-
ments to qualify biomarkers for use in clinical trials, al-
though guidelines and qualification advice processes exist. 
It is important to distinguish the validation concept from 
the qualification process, which is a formal regulatory re-
view to ascertain that a certain measure can be relied upon 
to have a specific interpretation and application in med-
ical product development and regulatory review within 
the stated context of use.16 Health authority qualification 
of biomarkers (e.g., through the European Medicines 
Agency [EMA] “Qualification of Novel Methodologies”) 
would require very strong evidence that the interpretation 

T A B L E  3   Comparison of imaging biomarkers and digital health technologies

Comparison parameters Imaging biomarkers DHTs

Examples of use in drug 
development

Target occupancy and dose selection, establishing 
PK/PD relationships, drug mechanism 
of action, and a proof of concept, efficacy 
assessments as well as identifying and 
enriching clinical trial populations

Measuring meaningful aspects of patient 
health by means of objective, sensor-based 
measures in addition to patient self-report. 
Can capture physiological aspects of health 
(e.g., cardiac function or sleep). Moreover, 
can measure how a patient is feeling and 
functioning remotely or in the clinic

Technology examples PET, MRI, CT Accelerometers, pulse oximeters, blood pressure 
monitors

Technology origin Medical diagnostic tools Commercial technologies (e.g., fitness trackers), 
or medical devices with regulatory clearance

Biomarker performance 
characteristics with 
appropriate controls

Technical: Measure and, bias, linearity, precision, 
reference value, repeatability, repeatability 
conditions, reproducibility, reproducibility 
conditions, truth, or true value62

Clinical: Cross-sectional signal difference 
between indication and healthy

Cross-sectional signal versus disease stage
Short term test–retest as the easiest way to 

estimate longitudinal variability
Longitudinal change and variability

V3 concept: verification of a sensor versus 
bench standard, analytical validation of the 
data processing algorithm, clinical validation 
to evaluate if the technology acceptably 
measures a concept of interest41

Design and operation of DHT, verification, 
validation, and usability9

Establishing method 
specifications/ device 
calibration

Equipment, manufacturers have established 
calibration and verification methods – for 
clinical use. These methods cover most clinical 
trial biomarker needs. If extra requirements 
are needed for a biomarker – keeping it simple 
is highly desirable

Calibration of a sensors under appropriate use 
conditions (e.g., temperature and humidity)

Filtering out invalid data based on predefined 
rules (data processing algorithm)

Human factor testing/usability N/A - other than defining the risk associated with 
imaging data procedure

Usability needs to be established as a part of 
validation9

Data collection environment Hospital/doctor's office Hospital or under free living conditions

Data structure Limited number of timepoint acquisitions during 
a clinical trial

Frequent as specified (e.g., daily, multiple times 
a day, or semi-continuously for extended 
periods of time)

Abbreviations: CT, computed tomography; DHT, digital health technology; MRI, magnetic resonance imaging; N/A, not applicable; PET, positron emission 
tomography; PK/PD, pharmacokinetic/pharmacodynamic.
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is straightforward and that it cannot be misinterpreted 
within the stated context of use. In order to achieve this, 
well-documented use of the biomarker in multiple studies 
and a clear specification of the framework of implementa-
tion are needed. This is partially because the benefit/risk 
of the biomarker is being assessed in a relatively broad 
context, without reference to risk assessment for a specific 
investigational medicine. With this background it is under-
standable why the weight of evidence is high and the con-
text of use are restricted, to the effect that it may take many 
years to generate the necessary evidence to achieve a full 
qualification. A number of biomarkers have been qualified 
by the FDA full list of qualification recommendations17 
and EMA biomarker qualification opinions full list.18

Because of the multiple studies and weight of evidence 
required for a qualification balanced with the pace at which 
new biomarkers need to be implemented for novel indica-
tions and targets,19 sponsors mainly use imaging biomark-
ers as fit-for-purpose. Ultimately, decisions about deploying 
a specific imaging biomarker are made by the sponsor in 
collaboration with the regulatory authorities. The results 
of clinical investigations that use the biomarker are usu-
ally discussed with regulatory authorities by individual 
sponsors advancing candidate therapeutics, and only in 
the specific context of the benefit/risk profile of that novel 
treatment to justify therapeutic doses. This information 
may be included in the clinical pharmacology or MOA sec-
tion of the label to describe the relationship with preclinical 
findings, provide rationale for dose selection, and ascertain 
an MOA, but it typically does not support efficacy claims.

Consensus recommendations have been developed 
by experts, professional societies, and precompetitive 
consortia to help assure alignment of how to define suc-
cess as it relates to imaging biomarker validation, stan-
dardization and fit-for-purpose decision making.20 Some 
precompetitive work is repeated independently by multi-
ple sponsors, and often not disclosed to the broader scien-
tific community. Nevertheless, the best-known examples 
come from precompetitive collaborations because they 
draw experts from multiple fields and institutions, and 
because this information is available in the public do-
main (Table 1).

LATE- STAGE CLINICAL 
DEVELOPMENT

When planning to use biomarkers to support primary end 
points in pivotal trials, it is strongly advisable to consult 
with regulatory authorities to determine what evidence 
will be needed to validate a candidate biomarker before 
starting the trial. Depending on the intent of the use of 
the data, regulators may request clinical validation study 
results for review.

The successful application of imaging biomarkers in 
late-stage clinical trials poses unique demands in terms 
of validation. Technical validation requires that reliable 
results can be derived by different institutions (compara-
bility) and on widely available platforms. Reproducibility 
studies for imaging biomarkers are typically carried out 

F I G U R E  2   Leveraging insights from imaging technologies to enable the advancement of digital heath technologies. PK/PD, 
pharmacokinetic/pharmacodynamic
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Establish technology 
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of interest to be captured
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    digital measures agnos�c 
    to specific sensors and 
    data processing 
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https://www.fda.gov/drugs/biomarker-qualification-program/list-qualified-biomarkers
https://www.ema.europa.eu/en/human-regulatory/research-development/scientific-advice-protocol-assistance/novel-methodologies-biomarkers/opinions-letters-support-qualification-novel-methodologies-medicine-development
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in natural history biomarker studies, where inclusion of a 
repeat baseline study can be carried out. To demonstrate 
that known perturbations in biology alter the imaging 
biomarker signal in a way that supports the measurement 
characteristics assigned to the biomarker, multicenter 
technical validation using standardized protocols are likely 
carried out after initial biological validation. Summarizing 
the experience and lessons learned from many examples 
of imaging biomarker applications in drug development, 
the FDA has issued guidance to aid in the application of 
imaging biomarkers in clinical development.15

Below, we provide a close examination of several case 
studies carried out beyond a single pharmaceutical prod-
uct, which were impactful in understanding disease patho-
physiology in the context of drug development and which, 
at the same time, advanced the field of imaging biomarkers.

CASE STUDIES

Rheumatoid arthritis magnetic resonance 
imaging scoring system

The rheumatoid arthritis scoring system was developed 
using MRI data, which included improved image acqui-
sition, and variable definition.21 This approach allowed 
researchers to demonstrate inhibition of inflammation 
and structural damage progression with fewer patients 
and shorter follow-up compared to conventional radi-
ography.22 Importantly, the relationship between the 
imaging scoring system and patient-reported outcomes 
was established, linking the imaging biomarkers to out-
comes meaningful to patients.21 It is recognized that 
there is an increasing need for a more sensitive end 
point for monitoring structural progression, because 
placebo arms are kept necessarily short and improved 
treatments result in less structural progression in active 
comparator arms.

This is an example of an imaging modality that can 
be incorporated in early-stage clinical trials, enrolling pa-
tients with rheumatoid arthritis (RA), that would provide 
an early readout of an experimental medicine's efficacy. 
Despite 20 years of progress using MRI in RA, the method 
is not considered fully validated,23 because it is largely 
used as fit for purpose and not for regulatory approvals.

Gadolinium enhanced-T1 and T2 
lesion count and volume by MRI in 
multiple sclerosis

Similarly, gadolinium enhanced-T1 and T2 lesion count 
and volume are determined by MRI and used as a 

biomarker in relapsing remitting multiple sclerosis. This 
is used in short, small-sample-size trials to assess the im-
pact of a novel treatment before the effects on clinical 
symptoms, such as frequency of disease flares, become ap-
parent. After phase II, MRI T2 lesions are often measured 
in phase III trials, and the predictive value of the early-
phase results of this biomarker for later-phase outcomes 
has been clearly shown.24 As yet, T2 lesions have not been 
established as surrogate biomarkers in late-stage trials. 
Despite the well-established evidence of use of these bio-
markers to assess effect and the success of treatments that 
showed effect, these biomarkers are not formally qualified.

Total kidney volume in polycystic 
kidney disease

One example of establishing surrogacy for imaging bio-
markers is the collaborative initiative led by Critical 
Path Institute's Polycystic Kidney Disease Outcomes 
Consortium (PKDOC). The progression and outcome of 
polycystic kidney disease is associated with changes in the 
volume of the kidneys, and this can be measured by a struc-
tural MRI. In addition, this information can help identify 
patients who will benefit from treatments, and that knowl-
edge can enrich and shorten clinical trials. PKDOC has 
brought together members of the drug-development com-
munity, patient-advocacy groups including the Polycystic 
Kidney Disease Foundation, academic researchers, indus-
try, and representatives from regulatory agencies around 
the world, to gain consensus about aspects of autosomal 
dominant polycystic kidney disease (ADPKD): specifi-
cally, disease progression, biomarker application, alterna-
tive endpoints, and innovative trial design. There has been 
an urgent need for biomarkers, given that diagnosis is now 
based on measures that occur very late in the disease con-
tinuum.25 Initially, PKDOC focused on developing data 
standards for ADPKD, amalgamating natural history data 
sets collected by stakeholders over many years. These data 
were applied to a disease-progression model that was used 
to qualify the relationship between total kidney volume 
and known clinical outcomes of ADPKD, including the 
rate of loss of kidney function, the development of end-
stage renal disease, and mortality.26

As a result, total kidney volume was qualified as a 
prognostic enrichment biomarker with both the FDA and 
the EMA in 2015.27,28 In 2018, the evidence provided by 
the model also led to the FDA designating total kidney 
volume as a measure to track disease progression and 
measure efficacy of novel drugs in ADPKD clinical trials 
(a “reasonably likely surrogate”). Total kidney volume has 
been used in the approval of the first ADPKD treatment, 
the vasopressin V2-receptor antagonist tolvaptan, which 
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is indicated to slow kidney function decline in adults at 
risk of rapidly progressing ADPKD. The identification of 
the total kidney volume biomarker has galvanized drug 
development in ADPKD, and the preclinical-to-phase 
III developmental pipeline currently includes 10 novel 
compounds.

Imaging biomarkers in Alzheimer's disease

The Alzheimer's Disease Neuroimaging Initiative (ADNI) 
is a natural history, multicenter study of AD progres-
sion, launched in 2004. It is acquiring multimodal data, 
including MRI, fluorodeoxyglucose, and beta-amyloid 
PET, along with clinical and other biomarker data, in pa-
tients at different stages of the disease. This initiative has 
set a precedent of public-private partnership by creating 
an open-source data set accessible to both industry and 
academia. This has had a major impact in understand-
ing preclinical changes in biomarkers (early pathologi-
cal changes in the brain prior to the onset of symptoms), 
affirming the recognition by the research community 
that pathophysiological changes occur decades prior to 
symptoms.29

Patient organizations played an important role in ad-
vancement of this initiative. Their contributions range 
from patient recruitment to data contribution, to under-
standing the disease from the patient's perspective. For 
example, the third phase of the initiative has recruited an 
additional 1200 volunteers to donate their data, to assess 
cognitive function through computer tests at home and in 
the clinic measuring changes in ability to handle money, 
and early signs of the disease.30,31

Years of research, progress of establishing validation, 
and POC for beta amyloid PET imaging took place under 
the umbrella of the ADNI.32 Recently, the FDA has ren-
dered beta-amyloid PET as a reasonably likely surrogate of 
cognitive decline, based on analysis of publicly available 
neuroimaging data and clinical outcomes from multiple 
independent trials which tested drug candidates targeting 
beta amyloid.33

Hippocampal volume in 
Alzheimer's disease

The EMA qualified the use of MRI measurement of hip-
pocampal volume in AD as a biomarker for enrichment 
in clinical trials that targeted the mild cognitive impair-
ment stage of the disease based on the review of exist-
ing literature as well as de novo image analysis using 
multiple algorithms.32,34 Four distinct image analysis al-
gorithms (developed by different device manufacturers) 

were used to evaluate neuroimaging data that was pub-
licly available through the ADNI. Although the absolute 
numeric values were not identical, the results showed 
nearly identical predictive accuracy for defining the rate 
of progression from mild cognitive impairment to AD. 
An important learning here is that the measurement of 
the underlying physiological variable – the hippocam-
pal volume – is critical to the validation. The biomarker 
qualification journey required extensive technical valida-
tion performance characteristics be performed to assure 
confidence in the accuracy, reliability, and consistency of 
each of the imaging methodologies. The technical valida-
tion of individual measures is likely to evolve over time 
and new methodologies can be refined if they follow the 
evidentiary standards and criteria needed to be deemed 
as fit for purpose. The EMA qualification opinion6 was 
successfully led by Critical Path Institute's Coalition 
Against Major Diseases Consortium (now Critical Path 
for Alzheimer's Disease). This case is a useful example, 
because it is a device-agnostic approach that took place 
through public-private partnerships.

Parkinson progression marker initiative

The ADNI approach was successfully replicated by the 
Parkinson Progression Marker Initiative (PPMI), which 
is an observational multi-center study designed to iden-
tify Parkinson's disease progression biomarkers, not only 
to improve the understanding of the disease etiology, but 
also to facilitate clinical trials. PPMI has detailed the bio-
marker signature for an early cohort defined by clinical 
features and imaging biomarkers. Data sharing, enabled 
by PPMI, allowed researchers to develop disease progres-
sion biomarkers to support clinical trials in Parkinson’s 
disease.35 Two key success factors include open sharing 
of all data to the broad community and, importantly, 
agreement on the specific standardized acquisition pro-
tocols for all imaging biomarkers (which is key to har-
monizing and integrating data across different sites and 
manufacturers). The PPMI study was one of the key stud-
ies that supported the first imaging biomarker qualified 
by regulators for Parkinson's disease trials.36,37

Imaging biomarker conclusions (Figure 2)

•	 An appropriate level of validation, both technical and 
clinical, provides a pragmatic approach to choose and 
implement biomarkers for drug development. The fit-
for-purpose principle has been instrumental in enabling 
go/no go decisions in early-stage clinical development. 
Validating imaging tools to support surrogate endpoints 
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and provide patient-stratification biomarkers has en-
abled drug development across multiple indications.

•	 There are multiple methods to measure pathology 
and disease progression; it is important to focus on 
measurement of indication relevant pathophysiology, 
rather than measurement of a signal. Standardization 
of imaging modality selection, data acquisition pro-
tocols, and image analysis enable various levels of 
precision for different methods to measure the same 
disease characteristic. To encourage competition to 
continuously improve methods, it is important to 
avoid definitions of the biomarker that include spe-
cific technologies.

•	 The best-known examples of a positive impact on the 
development of novel medicines come from studies 
done via pre-competitive collaboration, which enables 
input from multiple stakeholders, creates large com-
prehensive data sets, and facilitates analyses per-
formed by multiple institutions in an unrestricted way.

•	 Data standardization by creating data annotation librar-
ies, evaluating performance of different scanning and 
image analysis technologies, and understanding the 
data behavior as well as potential confounding factors 
enabled discovery and clinical validation of imaging 
biomarkers.

•	 Partnership with patients and patient advocacy organiza-
tions provides important contributions to recruitment, 
to patient-reported outcome data collection, and to 
tying biomarker-based findings to signs and symptoms.

Where do we stand with DHT-based 
measures?

DHT-based measures encompass a variety of assessments. 
They include measures obtained by wearable sensors, ap-
plications on smart phones, or software on computers that 
could be functional tests (e.g., speed of typing or walk-
ing, or electronic patient reported outcomes; Table  2). 
Moreover, some DHT applications fit neatly into conven-
tional definitions of biomarkers8,10,38 (e.g., remote car-
diac monitoring by means of echocardiogram39), whereas 
other examples constitute a biomarker and performance 
outcome at the same time.40

Development and validation of DHTs for drug devel-
opment is also done according to the “fit for purpose” 
principle. However, given the relatively nascent field of 
DHTs, compared with imaging, global consensus on “fit 
for purpose” for DHTs is still evolving. The V3 frame-
work,41 developed by the scientific community, stipulates 
a three-step process for determining whether a DHT is fit 
for purpose: verification, analytical validation, and clini-
cal validation (Table 1). It is consistent with recent FDA 

guidance.9 Despite a growing consensus on the frame-
work for validation experiments, however, the amount of 
publicly available data remains limited. Many DHT vali-
dation studies are single-institution efforts and are often 
not disclosed publicly. This issue is compounded by the 
great variability of DHTs. Unlike imaging technologies, 
which are developed from medical diagnostic tools with 
established clinical utility, DHTs include both commer-
cial technologies (e.g., fitness trackers), as well as med-
ical devices endorsed for an intended use by regulators 
(Table  3), with a highly variable amount of technical 
performance data.42 The duration of data collection data 
structure also varies tremendously and includes point-
in-time assessments (e.g., a 6-Minute Walk Test [6MWT] 
recorded by a smartphone or a wrist-worn accelerome-
ter); frequent measures done multiple times a day (e.g., 
a pulmonary function test done by means of mobile spi-
rometry), or multi-day monitoring by wrist-worn sensors 
(e.g., sleep assessment and physical activity measured by 
means of actigraphy).43

Below, we consider the experience accumulated by the 
DHT field, and provide recommendations for leveraging 
imaging knowledge to advance drug development.

Early-stage clinical development

The use of DHTs in early-stage clinical development is 
of a somewhat smaller scope compared to imaging bio-
markers. DHTs can be used in preclinical models to, for 
example, measure behavior such as gait and balance func-
tion in mice.44 Although the accuracy of digitally derived 
measures in rodents is much higher than of a human ob-
server, these models do not truly translate because they 
do not capture what patients feel or how they function.45 
Additionally, DHTs are not currently able to interrogate 
drug-target interactions or tissue distribution. However, 
some technologies, like continuous glucose monitors14 
or sensors, analyzing drug concentration46 or cytokines 
in sweat,47 have the potential to provide data for PK/PD 
modeling for early mechanistic studies. Some digital bio-
markers can serve as measures of distal PD or MOA (e.g., 
ambulatory/at-home blood pressure monitoring for hy-
pertension, or heart-rate monitoring for arrhythmia).42 
Body-worn sensors have also been evaluated for safety 
monitoring in phase I clinical trials.39

Moreover, digital biomarkers have the potential to 
increase the confidence in POC by measuring clinically 
meaningful endpoints objectively. For example, daily 
step count is a prognostic factor for survival and a dy-
namic predictor of short-term hospitalizations in pa-
tients with cancer undergoing chemoradiotherapy.48,49 
DHTs can be incorporated into early POC studies or 
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even dose-escalation studies.50,51 The opportunity to ex-
plore the relationship between digital endpoints related 
to patient function and novel medicine's pharmacology 
or pathology measures is almost unique in early develop-
ment. The insights gained with digital device measures 
in early development can be extended to later confirma-
tory use (Figure  1). Unfortunately, at this time, DHT-
based measures are often incorporated as exploratory end 
points and are not disclosed. Given that DHT use in drug 
development is relatively new, examples in the public 
domain remain limited. However, data transparency re-
quirements are evolving.52 One example of success is the 
Digital Medicine Society's crowdsourcing library, which 
provides examples of DHT use across diseases.53

Late-stage clinical development

The ability of digital tools to objectively capture functional, 
physiological, or cognitive performance to generate effi-
cacy data for novel therapies is often viewed as the most 
promising DHT application. The remote nature of many 
digital assessments can improve clinical trial accessibility, 
while delivering data to clinical staff in real or near real 
time. Furthermore, remote capture of the patients’ activ-
ity or ability to perform a certain task in a natural envi-
ronment, complementing standard physician assessments 
done during clinic visits, can reduce measurement error, 
leading to a smaller-size clinical trial of a shorter dura-
tion.54 This can be achieved by moving an existing assess-
ment into a remote mode, or by creating novel measures.55

However, the unique proposition of DHTs (capturing 
functional outcomes by objective means) also presents 
challenges for measure design, development, and valida-
tion. Standard disease clinical assessments often interro-
gate multiple disease aspects and may combine physician 
assessment, functional tests, and patient-reported out-
comes (e.g., the Movement Disorder Society Unified 
Parkinson's Disease Rating Scale).56 Although clinical as-
sessments have well-known limitations (including inter-
rater variability, as well as capturing a snapshot of data 
that can be highly influenced by patient's motivation at a 
specific time when the test is taken, and the need for fre-
quent visitation to a clinical center),57 these instruments 
are well-validated and their properties are established.56 
Physician rating scales are often used as benchmarks for 
cross-validation studies, and their limitations are inher-
ently embedded in the validation results.

An alternative approach may include collecting both 
traditional clinical assessments, as well as disease-
relevant DHT-enabled measures, in a longitudinal fash-
ion to elucidate the relationship between the two types 
of measures and determine which disease aspects are 

better captured by a particular instrument. This idea 
has begun to gain ground. For example, the PPMI ini-
tiative, mentioned above, collects both imaging and 
digital assessments, in addition to standard clinician 
rating scales. The PPMI digital data have provided ex-
tremely useful information for digital measure design 
and deployment in clinical investigations (ESI, personal 
communication).

The DHT field struggles with the fact that there are 
(as yet) not always well-established consensus param-
eters for digitized performance outcomes with thresh-
olds for validation acceptance criteria. This has been 
achieved for some imaging-based endpoints. For exam-
ple, the Response Evaluation Criteria in Solid Tumors 
(RECIST) methodology was established as a standard-
ized framework to define meaningful thresholds of 
tumor size change.58 The approach has since been ad-
opted broadly across stages of clinical development. 
Importantly, the framework continues to evolve, in-
formed by data (e.g., optimizing the number of tumors 
selected) and reflecting technology adoption (e.g., ad-
dition of fluorodeoxyglucose-PET to the framework).59 
The framework has also adapted to changing treatment 
paradigms (e.g., immunotherapies resulting in iRE-
CIST)60 where different imaging responses need to be 
captured inflammatory response and increase in tumor 
volume have had to be taken into account.61 This em-
phasizes the importance of generating large datasets 
initially to establish clinically meaningful thresholds, 
developing pragmatic approaches to standardization in 
order to promote broad adoption, continuing to evolve 
criteria based on data and technology.

This issue has been largely resolved in the field of im-
aging and laboratory biomarkers by agreeing upon a list 
of parameters and thresholds for defined technological 
modalities.14,62 This has also been addressed for digital 
blood pressure monitors due to work by professional so-
cieties that created validation protocols and enabled un-
restricted information-sharing about validation results 
carried out by independent investigators,63 in a similar 
fashion to imaging biomarker data collection done by 
ADNI and PKDOC. A relevant example in the DHT field 
is the concept of measuring physical activity, which 
requires defining specific measures and appropriate 
thresholds to quantify moderate to vigorous with cor-
responding cutoff points64 or whether people are inac-
tive, moderately, or highly active.65 However, the DHT 
applications span across a range of diverse conditions, 
including systemic and nervous system disorders.66 
Additionally, there is a big unmet need of DHT enabled 
therapeutics in mental health disorders, although this is 
a rapidly emerging area.67 Moreover, the recent review 
by Jones and Wright68 highlights a potential role of DHT 
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in addressing rising costs of health care and enabling 
wellness and disease prevention. Some of the DHTs are 
capable of generating an ever-increasing amount of data 
that requires tools for retrospective or near real time 
data processing.14 The gap between existing statistical 
methodologies and data complexity requires alternative 
approaches that include machine learning and artificial 
intelligence. Indeed, these methods were used in the 
FDA regulatory submissions for purposes of end point/
biomarker assessment to evaluate the effectiveness of 
therapeutic interventions across different indications.69

CASE STUDIES

The examples of DHTs receiving regulatory endorsement 
for use in clinical investigations are limited and represent 
efforts by both single institutions and precompetitive col-
laborations. Below, we consider these use cases to exam-
ine the potential path forward for digital measures.

Parkinson's disease digital motor 
examination and mobility outcome 
assessments

Many ongoing efforts of developing novel digital meas-
ures interrogate disease signs and symptoms that in-
volve abnormal body movements, decreased mobility, 
and exercise, because these can be effectively assessed by 
body-worn accelerometers. These measures can be used 
as early POC/efficacy readouts. The distinct feature of 
digital measures is the direct interface of patients with 
technology, requiring usability studies, but also imply-
ing a patient-centric approach in line with recent FDA 
guidance on patient-focused drug development.70 The 
requirements for DHT validation go beyond establishing 
technical performance and include understanding the re-
lationship between the DHT and conventional outcome 
assessments.9 Evidence is required that digital measures 
capture meaningful aspects of health, if a digital measure 
constitutes an electronic Clinical Outcome Assessment 
(eCOA), demonstrating relevance to the patients’ ability 
to function in day-to-day life, so data can be interpreted as 
representing meaningful change in patient function.40,71 
Similar to imaging biomarkers, partnerships with pa-
tients and patient organizations are vital, because they 
can leverage patient input in multiple ways: aiding in re-
cruitment into natural history or validation studies, un-
derstanding the impact of disease on patients’ lives, and 
opportunities to leverage technology innovation to create 
measures which are more likely to succeed in drug devel-
opment. The Critical Path for Parkinson's (CPP) Digital 

Drug Development Tool (3DT) initiative serves as an ex-
ample that is advancing regulatory maturity of DHTs by 
optimizing an observational natural history study of dis-
ease progression, developed with multiple stakeholders, 
including people living with Parkinson's disease.72

Certain measures, such as digital mobility outcomes, 
can play a prominent role in capturing people's ability to 
move and exercise, which are relevant to many conditions. 
These measures serve as additional monitoring biomark-
ers in assessing efficacy of new treatments. The Mobilise-D 
initiative, which received two letters of support from the 
EMA, intends to use digital measures as complementary 
to those already in use as biomarkers of disease status.73,74

Stride velocity 95th percentile as a 
secondary end point in Duchenne 
Muscular Dystrophy

Stride velocity 95th percentile (SV 95th) is a measure that 
was developed as a recognition of the limitations of registra-
tion end points for Duchenne Muscular Dystrophy, which 
uses functional tests such as the 6MWT or the North Star 
Ambulation Assessment (NSAA). The episodic nature of 
these assessments, which are dependent on patients’ moti-
vation and clinical condition at the time of the assessment, 
do not represent patient performance during daily life, and 
therefore drive variability in the outcome measure.

The SV 95th received a full qualification opinion 
by the EMA as a secondary end point on the grounds 
of cross-validation of this measure against 6MWT and 
NSAA. The agency has indicated that more work is re-
quired, including the long-term correlation of the SV 
95th with additional functional tests, expanding norma-
tive data and further supporting the critical relevance of 
the proposed minimal clinically important difference.57

This successful example of regulatory endorsement 
clearly demonstrates the volume and complexity of exper-
iments that are needed to validate digital measures. This 
work requires an input from multiple stakeholders and 
are best carried out in the form of precompetitive public-
private partnerships.75,76

OTHER CONSIDERATIONS

It is important to recognize the challenges the DHT com-
munity is facing as well as the initial work that is being  
done to address them. The work has begun under Critical  
Path Initiative leadership to develop DHT data stand-
ards, starting with standards for metadata.77 Moreover, a  
number of precompetitive collaborations – typically ob-
servational clinical trials – are underway in neurological  
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diseases, such as AD, Parkinson's disease, and other 
movement disorders.7,78–80 They include efforts to design  
new studies, collect data, understand data behavior (both 
standalone and in conjunction with conventional clini-
cal assessments), and characterize early disease stages.  
These studies have not yet yielded results reported in peer-
reviewed publications; however, they may provide a solid  
foundation for addressing challenges that single institu-
tions often encounter when submitting data packages to 
regulators.7 Moreover, the precompetitive efforts done via  
public-private partnerships provide an opportunity to en-
gage with regulators early and proactively address chal-
lenges in qualifying these measures.79 Lessons learned 
from imaging technologies can guide development and 
qualification of DHTs by focusing efforts on specific areas  
of research, known to be impactful in advancing scientific  
knowledge and clinical-trial experience. Moreover, as in-
dicated in recent FDA guidance,9 the data privacy, rights,  
and access should be explicitly stipulated in the informed  
consent, including the data reuse in future investigations.  
The utility of this approach is demonstrated by Zhu et al.,33  
analysis of aggregate data across multiple studies to answer 
important questions pertaining to establishing biomarkers  
as surrogate measures in AD.

We believe that publishing the methodologies and 
results of validation studies done according to scientific 
frameworks41 and emerging regulatory guidance,9,81 as 
demonstrated by Ellis et al.,82 helps establishing validation 
acceptance criteria along with real life examples of vali-
dated tool properties. These validated tools are likely to 
have the biggest impact in rare diseases as they may solve 
multiple problems, such as the need for frequent site visits, 
resilience to changes in environment, and attrition during 
the pandemic, at the same time offering convenience, in-
clusion, and data quality.42,83 The deployment of DHTs in 
rare diseases is likely to become more important as our 
understanding of disease subgroups continues evolving, 
requiring studies in subpopulations with a robust signal 
in a small number of participants.54,84

In summary, lessons from imaging biomarkers can be 
leveraged to advance DHT use in clinical investigations in 
the following ways:

1.	 Technical validation parameters and technology per-
formance acceptance thresholds need to be established 
and accepted in the scientific community. A recent 
positive opinion from the EMA on digital mobile out-
comes40 and the WATCH-PD study by Critical Path 
Initiative7 are important milestones in this direction.

2.	 Approaches that are agnostic to hardware and data-
processing algorithms need to be developed by sharing 
DHT data and cross-validating different algorithms, 
demonstrating comparability of data generated by 

different methods. Developing measures fully agnostic 
to hardware and software may be difficult due to spe-
cific requirements (e.g., access to sample-level data not 
available for every digital sensor). However, it is feasi-
ble to develop such approaches across multiple sensors 
and algorithms that meet prespecified requirements.

3.	 Data standardization and creation of publicly shared 
databases will be key factors for DHT acceptance in 
drug development. This can be achieved via precom-
petitive data sharing and developing data dictionaries, 
structure, and parameters of data reporting which must 
be harmonized with technical validation parameters.

4.	 Precompetitive consortia via public-private partner-
ships and professional societies can provide the biggest 
impact and advance DHT use in drug development. 
To be successful, these initiatives should focus on data 
sharing, to enable DHT measure development in a 
technology-agnostic way.

5.	 Collaboration with patient organizations and patients 
themselves is a must, because many DHTs capture data 
depicting function or activities of daily living, where 
patient input is critical for success, and is required by 
regulators.71

Innovating clinical trials provides a significant op-
portunity to expedite the successful delivery of impact-
ful medicines to patients. The measurement technology 
base continues to expand, providing further opportunity 
and more challenge. After decades of experience adapting 
diagnostic imaging methods into drug-development tech-
niques, there have been many successes, but progress has 
typically been slow, and gaps remain. DHTs are arguably 
more complex, given the rapidly expanding and heterog-
enous nature of technologies. To progress this field, it is 
critical to learn from successes and challenges across all 
technology domains. Early collaborative engagement is a 
key theme that enables sufficient data generation to de-
velop and qualify methods that will have a timely impact 
on successful drug development.
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