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Abstract

Sensor-based digital health technologies (sDHTs) are increasingly used to support scientific and clinical decision-making. The
digital clinical measures they generate offer enormous benefits, including providing more patient-relevant data, improving patient
access, reducing costs, and driving inclusion across health care ecosystems. Scientific best practices and regulatory guidance now
provide clear direction to investigators seeking to evaluate sDHTs for use in different contexts. However, the quality of the
evidence reported for analytical validation of sDHTs—evaluation of algorithms converting sample-level sensor data into a measure
that is clinically interpretable—is inconsistent and too often insufficient to support a particular digital measure as fit-for-purpose.
We propose a hierarchical framework to address challenges related to selecting the most appropriate reference measure for
conducting analytical validation and codify best practices and an approach that will help capture the greatest value of sDHTs for
public health, patient care, and medical product development.
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Introduction

The proliferation of sensor-based digital health technologies
(sDHTs) in clinical research and health care delivery has been
bolstered by the recent finalization of regulatory guidance
supporting their use for remote data acquisitions in clinical
investigations [1], qualification of the first sDHT-derived
clinical trial endpoint by the European Medicines Agency [2],
qualification of the first sDHT-derived medical device
development tool by the US Food and Drug Administration
(FDA) [3], and the expansion of reimbursement pathways for
the use of digital clinical measures in remote patient monitoring
[4-6]. For an sDHT to be used to support scientific and clinical
decision-making, evaluators must conduct verification of the
sensors, usability validation of the user interface (defined as all
points of contact a user may have with the sDHT as a whole),

analytical validation of the algorithms, and clinical validation
of the measures of behavioral or physiological function
generated by the sDHT in the proposed context of use. This
evaluation process has been codified in the modular V3+
framework by the Digital Medicine Society (DiMe). Since the
publication of V3 in 2020 [7] and its extension in 2024 [8], V3+
has become the international methodological standard for sDHT
evaluation, having been adopted by dozens of organizations [9]
and cited over 250 times [10], including by the European
Medicines Agency [11] and FDA [12].

Analytical validation relies on the selection of an appropriate
reference measure representing “truth,” against which to
compare the output of the sDHT algorithm in the same or
directly comparable units. This selection process can be
challenging, given that the digital clinical measure of interest
may relate to biological and physiological variables, symptoms
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status, or functional status according to the Wilson and Cleary
(1995) [13] conceptual model. In some cases, there may be
multiple potential reference measures available, and in the case
of a novel digital clinical measure, there will be no extant
reference measure at all. We therefore recognize the need for
an evidence-based framework to guide decision-making when
identifying an appropriate reference measure during analytical
validation. The original description of V3 emphasized that not
all potential reference measures are of equal quality [7], and as
such we believe that a hierarchical step-by-step approach should
be adopted to prioritize those representing the highest level of
scientific rigor.

We developed a preliminary version of a hierarchical framework
to support selection of a reference measure for analytical
validation and presented it to experts representing regulators,

health technology assessment organizations, sDHT developers,
clinicians, and clinical researchers during a workshop convened
by the Digital Health Measurement Collaborative Community
(DATAcc by DiMe) in November 2023 [14]. Our goal was to
seek feedback to improve the framework and ensure uptake
across the digital medicine community. Based on this feedback,
we describe our hierarchical framework that closes a key gap
in the science underpinning the analytical validation of sDHTs.

Description of the Hierarchical Framework

Our framework is designed to sequentially move an investigator
or developer through a series of steps laid out in Figure 1 to
ensure that the most rigorous reference measures applicable to
their study objectives and proposed context of use are
prioritized.

Figure 1. The hierarchical framework for selecting reference measures for analytical validation.
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Step 1: Compile Preliminary Information
Step 1 guides the investigator to compile the preliminary
information required to determine their analytical validation
study objectives and guides subsequent steps. First (Step 1A),
the digital clinical measure (a physiologic process or behavioral
construct) is described, including the units. Next (Step 1B), the
proposed context of use is clarified. The context of use fully
and clearly describes the way the sDHT is to be used and the
purpose of the use, including the intended populations of interest
and the intended use environments. Although some sDHTs may
be legally marketed medical devices with an indications for use
statement compiled by the technology developer and endorsed
by a regulatory body, here we are referring to the context of use
proposed by the stakeholder undertaking the analytical validation
study. Finally (Steps 1C-1D), the requirements and
specifications of the sDHT algorithm are documented in detail,
which should include any methods for dealing with missing
data, alongside a summary of the verification evidence for each
sensor that will feed data to the subject algorithm.

Step 2: Select an Existing Reference Measure, Develop
a Novel Comparator, or Identify Multiple Anchor
Measures
Step 2 of the framework classifies potential comparator methods
hierarchically according to certain attributes that contribute to
their scientific rigor (see Table 1). The first 4 categories
represent existing reference measures, while the next 2
categories are required for scenarios in which a reference
measure does not yet exist. We describe the latter as novel
comparators, because their suitability as an established reference
measure cannot be ascertained until they are developed and
evaluated. The seventh and final category describes anchor
measures, which may be adopted when it is not possible to
develop a novel comparator. Unlike reference measures and
novel comparators, anchor measures generate data in units that
are not directly comparable to those of the digital clinical
measure of interest, and therefore analysis is limited to
examining associations.
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Table 1. Hierarchical categorization of reference measures, novel comparators, and anchor measures for analytical validation.

Supporting documentationRationale for position in
the hierarchy

ExamplesAttributesDefinitionCategory

Reference measures

Standards or guidelines de-
veloped by a respected pro-

Defining and principal
reference measures share

The medical defini-
tion of sleep staging

Data capture is ob-
jective, meaning

A defining refer-
ence measure

Defining

fessional body describingthe same attributes; how-refers to electricalthat it does not relyemerges when a
the reference measure
methodology

ever, defining references
are considered superior
as they will always have

activity of the brain
(EEG), eyes (EOG),
and muscles (EMG),

on human measure-
ment, observation,
or perception for

physiologic pro-
cess or behavioral
construct is depen-

an associated standards
document or equivalent

as described by the
American Academy
of Sleep Medicine in

acquisition. In
some cases, howev-
er, human analysis

dent on the technol-
ogy used to capture
it to such an extent

the Manual for theor scoring may bethat it sets the
Scoring of Sleep andrequired to gener-medical definition
Associated Eventsate the measure offor that process or

construct [15] [16,17]. As such,
polysomnography is

interest. It is al-
ways possible to

considered theretain the source
data defining reference

for measures of
sleep staging, such
as total sleep time

Descriptions of the reference
measure from the peer-re-

Principal reference mea-
sures are considered supe-

Capnography is con-
sidered the defining

Data capture is ob-
jective, meaning

A principal refer-
ence measure di-

Principal

viewed literature, with evi-rior to manual referencereference measurethat it does not relyrectly and objec-
dence of standardized imple-measures because the ob-for respiratory rateon human measure-tively measures the
mentation in many laborato-jective method of data[18], while place-ment, observation,physiologic pro-
ries and centers. Or Stan-capture is not prone toment of a nasal pres-or perception forcess or behavioral
dards or guidelines devel-observer bias. Further,sure transducer,acquisition. Inconstruct of inter-

est oped by a respected profes-
sional body describing the

the source data can be re-
analyzed at will and re-

oronasal thermistry,
and respiratory in-

some cases, howev-
er, human analysis

reference measure methodol-scored by multiple ratersductance plethys-or scoring may be
ogy (in cases where a defin-(where applicable),mography are consid-required to gener-
ing reference measure al-
ready exists)

thereby promoting stan-
dardization and minimiz-
ing measurement variabil-
ity

ered principal refer-
ence measures, as
each involves objec-
tive data acquisition
and the ability to re-
tain the source data

ate the measure of
interest. It is al-
ways possible to
retain the source
data

Descriptions of the reference
measure from the peer-re-

Manual reference mea-
sures are considered supe-

Respiratory rate may
be captured by aus-

The measure of in-
terest can be seen,

A manual refer-
ence measure relies

Manual

viewed literature, with evi-rior to reported referencecultation or by visu-heard, or felt; tasteon the measure-
dence of standardized imple-measures because theyally assessing chest

wall movement [19]
and smell have
been relied on his-
torically but are

ment, observation,
or perception of a
physiological pro-

mentation in many laborato-
ries and centers. Or Stan-

are made by trained
health care professionals

not routinely usedcess or behavioral dards or guidelines devel-which promotes standard-
in modernconstruct by a oped by a respected profes-ization. In some cases it
medicine. Al-trained health care sional body describing themay also be possible to
though it may beprofessional, with reference measure methodol-obtain manual measures
possible to retainor without the use ogy (in cases where a defin-from multiple raters,
source data (suchof equipment or

technology
ing reference measure al-
ready exists)

thereby reducing measure-
ment variabilityas a video that is

then manually an-
notated), many
manual reference
measures are made
in real time
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Supporting documentationRationale for position in
the hierarchy

ExamplesAttributesDefinitionCategory

Peer-reviewed evidence of
psychometric performance
of the instrument used for
data capture

Reported reference mea-
sures are considered infe-
rior to manual reference
measures because they
typically involve a high
degree of subjectivity or
interpretation, and each
measure can be generated
only once per timepoint

The presence or ab-
sence, frequency, or
duration of a particu-
lar experience or
event is typically
captured through di-
aries; for example,
use of the Consensus
Sleep Diary to cap-
ture time in bed [21]

The identification
or quantification of
the measure is sub-
jective in nature.
Reports are made
either in real time
or retrospectively

A patient-reported
reference measure
is based on a report
that comes directly
from a patient
about the status of
their health condi-
tion, while an ob-
server-reported ref-
erence measure is
based on a report
from another indi-
vidual based on
observable signs,
events, or behav-
iors related to a pa-
tient’s health condi-
tion [20]

Reported

Novel comparators

Study protocol, including all
data acquisition, data pro-
cessing, and scoring or anno-
tation methods, developed a
priori. We recommend col-
laborating with patient repre-
sentatives when developing
a definition for the character-
istic of interest

See rationale for manual
reference measures de-
scribed earlier

Manual annotation
of a video captured
overnight to identify
measures of noctur-
nal scratch [22,23]

A novel manual
comparator shares
the attributes of a
manual reference
measure described
earlier

If the digital clini-
cal measure of in-
terest is based on a
characteristic that
can be observed or
perceived by a
trained health care
professional, it
may be possible to
develop a novel
manual comparator

Manual

Peer-reviewed publication,
study report, white paper
containing evidence support-
ing face validity. As de-
scribed earlier, we recom-
mend collaborating with pa-
tient representatives when
developing the novel report-
ed comparator

See rationale for reported
reference measures de-
scribed earlier

Self-report of the
time intervals for
daily activities in a
diary developed for
the purpose of analyt-
ical validation [24]

A novel reported
comparator shares
the attributes of a
reported reference
measure described
earlier

If the digital clini-
cal measure cannot
be observed or per-
ceived by a trained
health care profes-
sional and is in-
stead best captured
by a report from
the patient them-
selves or by an ob-
server, it may be
possible to develop
a novel reported
comparator

Reported

Anchor measures
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Supporting documentationRationale for position in
the hierarchy

ExamplesAttributesDefinitionCategory

Supporting documents may
be in the form of anything
listed earlier for defining or
principal, manual, or report-
ed reference measures

Anchor measures are not
directly comparable to
the digital clinical mea-
sure of interest, and
therefore analysis is limit-
ed to examining associa-
tions. Unlike reference
measures and novel com-
parators, anchors are not
suitable for analytical
validation in isolation;
instead, multiple anchors
should be identified in
order to strengthen the
assertion that the algo-
rithm measures what it
purports to measure

MDS-UPDRS Mo-
tor Assessment Item
3.15 involves a
trained health care
professional evaluat-
ing Parkinsonian
postural tremor of
the hands by visual-
ly determining
tremor amplitude,
returning a score of
0-4 [25].This score
is not directly compa-
rable to a digital
clinical measure of
tremor amplitude in
units of acceleration;
as such, it should be
used alongside at
least one more an-
chor measure of
tremor severity, such
as the Patient-Report-
ed Outcomes in
Parkinson’s Disease
rating scale [26].
Readers should note
that in this particular
example, a reference
measure (3D motion
capture) already ex-
ists

Anchor measures
may possess any of
the attributes listed
earlier for defining
or principal, manu-
al, or reported refer-
ence measures

An anchor measure
is any interpretable
measure of a physi-
ologic process or
behavioral con-
struct in units that
are not directly
comparable to the
digital clinical
measure of inter-
est. Units consid-
ered directly com-
parable are either
identical or able to
be translated for
the purposes of
comparison, such
as via calibration

Anchors

The highest position of the hierarchy is assigned to defining
reference measures (Step 2A), which are objective measures
that emerge when the medical definition of a clinical measure
is dependent on the technology used to capture it [15]. These
measures do not rely on human observation or perception for
data capture, although in some cases human analysis or scoring
may be required to generate the measure of interest. Defining
references are those that are widely accepted, endorsed by at
least one acclaimed professional body, and described within a
standards document or equivalent. For example, the American
Academy of Sleep Medicine describes polysomnography (the
measurement of brain, eye, and muscle activity through
electroencephalography, electrooculography, and
electromyography, respectively) as the defining method for
capturing sleep staging data [16,17]. Similarly, the International
Organization for Standardization (ISO) identifies CO-oximetry,
based on light absorption of arterial blood samples typically
obtained during hypoxia challenge, as the defining method for
measuring blood oxygen saturation [27].

The next highest level of rigor is assigned to principal reference
measures (Step 2B), which share the attributes of defining
reference measures but typically do not have a dedicated
standards document; instead, there are in-depth descriptions of
the methodology in the peer-reviewed literature along with
evidence of standardized implementation in many laboratories
and centers. In some cases, a reference measure that does have
an associated standards document may be considered a principal
reference measure because a superior defining reference measure

also exists. Examples of the latter scenario include transmissive
and reflectance pulse oximetry; although data capture is
objective and the methodology is referred to in both ISO
80601-2-61:2017 and regulatory guidance [27,28], these
methods are considered inferior to CO-oximetry (the defining
reference measure), because they are not capable of
distinguishing functional and nonfunctional hemoglobin [29].
As this example illustrates, there may be more than one principal
reference measure available to choose from—unlike defining
reference measures, of which there can only be one—each of
which may perform differently depending on the context of use.

Next, manual reference measures (Step 2C) rely on observation
or perception by a trained health care professional in the absence
of a source of objectively acquired data. Manual reference
measures may or may not be aided by equipment or technology;
for instance, respiratory rate can be measured manually through
visual inspection of breaths or through auditory interpretation
of auscultation using a stethoscope.

Next, reported reference measures (Step 2D) are based on
reports that come directly from a patient (study participant)
about the status of their health or a report from a lay observer
such as a parent or care partner, using data capture instruments
supported by appropriate psychometric evaluation. We have
based our definition of reported reference measures on the BEST
resource definitions of patient- and observer-reported outcomes
[20]; however, it is important to note that many patient-reported
outcomes and observer-reported outcomes are generated using
questionnaires that are not suitable as reference measures
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because they do not adopt units that are directly comparable to
those of the digital clinical measure of interest. For example,
sDHT-derived nocturnal scratch in units of events/hour cannot
be directly compared against the Patient-Oriented Eczema
Measure, which generates a score of 0-28 [30]; instead,
investigators have relied on annotated videos [22]. Reported
reference measures are therefore limited to reports of the
presence or absence, frequency, or duration of a particular
experience or event, typically captured using diaries supported
by appropriate psychometric evaluation.

If no suitable reference measures exist, the investigator should
consider developing a novel comparator, which should be
completed and documented before beginning analytical
validation. When developing a novel manual comparator (Step
2E), which shares the attributes of a manual reference measure,
the investigator should develop a protocol for capturing and
analyzing the comparator measure a priori, using existing
technology where applicable. If it is not possible to create a
novel manual comparator, the investigator should consider the
development of a novel reported comparator (Step 2F), which
shares the attributes of a reported reference measure and should
be supported by evidence of face validity (at minimum). We
recommend working with patient representatives when
developing novel manual or reported comparators.

If it is not possible to develop a novel comparator, the only
remaining option is to adopt anchor measures (Step 2G), which
are defined as any interpretable measures of a physiologic
process or behavioral construct in units that are not directly
comparable to the digital clinical measure of interest. This broad
definition means that an anchor measure may share attributes
with defining, principal, manual, or reported reference measures.
Because the data generated by an anchor measure cannot be
directly compared to the digital clinical measure, it is critical
to adopt multiple anchors in order to strengthen the assertion
that the algorithm measures what it purports to measure. The
use of multiple anchor measures for analytical validation
purposes aligns with the concept of an anchor variable described
by the FDA in their Patient-Focused Drug Development
guidance for identifying meaningful score differences of clinical
outcome assessments [31].

Step 3: Consider the Impact of the Data Collection
Environment
Step 3 of the framework guides the investigator through a series
of questions regarding the impact of the data collection
environment. First (Step 3A), the investigator should determine
whether it is possible to conduct analytical validation in the
intended use environments using the highest-order reference
measure, novel comparator, or anchor measures available. If
so, they should plan to do so and proceed to Step 4.

If the highest-order reference measure, novel comparator, or
anchor measures require the analytical validation study to be
conducted in the laboratory, the investigator should determine
whether the performance of the algorithm is likely to differ
substantially when the sDHT is implemented in the intended
use environments (Step 3B). If this is not the case and the
investigator determines that algorithm performance assessed in
the laboratory is generalizable to the intended use environment,

they should complete the analytical validation study in the
laboratory and proceed to Step 4.

Alternatively, if the investigator is concerned with generalizing
analytical validation results from the laboratory setting to the
intended use environments, they should first determine whether
the possible difference in algorithm performance is due to
environmental conditions impacting the sDHT sensors (Step
3C). If so, this scenario requires additional verification data and
is not a reason to perform analytical validation in the intended
use environment. Next, the investigator should determine
whether the possible difference in algorithm performance is due
to usability considerations (Step 3D); for example, they may
be concerned that participants will place the sDHT incorrectly
when using it at home unsupervised, leading to excessive signal
artifact. If so, this scenario requires usability validation, and is
similarly not a reason to perform analytical validation in the
home environment.

Finally, if the investigator determines that the possible difference
in algorithm performance is due to environmental characteristics
impacting the relationship between algorithm input (sensor data)
and output (the digital clinical measures of interest) (Step 3D),
the investigator should proceed with in-laboratory analytical
validation using the highest-order reference measure, novel
comparator, or anchor measures, and plan to capture additional
analytical validation evidence in the intended use environments
using a lower order alternative. In other words, the investigator
should first determine algorithm performance using the most
rigorous methodology available and perform supplementary
testing to support generalizability to the intended use
environments, rather than relying solely on the lower order
methodology. It is acceptable for supplementary evidence of
this nature to rely on a single anchor measure, if applicable,
although multiple anchors are preferable.

Step 4: Describe the Rationale for Key Study Design
Decisions
The final step of the framework prompts the investigator to
describe their rationale for key study design decisions by
identifying their selected reference measure, novel comparator,
or anchor measures according to the categories described in
Step 2 of this framework (Step 4A); provide a rationale for
passing over a higher order methodology in favor of their
selected methodology, if applicable (Step 4B); and, if the
analytical validation study is conducted in the laboratory,
provide a rationale as to the generalizability of their results to
the intended use environments. Step 4 is particularly important,
as it encourages transparency and allows evaluators,
peer-reviewers, regulators, and payers to understand the quality
of the resulting analytical validation data and the extent to which
it may be relied upon for decision-making.

Discussion

The Scientific Rigor of Reference Measures Is Driven
by Attributes That Reduce Measurement Variability
The categories of reference measures in Step 2 are laid out in
order of superiority to signify that the highest-ranked reference
measure that is available should be used whenever possible, as
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according to the definitions in Table 1, it is the best method for
capturing the measure of interest. Our goal was to rank the
categories according to attributes that contribute to reduced
measurement variability.

Both defining and principal reference measures rely on objective
methods of data acquisition, and the ability to retain source data
means that these reference measures can be re-analyzed or
re-scored at will, including by multiple health care professionals
when applicable in order to create an average or consensus
measure, thereby reducing measurement variability [32]. The
next category, manual reference measures, involves human
perception and is therefore prone to observer bias, but likely
not to the extent of reported reference measures, as these
typically involve a high degree of subjectivity or interpretation,
and each measure can be generated only once per timepoint.
Although we champion the importance of the voice of the patient
during the selection of measures that matter to scientific and
clinical decision-making [33-36], it is expected that the
processes of usability and clinical validation will sufficiently
assess these important concerns, which are out of scope for
analytical validation.

We have positioned anchor measures as the lowest-order
methodology, even if an anchor under consideration is
well-established and widely used as illustrated by the example
in Table 1 describing a comparison of sDHT-derived postural
tremor (in units of acceleration) against MDS-UPDRS Motor
Assessment Item 3.15 (in units of a 0-4 score). If this scale were
to be adopted as the sole anchor measure, the developer would
be motivated to create an sDHT algorithm that aligns as closely
as possible with the clinician’s visual assessment of tremor
amplitude, thereby perpetuating the known limitations of this
methodology. Thus, it is essential that multiple anchors be
adopted for the purpose of evaluating a novel digital clinical
measure, although under some circumstances it may be sufficient
to adopt a single anchor if the intent is to generate supplementary
evidence to support the generalizability of more robust analytical
validation results from the laboratory to the intended use
environments. Readers should note that comparison of a digital
clinical measure against anchor measures is not a form of
analytical validation given the noncomparable units but is a
suitable approach to addressing this component of V3+ when
reference measures do not exist and it is not possible or feasible
to develop a novel comparator.

Circumstances Under Which a Lower Ranked
Reference Measure May Be Appropriate for Analytical
Validation of an sDHT
Our hierarchical framework will enable investigators conducting
analytical validation to make the most rigorous claims associated
with their products and position them to deliver the greatest
value in support of scientific and clinical decision-making.
Importantly, however, the hierarchical nature of Step 2 is not
meant to be rigid. In some circumstances, there may be reasons
for passing over a reference measure of the highest rigor to
select a reference measure or novel comparator that is ranked
lower. However, we posit that the only acceptable reasons for
doing so are when (1) the selection of the higher ranked
reference measure creates an unacceptable risk-benefit ratio,

thereby compromising the ethics of the study or (2) the higher
ranked reference measure is not recommended and applicable
to the context of use, which includes the patient population.

Consider, for example, the analytical validation of an sDHT
developed to capture blood pressure (BP). The defining reference
measure involves placement of an arterial catheter [37], which
is invasive and in some circumstances may be considered
unnecessarily risky to participants. Because automated
sphygmomanometry (a principal reference measure) is such a
common and well-validated technology, it may be appropriate
to use in place of arterial BP in some cases. Automatic
sphygmomanometers, however, may not be suitable for use in
some individuals, such as those with arrhythmias [38], in which
case traditional sphygmomanometry (a manual reference
measure) may be the most appropriate methodology. An
investigator may select any reference measure or novel
comparator of their choosing, with the understanding that
adoption of a lower order methodology will limit the rigor of
their analytical validation study.

It is rarely a requirement to select a reference measure that
allows analytical validation to be conducted in remote settings,
such as at home, particularly if this choice would result in the
use of a reference measure that is lower in the hierarchy.
However, when analytical validation is conducted in the
laboratory, it is important to determine whether the performance
of the algorithm is likely to differ substantially when the sDHT
is implemented in its intended use environments as described
in Step 3.

In summary, it is up to the investigator or developer to justify
their choice by carefully considering the scientific or clinical
decisions that the sDHT-derived measure is intended to support
and the rigor of the analytical validation claims they wish to
make (Step 4). Factors such as cost, feasibility, patient or
participant preference, and resource availability are rarely
sufficient reasons to select a lower order reference measure or
novel comparator but might be relevant to investigators seeking
to decide between reference measures within a single category.

The Quality of the Reference Measure or Novel
Comparator Affects What Claims Can Be Made About
the Performance of the sDHT
A key value driver of sDHTs is their ability to capture digital
clinical measures that provide information that was previously
difficult or impossible to capture, such as the measurement of
nocturnal scratch in individuals with atopic dermatitis [39]. In
such cases, available reference measures for analytical validation
are likely to be ranked lower per the framework if they are
available at all. The development and use of a novel comparator
does not preclude the substantiation of rigorous claims
associated with these measures but does require careful
development of the novel comparator a priori. Over time, a
novel comparator may “up-level” to be considered a reference
measure as evidence to support its use builds over time. Manual
annotation of video to identify nocturnal scratch events, even
if performed by multiple trained health care professionals, can
currently be considered a novel manual comparator despite
being adopted in more than one study [22,23]. Eventually,
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assuming this line of work continues, the field may coalesce
around a video scoring protocol that allows for a high level of
interrater agreement, at which point the method may be
considered a manual reference measure.

Applicability of the Framework to All sDHT
Regulatory Categories and All Measure Categories
As described in regulatory guidance and the literature [1,40],
sDHTs used for remote data acquisition in clinical investigations
may be regulated medical devices, low-risk products designed
to promote a healthy lifestyle and typically marketed towards
consumers (referred to by the FDA as “general wellness
products” [41]), or products developed specifically for research
data capture. Although the term “claims” may be used to refer
to statements that fall under regulatory purview, such as medical
device labeling claims, throughout this document we use
“claims” to refer to any statement or conclusion made regarding
the performance of an sDHT. The principles of analytical
validation apply in all cases, and therefore the process of
selecting a reference measure or novel comparator does not
differ according to the regulatory status of the sDHT.

Similarly, the principles of analytical validation do not differ
according to whether the digital clinical measure of interest is
intended for use in clinical care or clinical research. If the latter,
the categorization of the measure as a digital biomarker or an
electronic clinical outcome assessment also has no bearing on
the applicability of our framework.

Future Directions
During development of this framework, we considered the
suitability of a scoring method that would allow an investigator

to rank reference measures quantitatively, rather than
qualitatively according to the categories described in Step 2.
Ultimately, we decided against this approach due to concerns
that a scoring system would be unnecessarily rigid and may
quickly become outdated as technology evolves. As the field
matures, however, a quantitative scoring system may be
warranted.

The hierarchical framework presented here will help
investigators support the most rigorous claims for both novel
and established digital clinical measures and is intended to drive
the capture of the greatest value of sDHTs, whether from their
use in clinical trials [42] or patient care [43]. As the selection
of reference measures or development of novel comparators for
the analytical validation of sDHT algorithms becomes
increasingly rigorous through the use of this framework, it is
important to highlight a key remaining gap in the science of
analytical validation: the selection of a suitable statistical
technique for evaluating an algorithm's performance against the
appropriate reference measure. Despite this remaining gap, the
state of the science supporting the evaluation of sDHTs as
fit-for-purpose is strong. This framework offers a pathway to
bolster the impact of the broad adoption of best practices, such
as the Measures that Matter [44] and V3+ frameworks [7,8],
alongside advances in regulatory policies and decisions [1,2],
placing the benefits of digital clinical measurement firmly within
the reach of both researchers and clinicians seeking to improve
the health-related quality of life of their patients. Ultimately,
the value of our proposed framework will be determined
according to its impact on improving the rigor of sDHT
analytical validation science.
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