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Abstract

Background Digital mobility outcomes (DMOs) have emerged as novel biomarkers offering objective, quantitative,
and examiner-independent outcome measures for clinical studies. Unfortunately, research efforts on DMOs have
not yet investigated the domain of clinical utility in Parkinson'’s disease, i.e. providing evidence of improvements in
health outcomes, diagnosis, decision-making, or prevention when compared to e.g. standard-of-care procedures.
This manuscript, via a consensus building approach, aims to create a structured conceptual framework to map the
knowledge generated by DMOs with clinical domains that could benefit from it.

Methods We conducted a three-round consensus-building study with 12 experts recruited from the Mobilise-D
consortium’s Parkinson’s Disease Working Group. The experts designed and ranked different aspects of the conceptual
framework via a 5-level Likert scale for level of agreement. Consensus for the different points evaluated was based

on a double threshold: the simultaneous presence of a high level of agreement had to be accompanied by a low

level of disagreement. As secondary objectives, the experts were asked to rate the practical application of DMOs by
evaluating the timeline to applicability, the foreseen challenges for their implementation in clinical settings, and their
main role in the decision-making process.

Results A full consensus on the clinical utility framework was achieved after three rounds. The final framework
consisted of three main categories (Disease Diagnosis, Patient Evaluation, and Treatment Evaluation) and six underlying
domains (Enhancing Diagnostic Procedure, Predicting Risk, Timely Detecting Deterioration, Enhancing Clinical Judgment,
Selecting Treatment, and Monitoring Treatment Response). The experts believed in the next 1-5 years DMOs will play a
relevant role in clinical decision making, complementing care knowledge with useful digital biomarkers information.
However, the main challenge to address is the definition of clear reference value for DMOs interpretability.

Conclusions This framework provides a structure for subsequent studies to build into by diversifying expert cohorts
and expand our findings beyond PD. Additionally, our results support researchers planning future clinical trials
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where DMOs can play a valuable role for clinical decision support. Ultimately, this is the first step toward developing
guidelines to assess DMOs' clinical utility and support their integration into Real World clinical practice.

Keywords Digital mobility outcomes, Parkinson’s disease, Gait, Consensus study, Clinical utility

Background

Mobility, the ability to move freely and easily [1], is a
primary constituent of a healthy life, with speed widely
considered the sixth vital sign [2]. In patients with Par-
kinson’s disease (PD) who are affected by chronic motor
disorders that progress and fluctuate over time, the
characterization of mobility bears critical importance
for the assessment of overall conditions and subsequent
management of treatment. Due to the extreme hetero-
geneity of clinical presentations in PD, interventions and
clinical decisions must be tailored to the patient’s charac-
teristics [3]. This practice, defined as personalized care,
requires an accurate and comprehensive evaluation of the
patient’s profile. In this context, mobility-related infor-
mation assumes a primary role.

Digital mobility outcomes (DMOs) have emerged as
novel biomarkers offering objective, quantitative, and
examiner-independent outcome measures for clinical
studies [1, 4]. Unlike traditional clinical assessments,
which are often subjective and vary depending on the
examiner’s expertise, DMOs provide a standardized
approach to capture real-world mobility through digital
technologies, such as wearable devices. As such, DMOs
are gaining recognition as reliable tools for characterizing
patient status, evaluating treatment responses, and sup-
porting regulatory decision-making across various medi-
cal conditions [5]. For PD in particular, several studies,
including those from the Mobilise-D consortium, have
highlighted the ability of DMOs to provide objective,
relevant, and validated information that characterizes
both symptom severity and progression rates [1, 6-11].
Additionally, promising examples of the clinical applica-
bility of DMOs show that these may differentiate across
PD and non-PD groups [12], medication states, targeted
gait outcomes (e.g., to detect freezing events) [13], corre-
late with classical clinical scales such as the MDS-UPDRS
[14], and offer clinically meaningful measures of mobility
after rehabilitation for long-term assessment [15].

Furthermore, DMOs have gained recognition as end-
points for clinical studies focusing on mobility [16, 17].
The reason is twofold: the necessity of detecting subtle
gait changes that cannot be visually captured or quanti-
fied and the possibility of extending the monitoring win-
dow outside the clinic. This scientific evidence suggests
that DMOs should represent an essential tool for clini-
cians and healthcare professionals.

Unfortunately, research efforts on DMOs have not
yet investigated the domain of clinical utility, provid-
ing evidence of improvements in health outcomes,

diagnosis, decision-making, or prevention when com-
pared to standard-of-care procedures. A recent literature
review focusing inertial sensors for home monitoring in
PD showed that only 15% of studies provided evidence
on clinical utility [18], with most presenting findings in
qualitative terms. Although DMOs have been touted as
playing a complementary role in enhancing current stan-
dards of care by supporting clinical decision-making and
personalized intervention strategies [6], the lack of clear
reference values and difficulty in integrating results into
care pathways [6, 19] have hindered their translation
from validated technical measures to decision support
tools within the clinical management of PD. A myriad of
studies demonstrated the technical accuracy of DMOs,
and their correlation with standard clinical scales. How-
ever, to generate clinical utility, DMO information must
be conveyed into actionable items that physicians can
apply to individual patient cases. This task involves trans-
lating results from highly structured clinical and research
studies through the lens of noisy real-world scenarios.
Thus, a key first step toward resolving this issue would be
to map the knowledge generated by DMOs with clinical
domains that could benefit from it.

A structured conceptual framework may bridge the
translational gap between research advancements and
clinical workflows, encouraging future studies to demon-
strate and provide evidence of clinical utility. Therefore,
as a primary objective, this expert consensus manuscript
aims to build on the clinical and technical knowledge
from the Mobilise-D consortium to define the clinical
domains where DMOs could be implemented to support
personalized care in PD. As a secondary objective, the
study seeks to gather expert perspectives on the practical
implementation. Ultimately, the goal is to facilitate the
translation from research knowledge to clinical utility of
this new information generated by DMOs.

Methods

We conducted a three-round consensus-building study
between April 9 and November 27, 2024, to support the
integration of DMOs in clinical workflows in PD. As
empirical data is unavailable, we chose an electronic-
based consensus-building methodology. This method
allowed for the development of guidance on the basis
of iterative rounds of discussion, voting, and refine-
ment until a predefined expert consensus threshold was
reached [20, 21]. Additionally, the electronic format
allowed for asynchronous feedback and added flexibility
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to ensure the participation of an international expert
panel [21].

Expert panel

A single expert panel was recruited from the Mobilise-D
consortium’s Parkinson’s Disease Working Group [10].
This project included 12 international academics with
diverse healthcare expertise in PD. Site leaders dissemi-
nated the project internally, and interested individuals
received a formal enrollment invitation detailing the
aim, objectives, and project methodology. Implicit con-
sent was provided by accepting the invitation and voting
anonymity was preserved to ensure equal treatment of
expertise across the panel.

Consensus-building procedure

Before each round, the experts received an overview of
the goals, including the rating scale and the consen-
sus criteria. All materials provided to the experts were
piloted internally with clinicians, clinical researchers,
social scientists, and biomedical engineers.

The experts ranked different aspects of a conceptual
framework via a 5-level Likert scale for level of agree-
ment (I=Strongly Disagree, 2=Disagree, 3= Neither
Agree nor Disagree, 4=Agree, and 5=Strongly Agree). A
5-level scale is a robust metric against rounding errors.
It measures the intensity of the rater’s opinion depending
on their level of agreement or disagreement (e.g., “Agree”
vs. “Strongly Agree”) [22]. Additionally, an open-ended
question was provided at the end of each voting section
to gather further expert feedback.

Consensus for the different points evaluated was based
on a double threshold: the simultaneous presence of a
high level of agreement had to be accompanied by a low
level of disagreement. Consensus was thus defined as an
average agreement across the experts equal to or above
level 4 (i.e., “Agree”), with the simultaneous absence of
disagreement (levels 1 and 2). Similar methods have been
used in predefined consensus-finding studies to ensure
adequate representation of disagreements, even those
from minority groups [23-28]. In case of disagreement,
experts were asked to describe their concerns in free text
and provide insights into the reasons for their disagree-
ment. This feedback was utilized in synergy with the
overall agreement to update the framework iteratively.

Initial framework As a starting point for the consensus
study, we predefined a framework based on the “treatment
cycle” concept described by Klucken et al. [29], where the
progression of patient disease is segmented by alternating
phases of patient and treatment evaluation. These phases,
denominated categories, converge at the clinical consul-
tation, where the physician goes from (a) assessing risks,
symptoms, or diseases to (b) selecting and monitoring
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the treatment. The primary categories were then subdi-
vided into five secondary domains where DMOs may pro-
vide value to the clinical team and thus achieve clinical
utility (Fig. 1). For the present study, clinical utility was
defined as improving health outcomes, diagnosis, treat-
ment management, or prevention after the use of DMOs
[18]. Notably, domains represent distinct clinical contexts
and hold different requirements for digital outcomes to
provide value. Examples of clinical contexts and potential
values were provided for each domain to ensure adequate
interpretability.

Rounds 1 and 2 The primary objective of the first round
was to find consensus on the established conceptual
framework. The experts reviewed a prerecorded work-
shop describing the “treatment cycles” concept along
with the corresponding framework. Then, the experts
voted on the overall structure and concept, the contexts,
and the clinical values of the DMOs through the 5-level
Likert scale described above. The round closed with open-
ended suggestions for changes to the framework, includ-
ing missing domains, updates to the values, or changes to
the naming conventions.

Round 3 The primary objective of the third and final
round was to review the final framework and present the
final structure, taxonomy, and definitions derived from
the previous rounds. In contrast to the previous rounds,
this final stage was an online interactive session intended
to clarify any remaining points from the final framework,
allowing for quicker iteration of feedback and sign-off on
the study results. Items requiring voting remained anony-
mous and followed the double-threshold technique as
previously employed.

Secondary study objectives We sought expert opinions
on three secondary items about the practical application
of DMOs by evaluating the timeline to applicability, the
challenges foreseen for their implementation in clinical
settings, and their main role in the decision-making pro-
cess. The experts assessed the first two through a single-
answer, six-item scale (currently applicable, 1 to 5 years, 5
to 10 years, not clinically applicable, I do not know). The
third one was evaluated through a multiple choice single-
answer question.

Data analysis

Averages were calculated for each voting item. The open-
ended questions were grouped by theme and assessed
independently of the Likert scale responses. Finally, the
participation rate was computed on the basis of the num-
ber of enrolled participants and the number of responses
received within the allotted time. Descriptive statis-
tics were calculated using a spreadsheet processor. No
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Fig. 1 Predefined Framework based on the treatment cycle concept where the patient management strategy is considered composed by periodic, alter-
nating diagnostic and treatment periods herein represented as Clinical Decision Support Categories. The categories are subsequently divided into domains
according to the value DMOs can provide. This has been the initial framework presented to the expert panel in round 1

imputation was performed for the replies of the experts
who dropped out from the study.

Results

Twelve experts from six academic institutions across
Europe received invitations to participate, including 10
(83%) clinical and 2 (17%) technical experts with exper-
tise in neurology, geriatrics, cognition, physiotherapy,
biomechanics, and gait analysis (Table 1).

Round 1 results

Round 1 had a 100% response rate (Fig. 2). The experts
reached a consensus across the overall framework con-
cept, the two categories, and the Timely Diagnosis and
Individualized Intervention domains (Table S1). From a
conceptual applicability standpoint, Individualized Inter-
vention was the highest-rated domain, with an overall
agreement of 4.64, followed by Timely Diagnosis (4.55)

and Treatment Monitoring (4.45) (Table S3). Additionally,
Timely Diagnosis (4.82) and Enhancing Diagnostic Power
(4.36) received the most approval among the examples
evaluating clinical contexts and values (Table. S2-S3).

The most common elements of disagreements in this
round were associated with two domains: Risk Pattern
Forecast and Treatment Evaluation. Panel experts sug-
gested changing the naming convention of Risk Pattern
Forecast, defining the term “individualized,” and nar-
rowing the scope of each domain to an actionable clini-
cal process. Experts expressed concerns regarding the
prognostic power of DMOs, which were seen as more
capable of detecting subtle deterioration rather than
being hallmarks of future impairment. Updates to the
Treatment Evaluation domains were also requested to
account for treatment feedback loops and patient self-
management. All measures were retained for voting in
Round 2 to ensure alignment with changes derived from
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Table 1 Panel expert characteristics. Results are expressed as “mean (Standard Deviation)” or “Unit, Percentage” according to the

variable considered

Characteristics All Panel Experts (n=12)

Clinical Background (n=10) Technical Background (n=2)

Average Age, years 5033 (9.54)
Sex (n, %)

- Male 4,33%

- Female 8,67%
Education (n, %)

- Medicine 4

- Psychology 1

- Physiotherapy 5

« Sports Science 2
Background (n, %)

- Clinical 10, 83%

« Technical 2,17%
Residence (n, %)

+ United Kingdom 5,42%

« Germany 4,33%

- Belgium 1, 8%

+ Norway 1,8%

«Israel 1,8%
Average Experience, years 16.75 (7.24)

50.60 (9.16) 49.00 (7.24)
4,40% 0, 0%
6,60% 2,100%

4 0, 0%

0 1,50%

5 0, 0%

1 1,50%

10, 100% 0, 0%

0, 0% 2,100%

4, 40% 1,50%
4,40% 0, 0%
1,10% 0, 0%

0, 0% 1,50%
1,10% 0, 0%

17.40 (15.56) 13.50(2.12)

the feedback provided. Finally, experts requested that
disease diagnosis be treated as a separate category and
not be embedded within the Patient Evaluation.

Concept-related suggestions were split into taxonomy
or definition comments and explored separately in the
subsequent rounds.

Round 2 results

Round 2 had a lower response rate of 67%, with 8 of the
original 12 experts responding. Based on Round 1 feed-
back, two framework structures were presented to the
experts (Fig. S4). 75% of experts voted for a new Dis-
ease Diagnosis category and corresponding domain to
be added to the framework (Fig. S4a) rather than hav-
ing it nested within the Patient Evaluation category.
The remaining two experts preferred an updated ver-
sion of the original structure presented in Round 1 with-
out a new category (Fig. S4b). However, one of the two
experts provided open feedback that aligned with the
new category structure, increasing the acceptance of the
additional category to 87.5%. All other inclusions to the
framework were rejected.

Independent of the framework’s structure, the experts
reached a consensus on the taxonomy, values, and 4 out
of 6 domain definitions (Table 2). Additionally, consen-
sus was reached on most research questions, apart from
Enhancing Diagnostic Procedure, which was not tested as
it was the domain corresponding to the new category.

The main disagreements were associated with the
domains of Predicting Risk and Detecting Timely Deterio-
ration. In particular, one expert disagreed with the ter-
minology of the first domain, requesting more emphasis
on the fact that risks are not exclusively associated with

prodromal phases of diseases but can also be linked to
symptoms. Analogously, for Detecting Timely Deteriora-
tion, concerns were expressed on the definition that orig-
inally included an “increased sampling frequency of the
clinical assessments.” This wording was considered inad-
equate and potentially misleading due to its overlap with
the electronic interpretation of the concept of “sampling
frequency”

Given the results achieved in Round 2, three items
were retained for subsequent voting: the domain defini-
tions for Predicting Risk and Timely Detecting Deteriora-
tion and the research question for Enhancing Diagnostic
Procedure.

Round 3 results
Round 3 had a consistent response rate of 67% which was
comparable to that of the previous round. The framework
structure remained stable, with three categories and six
underlying domains (Fig. S4a) confirming its robust-
ness. Among the three retained items, experts reached a
full consensus on all points. In addition to the consensus
items, panel experts provided supplementary sugges-
tions, including aligning the wording of definition and the
research question for Enhancing Diagnostic Procedure.
Expert-level agreement was achieved on a final clini-
cal utility framework composed of three categories and
six underlying domains (Fig. 3). Full consensus was also
reached on the overall framework concept, taxonomy,
and domain definitions necessary, confirming the role of
DMOs in personalized care in PD (Table 3).
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e-Round 1
Response rate (n =12, 100%)
Primary:
1. Review structure of conceptual framework.
2. Rate overall framework, categories, and domains.

Secondary:
3. Evaluate timeline to applicability and foreseen
challenges for each domain.

Consensus
Reached for Overall Framework, Categories, and 2
Domains (Timely Diagnosis & Individualized intervention)

Measures Retained
All measures retained for Round 2 voting to address
changes in structure and naming conventions.

e-Round 2 One category added from expert feedback in Round 1
Response rate (n =8, 67%)

Primary:

1. Choose preferred framework structure.

2. Vote on suggestions made by fellow experts.

3. Evaluate the naming conventions, clinical context
definitions, and primary clinical values.

Secondary:
1. Determine role of DMOs in clinical decisions

Consensus
Naming conventions, values for all domains. Definitions
for 4 out of 6 Domains. All research questions related to
the original domains from Round 1.

Measures Retained
Domain definitions for Predicting Risk and Timely
Detecting Deterioration.
Research question for Enhancing Diagnostic Procedure.

e-Round 3
Response rate (n =8, 67%)

1. Consensus based on double threshold was Suggestions without consensus
achieved for the domain definitions related to
Predicting Risk and Timely Detecting 1. Role of DMO as a secondary use of data.
Deterioration. 2. Research questions and study designs required to
2. Consensus reached on the research question for validate each domain.
the Enhancing Diagnostic Procedure domain. 3. Main challenges limiting DMO application.

Fig. 2 Flow diagram of the modified consensus methodology. The figure describes the primary and secondary objectives targeted during each round,
and the consensus achieved in each iteration

Table 2 Expert consensus results by round. @aThese symbols denote absence of double threshold consensus. Check (v') denotes
consensus reached. *Denotes averages calculated over 6 experts only due to conceptual differences between V1 and V2 framework

Expert Consensus on Framework Average Agreement Results
Domains Round 1 Round 2 Round 3

Concept Clinical Concept Clinical Concept Clini-

Value  1a50n0my Definition  ValU®  Taxonomy Definition cal
Value

Enhancing Diagnostic Procedure - - 4.50% 4.33% 4.00* v v v
Predicting Risk 4.362 4.092 4.50% 3.67% 4.17* v 4.38 v
Detecting Timely Deterioration 4.822 4452 4.38 4.252 4.50 v 4.38 v
Enhancing Symptom Assessment 4.36° 4.092 4.50 4.50 4.50 v v v
Selecting Treatment 4.002 3.73a 4.50 4.38 4.25 v v v
Monitoring Treatment Response 4.272 4.182 463 4.00 4.25 v v v
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Clinical Decision WHO
Contast Support Clinical Utility Domains Clinical Value Domain Definition Code
Categories
F====n
Disease To implement timely diagnostic strategies and Diagnosing a disease or its subtypes can be achieved integrating the quantitative 1
ICD-10
Diagnosis Enhancing Diagnostic Procedure enable more accurate disease subtyping. analysis of DMO patterns into the standard of care information. | 1
_____ 4
_—————
Predtioire Hisk To implement tailored preventive strategies to Integrating DMOs into standard clinical judgment enhances the ability to predict the I I
A, i decrease the magnitude of the predicted risk risk of developing a symptom or disease. 1 1
I I
T the f d iti f ! et I
incr r itivi
Clinical Patient Tty Datacting 01010080 o Toauency ;:‘ang::r::r:ogm: Integrating DMOs into diagnostic procedures enhances mobility assessment | |
P 2
fi i thet y tect f e
Contexts Evaluation e olariort e bes e S eiugion: requency allowing the timely detection of a symptom or disease. | or ;
I pD Outcomes |
1. To improve clinical judgment, providing accurate 1 1
and objective measurements of mobility, which
- ook help characterize the patient's conditions. Integrating objective DMOs into standard clinical judgment improves the definition of | | !
ntiancing Clinical Judgment 2. To mitigate granularity problems associated with symptoms and the patient's condition. ] 1
existing clinical scales by providing objective, 1 1
and quantitative
e
1o sslect mor wfective frestmant Lypes, dosages, and Integrating DMOs into standard clinical judgment enhances treatment type, dosage, 1
Selecting Treatment intensities. To improve patient health outcomes by Sy 1
adequately treating the targeted symptoms. andintensity decisions. 1 I
Treatment I
s ICHI
Evaluation I 1
To finetune treatment based on objective and timely Integrating changes in DMO patterns into standard clinical judgment enhances the | |
Monitoring Treatment Response feedback on changes to patient mobility. To differentiate timely and accurate evaluation of treatment response, potentially separating the | |
between natural progression and treatment effect. natural progression of the disease from the treatment effect, 1
(i o e

Fig. 3 Final Clinical Utility Framework. The clinical contexts are divided into three main categories which align with internationally recognized existing
clinical frameworks used by the world health organization. WHO World Health Organization, ICD-10: International Classification of Disease 10th revision.
ICF: International Classification of Functioning, Disability and Health coding system. ICHI: International Classification of Health Interventions

Table 3 Framework taxonomy evolution by round. The table shows the evolution in terms of taxonomy of the different domains and

categories according to the feedback from the expert panel

Framework Taxonomy Evolution

Round 1 Round 2 Round 3
Categories Domains Categories Domains Categories Domains
- - Disease Enhancing Diagnostic Procedure Disease Enhancing Diagnostic
Diagnosis Diagnosis Procedure

Patient Evaluation  Risk Patterns Forecast Patient Predicting Risk Patient Predicting Risk
Timely Diagnosis Evaluation Timely Detecting Deterioration ~ Evaluation Timely Detecting Deterioration
Enhancing Diagnostic Enhancing Clinical Judgment Enhancing Clinical Judgment
Procedure

Treatment Individualized Intervention Treatment Selecting Treatment Treatment Selecting Treatment

Evaluation Evaluation Evaluation

Treatment Monitoring

Monitoring Treatment Response

Monitoring Treatment
Response

Secondary study results

Throughout the study, the experts did not consider any
domains currently applicable in clinical practice, with all
the domains voted on average as “I1-5 years” away from
clinical utility (Table S5). Overwhelmingly, the most sig-
nificant challenge to clinical applicability was the need for
reference values, followed by concerns about the inter-
pretability of DMOs (Table S6). Technology readiness
was the main obstacle to implementing DMOs within
clinical practice, followed closely by the cost associated
with the technologies employed (Table S7). The latter
stems from the limited information provided by gait as
a single motor manifestation and difficulties in meaning-
fully visualizing the DMO-derived information. Finally,
when asked about the role of DMOs, the experts con-
sidered them complementary rather than primary data
sources useful for making or verifying a clinical decision
(Fig. S8).

Discussion

In this expert consensus manuscript, we developed a
conceptual framework to bridge the gap between DMOs
for research and DMOs for personalized clinical deci-
sion support. Using PD as a use case, we outlined specific
clinical utility domains that can benefit from knowledge
generated by DMOs.

A full consensus on a final clinical utility framework
was achieved based on the feedback of twelve Mobilise-
D multidisciplinary experts from six international insti-
tutions. This consisted of three main categories (Disease
Diagnosis, Patient Evaluation, and Treatment Evaluation)
and six underlying domains (Enhancing Diagnostic Pro-
cedure, Predicting Risk, Timely Detecting Deterioration,
Enhancing Clinical Judgment, Selecting Treatment, and
Monitoring Treatment Response). The framework ulti-
mately defines three areas of application: identification of
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the disease, characterization of the patient, and support
for treatment decisions.

The initial framework, comprised of only two catego-
ries (Patient Evaluation and Treatment Evaluation) and
five domains, achieved consensus within Round 1, vali-
dating the appropriateness of the “treatment cycle” con-
cept as a foundation for our work [29]. However, based
on expert feedback, a new Disease Diagnosis category
stemmed from the Patient Evaluation branch. The ratio-
nale was the conceptual distinction between performing
the diagnostic workup (identifying a new disease or dis-
ease subtype) and evaluating progression (symptomatic/
syndromic workups) within the context of an existing
disease [30, 31]. This change closely aligns with clinical
practice by emphasizing the clinical utility of DMOs in
accurately classifying diseases via the International Clas-
sification of Disease (ICD) code [32, 33] or determining
a change in the functional and disability health domains
structured within the International Classification of
Functioning, Disability and Health (ICF) coding system
[34]. This alignment extends to the Treatment Evaluation
branch, where the treatment selection domain allows for
reporting health interventions via the International Clas-
sification of Health Interventions (ICHI) structure [35].

Although experts reached a consensus according to
the double threshold rule, some concerns remained. A
critical area of disagreement was associated with the fea-
sibility of using DMOs to provide individualized inter-
ventions and treatment monitoring. Specifically, experts
questioned the level of granularity provided by DMOs,
with one expert stating that it appears impossible to
detect monthly impairment changes at the single-patient
level due to the extreme heterogeneity of PD clinical pre-
sentations. A second point of divergence was the prog-
nostic power of DMOs. Some experts consider these
digital biomarkers unable to provide any insight into
future progression, as their information is limited to a
snapshot of the present time.

These concerns were reflected in the answers related to
the “Time to Applicability” rather than in the elements
of the framework (Table S5). Nevertheless, it is essential
to note that only a few experts considered DMOs to be
immediately applicable in generating clinical utility, with
most agreeing technological implementation is between
1 and 5 years from applicability. Interestingly, even if
DMOs can generate clinical utility, the panel unani-
mously concluded that DMOs do not represent the pri-
mary source for making a clinical decision. Thus, experts
agreed that DMOs play a key secondary, complementary
role in the decision process or in verifying its outcomes.

A core objective of this framework is to facilitate the
translation of the research knowledge of DMOs (i.e.,
symptomatic characterization and outcomes generated
in research clinical trials) into clinical utility applicable
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to usual care. The latter can support clinical decisions
through digital health information, which can be inte-
grated as objective measures into diagnostic digital medi-
cal devices to tailor individualized interventions based on
a patient’s profile. Additionally, this new information can
complement the patient’s perspective and self-awareness
of their symptoms and clinical experiences, thus directly
supporting personalized care not only from the health-
care professional perspective but also from the patient’s
side [36].

However, to achieve these goals, crucial challenges
must be overcome to integrate DMOs into digital medi-
cal devices (e.g., FDA/EMA-certified tools) that can
provide clinical decision support. Expert-derived feed-
back revealed that DMO interpretability, appropriate
reference data, and meaningful visualizations for deci-
sion-making are the primary challenges in achieving
clinical utility. These results align with what was previ-
ously reported by Sharma et al. [37] and complement the
cost and data accuracy elements presented by Ambrens
et al. [6]. Additionally, differences across medical proce-
dures, heterogeneous reimbursement strategies, diverse
levels of physician digital health literacy, are all aspects
that increase the complexity of making DMOs applicable
across different clinical settings and healthcare ecosys-
tems and align with similar challenges reported through-
out interdisciplinary care in PD [38]. For this reason,
a significant amount of effort is still required in clinical
research to translate DMOs into real-world clinical tools.
This effort should come in parallel with continuous har-
monization and update of the regulatory apparatus by
national authorities [39].

It is essential to note that our framework is not yet com-
plete. Its six clinical utility domains can guide future clin-
ical studies seeking to implement DMOs within patient
treatment cycles for personalized care. The individual
research questions and results of such clinical studies will
play a vital role in generating an additional layer of “sub-
domains” in our framework, where more precise, practi-
cal medical applications, contexts, and interpretations of
DMOs’ values will be described. An example of a poten-
tial subdomain associated with our Treatment Evaluation
category, and more specifically the Selecting Treatment
branch, is the study of Somerset et al., where DMOs have
successfully been utilized to tailor the deep brain stimu-
lation parameters of patients with PD [40].

This study has some potential methodological limita-
tions. First, the large dropout between the first and the
second round, from 12 to 8 experts, could have partially
biased the consensus results by reducing the amount of
feedback received. Second, the electronic nature reduced
the possibility of providing real-time feedback and
requesting immediate clarification if the feedback was
unclear. Additionally, it prevented experts from building
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upon ideas from fellow panel members. Third, the asso-
ciation between the panel experts and the longitudi-
nal Mobilise-D clinical validation study [10] in parallel
with the unbalance between clinical and technical back-
grounds (10 vs. 2, see Table 1 for additionally details) may
bias their perspective toward the applicability and clini-
cal utility of the DMOs, as described in the paradox of
choice. It is important to underline, however, that clinical
experts involved in this study still present robust techni-
cal skills, crafted through participation in numerous top
quality DMOs analysis. Furthermore, the iterative work-
flow increased confidence in the objectivity of the expert
feedback nevertheless, future studies are required to
validate our findings with larger and more heterogenous
expert cohorts. Fourth, the small, discipline-unbalanced
expert panel may limit the generalizability of the consen-
sus findings, suggesting that future studies should involve
broader expert groups across healthcare professions to
ensure optimal identification of translational challenges
and clinical applications that have not been considered
by this work. However, our study achieved an average
participation of 75%, with the number of rounds and
participation rate consistent with those of other consen-
sus-building studies [6, 20, 25]. Finally, our framework
focuses exclusively on the clinical aspects of clinical util-
ity. Further studies should investigate the legal, ethical,
and regulatory dimensions influencing and governing the
translation from research utility to clinical utility.

Conclusions

Through a structured consensus-building process, we
developed the first conceptual framework defining clini-
cal utility domains where objective DMOs could support
personalized care in PD. Experts reached a consensus on
clinical utility domains aligned with disease diagnosis,
patient evaluation, and treatment management, under-
scoring areas where DMOs have the potential to generate
clinical value for the patient and the clinician.

From a consensus perspective, despite the study’s limi-
tations, this framework provides a preliminary structure
for subsequent studies to confirm our results with diverse
expert cohorts and expand our findings beyond PD. From
a DMOs clinical utility point of view, our results support
researchers planning future clinical trials with contexts
where DMOs can play a valuable role for clinical decision
support in the management of PD, and insights on chal-
lenges associated with them. Ultimately, this is the first
step toward developing guidelines to assess DMOs’ clini-
cal utility and support their integration into Real World
clinical practice.
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