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Abstract

Background: Approximately 1in 5 children and adolescents live with chronic pain, with muscul oskeletal (M SK) pain being
one of the most prevalent subtypes. Unfortunately, some studies show that less than half of youth (<18 years) experience
improvements with existing evidence-based treatments. Self-report measures—the current gold standard for monitoring the pain
experience—are limited in their use as a single point-of-care assessment and their vulnerability to recall bias. The ubiquitous
adoption of wearable technology presents a promising solution for improved monitoring of the pain experience via rea-time
tracking through a multisystemic lens.

Objective: The purpose of this study is (1) to develop adigital biosignature of the pain experience in youth with chronic MSK
pain and (2) to assess the feasibility, acceptability, and appropriateness of the captured data for future applications.

Methods: All aspects of this study were designed in partnership with people with lived experience and patient advocacy partners.
Thisisalongitudinal observational cohort study, with all study activitiestaking place remotely over a 12-week period. Up to 500
youth (between 14 and 24 years old) with chronic MSK pain will be enrolled through a multipronged recruitment strategy to
ensure a representative sample. The participants will wear an Apple Watch throughout the study to continuously monitor
physiological, leep, and physical activity metrics. In addition, participants will complete brief “daily check-in" surveys that
include gold-standard measures of the pain experience (eg, pain interference, mood, fatigue) and the option to report a “pain
flare” (ie, atemporary but noticeable worsening of the usual pain symptoms). Participants will also complete a modified online
Trier Social Stress Test and a 30-second sit-to-stand task to capture individual responses to standardized challenges. Traditional
machine learning and deep representation learning methods will be used to devel op adigital biosignature of the pain experience.
The accuracy of the biosignature will be assessed through measures of model performance as compared to gold-standard
self-reports.

Results: This study was funded in September 2024, with data collection beginning in March 2025. As of December 15, 2025,
190 participants are enrolled, with data collection and analysis ongoing.

Conclusions: Thisisthefirst study to leverage wearable health technology for real-time monitoring of the pain experiencein
youth with chronic MSK pain. The resulting digital end points are expected to heighten the rigor of clinical trials and provide
opportunities for individually tailored interventions. The second phase of this study will investigate the implementation of
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“wellness alerts” triggered by abnormal smartwatch readings. Alerts would empower users toward preemptive self-management
strategies, thereby enhancing self-efficacy in those living with chronic MSK pain.

International Registered Report Identifier (IRRID):

(JMIR Res Protoc 2026;15:e84781) doi: 10.2196/84781
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Introduction

Approximately 1in 5 children and adolescents live with chronic
pain, with musculoskeletal (M SK) pain being highly prevalent
(25.7%). [1] Chronic MSK pain significantly impacts quality
of life, [2] school attendance [3,4], mood [2,4], and physical
function [5]. Unfortunately, despite existing evidence-based
treatment methods, many children and adolescents (ie, youth)
with chronic pain experience little to no reduction in pain or
disability [6-8]. In fact, up to 80% of youth with chronic
widespread MSK pain become adults with chronic pain [9],
emphasizing the urgency of both developing improved
interventions and enhancing our ability to provide just-in-time
intervention drawn from existing evidence-based tools. The
chronic pain experience is not consistent over time; intra- and
interdaily fluctuations in symptoms and the presence of pain
flares contribute to unpredictability, uncertainty, and greater
impairment for youth living with chronic pain [10,11].
Unpredictable fluctuations also present unique challenges for
the monitoring and treatment of chronic pain.

Self-report measures are the gold standard for monitoring the
pain experiencein this population [12]. These measures capture
multiple components of the pain experience, including pain
interference, mood, fatigue, and physical function. However,
self-report metrics are often burdensome and limited by their
use as a single point-of-care assessment and vulnerability to
recall bias. As such, those living with chronic pain may feel
frustrated by the inability to accurately portray the nature of
their pain experience [13], while clinicians may be left with a
lack of datato makethe most effective clinical recommendations
for an individual patient. This often leads to inconsistent and
insufficient treatment recommendations, to increased health
care utilization, and the potential for further frustration and
distrust between patients and providers[14].

The nearly ubiquitous consumer adoption of heath care
technology—particularly wearables [15,16]—presents a
promising solution for improved comprehensive monitoring of
the pain experience, with opportunities for personalized
medicine approaches [17,18]. Unlike self-reports, wearables
providelongitudina and objective measures of health that reflect
real-time fluctuationsinherent to the pain experience. Wearables
also present a unique opportunity for collecting multiple
biomarkers (eg, heart rate and sleep data) that can be combined
with other domainsto inform the development of biosignatures.
Through machine learning and related analytic techniques,
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several digital biosignatures of human health have already been
developed using data from wearabl e technology [17,19,20].

In summary, mechanisms underlying the persistence of chronic
pain in youth remain poorly understood. Multisystem
involvement (eg, autonomic, sensory, immune) and fregquent
symptom fluctuations complicate the reliability of traditional
self-report monitoring techniques and create barriers to
individualized clinical decision-making. Therefore, the purpose
of thisstudy, named Targeted Real-Time Assessment of Chronic
Pain (TRAC-Pain), isto overcome the limitations of the current
standards for pain monitoring through the development of a
digita biosignature using consumer-available wearable
technology. The expected result will be a digital biosignature
of the pain experience in youth with chronic MSK pain. The
secondary aim of this study is to assess the feasibility,
acceptability, and appropriateness of the captured data for
incorporation into future applications of the biosignature.

Methods

Overview

Thisisalongitudinal observational cohort study, with all study
activities taking place remotely over a 12-week period. Apple
Health Kit (Apple Inc) and survey data will be collected and
stored using a third-party digital health and research platform
(Figure 1) approved by the Stanford University Institutional
Review Board (IRB-77005). Study design includes multiple
layers of data collection (eg, self-report measures, smartwatch
metrics, and task-based measures), all of which are essential
for biosignature devel opment. Self-report measures encompass
current gold-standard metrics of the pain experience and are
crucial for biosignature validation. Smartwatch technology
leverages the widespread adoption of wearables to capture
real-time fluctuations across multiple body systems, which is
critical for ensuring a holistic and longitudinal understanding
of the pain experience. Task-based measures, such astheonline
Trier Social Stress Test and 30-second sit-to-stand task (30-s
STS), areincluded as secondary metricsto facilitate participant
comparison across standardized challenges. As understood
through the biopsychosocial model of pain, multiple systems
contributeto the pain experience. Therefore, it isvital to collect
multiple layers of datafor biosignature development. Machine
learning methods are critical to the study design, facilitating an
improved interpretation of multidimensional dataand enhanced
detection of nuanced fluctuations in pain status.
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Figure 1. Visualization of third-party app user interface. Daily tasks are easy to identify and complete. Users can monitor their progressin the TRAC-Pain
(Targeted Real-Time Assessment of Chronic Pain) study and visualize rewards when completing weekly adherence goals. The interface includes

customizable options to view or hide smartwatch summary metrics.
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Participants and Setting

Up to 500 youth and adolescents with chronic primary or
secondary MSK pain [21,22] will be enrolled in this study.
Individualsareligibleto participateif they are between 14 and
24 years old and experience MSK pain (pain in muscles,
tendons, bones, joints) in one or more anatomic regionsthat has
persisted or recurred for = 3 months and is associated with
significant emotional distressor functional disability. Individuals
are excluded if they report only headache, orofacial, or visceral
pain, have been hospitalized in the past 30 days for something
other than pain, have a significant cognitive impairment that
would prevent study participation (eg, severe brain injury), are
currently undergoing treatment for cancer, or are pregnant or
expect to become pregnant over the study period. Thisstudy is
listed at Clinical Trials.gov (NCT06867757) and preregistered
on Open Science Framework (10.17605/OSF.I0/EN69C).

Participants are recruited nationwide through a multipronged
recruitment strategy to ensure a representative sample.
Recruitment within the Stanford health care system occurs
through the Research Participation and Engagement Program
(RPEP) and Stanford Children’'s Heath Pediatric Pain
Management Clinic. Nationwide recruitment occurs through a
custom-designed study website, community advertisements to
pediatric multidisciplinary pain clinics in the United States,
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advertisements sent via postal mail, and patient advocacy
networks (eg, US Pain Foundation, American Chronic Pain
Association, and The Ehlers-Danlos Society). Interested
participants are directed to complete aweb-based study interest
form as the first step of the eligibility screening. Potentialy
eligible participants are then contacted by the study team for
additional screening based on the previoudly described dligibility
criteria

Ethical Consider ations

The participants—and their legally authorized representatives,
if applicable—complete an |RB-approved assent/consent process
before completing any study activities. All study data, including
digital health information, shared medical records, and video
submissions, are collected, stored, and shared according to strict
confidentiality requirements of the Stanford University IRB
(IRB-77005).

Self-Report Measures (Primary)

The study design is outlined in Figure 2. Once enrolled,
participants complete a battery of baseline surveys through the
third-party app. Baseline surveys include self-report measures
assessing pain and pain interference [23-27], fatigue [28,29],
mood [30-32], stress[33], sleep [34], and physical activity [35]
(Table 1).
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Figure 2. Timeline of TRAC-Pain (Targeted Real-Time Assessment of Chronic Pain) study. The study begins with surveys completed at baseline.
Participants wear a smartwatch for 12 weeks and complete "daily check-in" surveys about their pain experience. At discharge, participants are invited
to complete amodified online Trier Socia Stress Test and 30-second sit-to-stand task (30s STS). Finally, implementati on outcomes are assessed through
a semistructured exit interview to guide future applications. HEAL CDE: Helping End Addiction Long Term Common Data Elements, SDOH: Social

Determinants of Health.
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Table 1. Timeline of tests and measures for the Targeted Real - Time Assessment of Chronic Pain (TRAC-Pain) study.

Domain and tests/measures Time points administered

Baseline Daily Continuous Discharge

Candidate Monitoring Features (Apple Health Kit)
Physiological
Heart activity
Heart rate
HRV?
Respiratory function
Respiratory rate (sleep only) O
Physical function
Activity level
Steps, bouts of activity, standing time O
M obility
Gait speed, gait symmetry, step length, 6MWT® u
Sleep
Time in bed, time awake, sleep phases 0
Gold Standard self-report metrics of the pain experience

Pain Interference

PEG 3-item® 0 o U

CALI-9 0 o

BPI-SF® O 0
Pain

PPST a o

SF-MPQ-29 b u

NRS" pain 0 u u
Fatigue

PROMIS-fatigue 0 U

NRS fatigue ad O O
M ood

PHQ-ZJ a O O

GAD-2¢ O o 0

PANAS-10' 0 o o
Stress

PROMI S-stress ad

NRS stress ad O
Sleep

ASWS-SF™ O U

NRS sleep quality O O O
Physical activity

PROMIS-Physical Function SF 8c 7-Day O O
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Domain and tests/measures Time points administered
Baseline Daily Continuous Discharge
NRS activity level” 0 U U

Natural and task-based events
Pain flarereport

Pain flare qualities, wellness behaviors (eg, deep breathing, pacing), | ooe
daily events (eg, academic stressor, medical appointment)

Physiological responseto stresstask

Self-report distress metrics, Apple Health Kit metrics collected during O
TSST-OLP

Functional Task Performance

Number of sit-to-stand-stand repetitions completed, joint kinematics, O
Apple Health Kit metrics

Additional Variables
Psychosocial, environmental, and social deter minations of health
PANES? O
mMOS-SS-8' O

uLs-8° ad
Everyday Discrimination Scale — short version ad
Hesalth Care Discrimination Scale O
Children’s HealthWatch Hunger Vital Sign ad
HesalthBegins upstream risk screening tool O
Pss-10" O
CHISY-language spoken at home single-item 0

Demographics survey (eg, age, sex, race, gender) O
Medical history

Prior and current medical and pain history and treatments O O
HEAL CDE measures

WHOQOL-2Y 0 U
PCS6" b o
NIDA-2X O U
pGICY O 0

I mplementation outcomes

Participant feedback

TFA? 0
NpPS®@ u
Exit interview 0O

Adherence metrics
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Domain and tests/measures

Time points administered

Baseline Daily Continuous Discharge

Hours of smartwatch wear, % complete of surveys and check-ins O

8HRV: heart rate variability.

PEMWT: 6-minute walk test.

®PEG 3-item: Pain, Enjoyment of Life, and General Activity scale.
dcALI-9: Child Activity Limitations Interview.

®BPI-SF: Brief Pain Inventory — Short Form.

"PPST: Pediatric Pain Screeni ng Tools.

9SF-MPQ-2: Short-Form McGill Pain Questionnaire-2.

NRS: Numeric Rating Scale.

IPROMIS: Pati ent-Reported Outcomes Measurement Information System.

jPHQ-2: Patient Health Questionnaire-2 item.

KGAD-2: Generalized Anxiety Disorder-2 item.
|PANAS-10: Positive and Negative Affect Schedule.
MASWS-SF: Adolescent Sleep Wake Scale-Short Form.

"Not avalidated measure, adapted from NRS format (ie, “ On a scale from 0 to 10, how would you rate your overall physical activity today?’)
CAvailable to complete unprompted, retrospectively or in real time, outside of time-based daily check-in

PTSST-OL: Trier Socia Stress Test, online/remote.
9PANES: Physical Activity Neighborhood Environment Scale.

'mMOS-SS-8: 8-item modified Medical Outcomes Study Social Support Survey.

SULS-8: 8-item UCLA Loneliness Scale.

'PSS-10: 10-item Perceived Stress Scale.

UCHIS: California Hedlth Interview Survey.

YWHOQOL-2: World Health Organization Quality of Life-2.
WPCS-6: Pain Catastrophizing Scale-6 item.

*NIDA-2: Level 2—Substance Use—Child Age 11-17 instrument from the National Institute on Drug Abuse.

YPGIC: Patient Global Impression of Change.
“TFA: Theoretical Framework of Acceptability.
#NPS: Net Promoter Score.

Oncethe baseline surveys have been compl eted, the participants
begin to receive “daily check-in” surveys, deployed at 5 pm
(participant’s local time) and available to complete until 11:59
pm, for the duration of the 12-week study. Participants receive
daily promptsthrough the app interface to complete these “ daily
check-in" surveys, which include short versions of self-report
measuresto quantify daily pain interference, pain, fatigue, mood,
stress, sleep, and physical activity (Table 1). Thedaily check-in
also asks participants to report whether they had a pain flare
that day (“yes/no”’) and to describe its characteristics. A
pain-flare[10,11] isdescribed to participants using thefollowing
language: “A temporary but noticeable worsening of your usual
pain and/or symptoms (eg, fatigue, stiffness, and emotional
distress) that feels more intense than what you typically deal
with. Pain flares typically meet the following criteria: (1) are
disruptive, (2) last longer than usual pain spikes, (3) affect more
than just pain, (4) may belinked to atrigger, and (5) are bigger
than normal pain changes.” Participants aso have the option to
initiate an unprompted retrospective or real-time pain flare report
outside of the time-based daily check-in. The daily check-in
also includes a daily diary for participants to note any exciting
or stressful daily events (eg, academic stress, medical
appointment) and any pain wellness strategies used (eg, deep
breathing, pacing, journaling). The daily self-report measures
are used as the gold standard (ie, ground truth) to which novel

https://www.researchprotocol s.org/2026/1/e84781

physiological markers are compared and thus are essential to
ensure the clinical relevance of the biosignature.

Smartwatch Metrics (Primary)

If participants do not have an iPhone compatible with iOS 14.1
or later and an Apple Watch compatible with iOS 15 or later,
they are mailed study-provided devices (iPhone SE Gen 2, Apple
Watch Series 9s) as needed. Once the devices are received, the
participants are invited to enroll in the study through an
app-based third-party digital health and research platform. Upon
study discharge, the participants are required to return any
borrowed devices. The following steps are implemented to
encourage devicereturn: (1) participantsreceive aprepaid return
envel ope and instructions for returning the device(s) upon study
discharge; (2) participants explicitly agree to return device(s)
as part of the consent process; and (3) frequent touch points
with the study team are intended to promote good rapport and
increase the likelihood of follow through on agreed returns.

The participants are instructed to wear the Apple Watch for at
least 18 hours per day during the 12-week observation period.
Apple Health Kit data are collected, uploaded, and stored
through the third-party digital health and research platform.
Metrics of interest include those related to respiratory function
(eg, respiratory rate), heart activity (eg, heart rate, heart rate
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variability), physical activity (eg, steps, bouts of activity,
standing time), sleep (eg, in-bed time, sleep phases), and
mobility (eg, gait speed, walking asymmetry, step length) (Table
1). Survey completion rate and adherence to required watch
wear times are monitored by the study team. Participantsreceive
notifications from the study team to encourage high levels of
adherence based on completion standards selected a priori (eg,
number of daily check-ins completed each week and daily and
nightly hours of wear). Participants receive weekly monetary
incentives for completing each component of the study, with
up to US$210total. Those who do not meet adherence standards
may not be eligible to receive a given week’s compensation.
Furthermore, those consistently not meeting standards within
the first few weeks of the study may be withdrawn in an effort
to alocate research team time to adherent participants and
prevent excessive amounts of missing data. At the end of the
12-week observation period, the participants complete an
additional battery of discharge surveys, once again deployed
through the third-party app (Table 1). They also complete a
series of task-based measures prior to study discharge.

Task-Based M easures (Secondary)

Overview

The participants complete an additional stress task and a
functional task to capture physiologica responses to
standardized challenges. These tasks are collected on a subset
of the study cohort to examine responses to acute stressors.
Although not required for the development of the initia
biosignature, physiological responses and performance metrics
related to these standardized challenge paradigms may improve
the sensitivity of the biosignature in future iterations.
Additionally, the results will provide unique insight into the
pain experience by alowing for a standardized comparison
across participants, supporting future hypothesis generation.

Online Trier Social Stress Test

A modified online Trier Social Stress Test (TSST) [36] is used
to measure physiological responses to an evaluative stress test
known to activate the hypothalamic-pituitary-adrenocortical
(HPA) system. The HPA system plays an important role in the
pain experience [37]. Although originally developed for
in-person testing, an online version of TSST, known as the
TSST-OL, has been validated to elicit HPA activation in
adolescents [36].

In the TSST-OL, participants are first shown a calming video
to induce a standard neutral to positive state. Then, they are
given 5 minutes to prepare a speech, asif presenting to a new
class. They are instructed to describe themselves to the class
and why they would be liked by other students. Next, they have
5 minutes to deliver the prepared speech, via an online
conferencing platform, to apanel of neutral or critical “judges.”
Thejudge panel will be comprised of study staff who have been
trained to maintain a neutral to stern expression during the
speech. After speech delivery, the participants are given another
5 minutes to complete a mental arithmetic task (ie, serial
subtraction) in front of the same neutral to stern panel of judges.
Participants then have a brief, unsupervised rest period prior to
task debrief. Traditionally, saliva samples are collected at
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various points in this protocol to measure cortisol levels as a
proxy for HPA activation. However, recording other
physiological metrics (eg, heart rate) is more feasible in the
online version of the TSST, as these metrics have been shown
to fluctuate in response to the TSST [38]. Recording of
physiological metrics during the TSST-OL is done via Apple
Watch set to “workout” maode to ensure a high sampling rate of
heart rate readings. Collecting Apple Health Kit metricsduring
the TSST-OL provides insights into the systemic response to
emotional stressors for each participant. To mitigate
psychological risk that may persist following the TSST-OL, the
study team completes a participant debrief consistent with the
validated TSST-OL protocol [36]. The purpose of the debrief
isto further describe the reason for thistask and to alleviate any
participant concerns. The study’s principal investigator (author
LES) isalicensed clinical psychologist and is prepared to offer
additional support as needed.

30s-STS Task

The 30s-STS is a measure of lower extremity strength,
transitional movement mechanics, and functional exercise
capacity [39,40], systemsthat may beimpacted by chronic pain.
The 30s-STS has not been validated in youth with primary
chronic pain disorders. However, thistask demonstrates strong
psychometric properties for healthy young adults, with strong
test-retest reiability (intraclass correlation coefficient=0.93)
and convergent validity (Pearson r=-0.78 for the 5x STS and
Pearsonr=0.51for thelateral step-downtest) [40]. The 30s-STS
is also useful in discriminating active versus inactive healthy
young adults[40]. Therefore, the 30s-STSis expected to be an
appropriate test to quantify functional performance and
physiological response to physical challenge in this study
population.

Participantsreceive explicit instructions for remote performance
of the 30s-STS (video instructionsin Multimedia Appendix 1).
For this task, the participants are asked to perform repetitions
of an STS movement for 30 seconds. They areinstructed to use
asturdy chair and perform repetitions as quickly and safely as
possible, while keeping their arms crossed over their chest. The
participants are instructed to identify another personto act asa
recorder and timekeeper for the task. This person will record
the participants performance and ensure the test is stopped at
30 seconds. Then, the participants upload the video via the
secure third-party platform for the study team to access.
Established norms are available for a subset of our expected
cohort (ages 18to 24 years) and are used to eval uate participant
performance (ie, number of STSrepetitions) [40]. Additionally,
this study assesses innovative and nuanced metrics of
performance through the development and implementation of
a modified human pose-estimation algorithm to estimate
kinematics (eg, trunk angle, joint angular velocity) [41]. Finally,
as with the TSST-OL, participants are instructed to wear their
AppleWatch set to the “ workout” mode throughout the duration
of the 30s-STS to monitor systemic response to a standardized
physical performance test.

Exit Interview

Following completion of the 12-week protocol, baseline and
discharge surveys, TSST-OL, and 30s-STS, the participantsare
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invited to complete a semistructured exit interview to garner
feedback regarding the feasibility, acceptability, and
appropriateness of the captured data. The participants aso
complete the Theoretical Framework of Acceptability (TFA)
[42] and Net Promoter Score (NPS) [43] surveys. Feedback
from the exit interview, TFA, and NPS isincorporated into the
ongoing study procedures as appropriate and is particularly
important for future applications of thiswork, specifically asa
guide for implementation and validation of the digital
biosignature (Phase 2).

Collaborations With People With Lived Experience

All aspects of this study were developed in partnership with
people with lived experience, including patients, caregivers,
and patient advocacy groups. These patient and advocacy
partners were and continue to be involved in every aspect of
the study, including grant preparation, development of
recruitment materials, and selection of outcome measures. For
example, based on feedback from patients and advocacy
partners, the participant-facing app was modified to enable
retrospective reporting of a pain flare, such as when a current
pain flare is too severe to report in real time. Additionally,
partner feedback prompted the research team to modify a short
recruitment video that had previously focused on negative
aspectsof living with chronic MSK pain. The new video instead
focuses on the positive impact and hope inspired by the study.
Additionally, patient and advocacy partners noted that including
daily visualizations of deterioration in smartwatch metrics via
the app interface (eg, poor sleep, reduced activity) may
exacerbate participant anxiety and hopelessness surrounding
thelikelihood of apain flare. Based on this feedback, the study
team modified the app interface to allow participants to hide
unwanted data visualizations not required for the study. The
participants can also opt out of any health app notifications or
alerts for abnormal readings. Alternatively, the study team
implemented positively framed visualizations and notifications
through the visual tracking of smartwatch wear time goals and
notificationsfor opportunitiesto implement participant-preferred
wellness strategies. Importantly, patient and advocacy partners
attended an in-person study launch meeting in December 2024
and continue to provide feedback on recruitment materials,
outreach efforts, and research activities viavirtual monthly team
meetings.

AnalysisPlan

Outcome Measures

A digital biosignature will be devel oped to enable the detection
of achangein pain status. The primary outcome used to validate
the biosignature (ground truth) will be the participant’s
self-reported onset of a pain flare. Additional models will be
explored to predict secondary outcomes such as a clinically
relevant change in pain interference, namely, 2 units on the
Pain, Enjoyment of Life, and General Activity (PEG 3-item)
scale or the onset of pain flares lasting for more than 2 days
only. To improve pain flare prediction, participants may be
stratified by demographic features known to impact the pain
experience, and models may be adjusted using partial
correlation. Accounting for individual factors may be
particularly relevant when considering differences in digital
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access and literacy among participants residing across diverse
geographic locations.

Data Reduction

Raw physiological signals (eg, heart activity, step counts, sleep
stages) will be synchronized across modalities and aligned to
a common timeline while preserving native sampling
frequencies. To capture information across temporal scales,
featureswill be engineered using amultiresol ution aggregation
strategy. For each signal, summary statistics will be computed
over short windows (seconds to minutes) and further aggregated
into intermediate (hourly) and daily summaries. All features
derived at finer resolutions will be consolidated into a single
daily feature vector, enabling the integration of short-term
variability and longer-term physiological trends. The model
prediction target and evaluation will be defined at achosentime
scale (eg, daily). Any windowing will only use past datarelative
to the prediction time to avoid leakage.

In addition to static summaries, dynamic features will be
generated to characterize within-day temporal structure and
behavior. These may include acceleration-based metrics (eg,
mean accel eration), measures of temporal change (eg, slopes
and rates of change), and circadian rhythm features. Compl exity
metrics (eg, entropy-based measures) may also be included to
quantify signal regularity.

Handling Missing Data

Missing data due to nonwear or sensor dropout will be handled
using a hierarchical approach. Short gaps will be interpolated
when physiologically appropriate, whereas longer gapswill be
left missing at the raw level. Daily features may be imputed
using time-series—aware methods (eg, forward/backward filling
within individuals). Missingness indicators will beincluded as
additional covariates in model development to account for
information loss.

Biosignature Development

Higher-level multivariate models will be devel oped, beginning
with simpler traditional machine learning models before
progressing to deep representation learning methods. Traditional
machinelearning algorithmswill be trained using anested k-fold
cross-validation design. Model performance will be assessed
using the area under the receiver-operator characteristic curve
(AUROC), the areaunder the precision-recall curve (AUPRC),
the F;-score, Spearman Rho, and/or Mann-Whitney tests of
prediction outputs. Additionally, deep learning algorithms will
be trained using train/validate/test sets where model loss,
AUROC, AUPRC, F;-score, and/or Spearman Rho will be used
to monitor differences between predicted outputs and true values
across each epoch of training. Hyperparameter sweeps will be
used to optimize the model’s performance and reduce overfitting
risks. Sweepswill include adjustmentsto hyperparameters such
asmodel width, model depth, learning rate, optimizer selection,
learning rate schedulers, and early stopping. Model
interpretability will be aided by methods such as Shapley
Additive Explanations (SHAP) to identify key featuresrelevant
for clinical interpretation and application. Additionally, Phase
2 of this study is designed for prospective validation in a novel
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cohort, allowing for an assessment of the model’s validity
beyond standard performance metrics.

Sample Size Justification and Power Analysis

Given that the goal of this study is not to test a specific
hypothesis, but rather to iterate over an entire data set to devel op
higher-level multivariate models, sample size and power analysis
are less relevant for our study design. However, multiple
strategieswill beincluded to ensure data sufficiency. Collecting
12 weeks of daly sef-reports and continuous
smartwatch-derived features for up to 500 participants will
enable multiresolution feature engineering while preserving
participant-level separation during model evaluation (nested
cross-validation, train-validate-test splits by participant).
Outcome-event counts will be monitored to reduce overfitting
risk. We expect to include approximately 35 Apple
Watch—derived features (eg, physiological and physical function
and sleep) in our primary model, alongside demographics (eg,
age, sex, socia determinants of health), pain-related features
(eg, pain diagnoses, medical history), and task-based
performance metrics (TSST-OL, 30s-STS) in secondary models.
Model complexity controls, such as regularization, feature
reduction, and early stopping, will be incorporated as needed.
Furthermore, our sample of up to 500 participantswill far exceed
those found in comparable studies [20,44]. Achieving 80% of
the target recruitment (ie, 400 participants) is also sufficient
based on outcome-event counts and comparable studies.

Results

This study was funded in September 2024, with data collection
beginning in March 2025. As of December 15, 2025, 190
participants have been enrolled, with data collection and analysis
ongoing.

Discussion

Expected Findings

The purpose of this study isto develop adigital biosignature of
the pain experiencein youth and adol escents with chronic MSK
pain. Self-report measures are the current gold standard for
monitoring the pain experience and informing clinical
decison-making. The purpose of developing a digital
biosignature is to overcome the limitations of self-report,
specifically the tendency to represent asingle point in time and
its inherent vulnerability to recall bias. A digital biosignature
will provide real-time, objective measures of the pain experience
through a holistic, multisystem lens.

Thisstudy isexpected to result in several clinical benefits. First,
the development and validation of digital clinical end points
facilitates more robust assessment of novel therapeutics and
treatment paradigms for youth with chronic MSK pain. The
precise monitoring of treatment response would enhance the
rigor and effectiveness of clinical tria design, leading to
improved treatments, especially for those refractory to existing
therapies. Second, a digital biosignature will give clinicians a
deeper understanding of their patients’ individual pain
experience through real-time, longitudina monitoring of
symptom fluctuations. These insights will enhance clinical
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decision-making and support ashift toward individually tailored
interventions. Real-time tracking will also facilitate expedited
shiftsin aprescribed treatment plan, saving time and resources
in helping patients to find the best treatment option for their
specific pain presentation. Additionally, an abjective
biosignature may improve patients pain experience and
interactions with clinicians by reducing the need to repeatedly
recount severe pain events, an act that itself may be distressing.
Finaly, not only will a digital biosignature inform clinical
practice, but it will also empower patients to have more control
over their symptoms. Specifically, Phase 2 addresses this last
point through enhanced “wellness aerts’ for improved
self-efficacy in living with chronic pain.

Future Directions (Phase 2)

To further the impact of the digital biosignature that will be
developed in this study, we expect to conduct a second phase
of the study. The goals of Phase 2 aretwofold: (1) assessclinical
validation of the digital biosignature in anovel sample and (2)
evaluate the accuracy of a predictive “wellness aert” system.

Phase 2 includes recruitment of a novel cohort of up to 400
youth with MSK pain. Recruitment criteria will mirror those
described in this study. To ensure relevance of the digital
biosignature for a representative set of adolescents, this phase
will have aparticular focus on recruitment of youth experiencing
health disparities (eg, rural youth with limited accessto tertiary
pain clinics and racial and ethnic minorities). Once again, a
multipronged recruitment strategy will be implemented as
described in this study. Stanford Medicine's Tria Innovation
Network will provide additional support for the recruitment of
youth and adolescents experiencing health disparities.
Participants will use an iPhone and Apple Watch for 12 weeks
to monitor physiological, sleep, and physical activity data.
Devices will be provided as needed. Metrics such as AUROC,
AUPRC, F;-score, positive predictive value, and negative
predictive value will be used in this study phase for prospective
validation of the digital biosignature. Asin Phase 1, we expect
that participants’ self-reported pain flare onset will be used as
the primary outcome to which the digital biosignature is
compared.

Participants enrolled in Phase 2 also have the opportunity to
receive enhanced “wellness alerts,” which would be triggered
by a deterioration in the pain experience as detected through
abnormal smartwatch readings. The goa of these “wellness
alerts’ is to prompt users toward proactive self-management
strategies (eg, pacing, sleep hygiene) in an effort to prevent or
reduce the severity of the predicted pain flare. Patient and
advocacy partners recommended positive framing of these
“wellness alerts’ (ie, opportunities for enhanced wellness
strategies) as opposed to “pain flare predictions,” which may
be negatively interpreted and lead to increased anxiety and
hypervigilance. The accuracy of the enhanced “wellness alerts”
will be assessed via comparison to self-reported pain flare onset
through measures of accuracy, precision, and true positive and
false negative rates. This “wellness aert” system is expected
to empower patients by reducing feelings of helplessness
surrounding unpredictable fluctuationsin pain status. In addition,
the alertsmay serve asan additional tool to promote pain-related
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self-efficacy, which may serve as a protective factor in youth
with chronic pain [45].

Access and Dissemination

Although this study uses the Apple Smartwatch as a wearable
technology of choice, the algorithms devel oped can be expanded
across multiple monitoring options to promote broader
dissemination and encourage improved access to study
innovations. This study will introduce opportunities for
open-access analysistool sthat can be deployed acrossdifferent
wearable devicesfor improved dissemination. Furthermore, the
identification of key physiological features may suggest that
simpler, more economical fitness technologies (eg, pedometer
or heart rate monitor chest strap) are sufficient for characterizing
the pain experience in this population.
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PEG 3-item: Pain, Enjoyment of Life, and General Activity Scale
SHAP: Shapley Additive Explanations

TFA: Theoretical Framework of Acceptability

TRAC-Pain: Targeted Real-time Assessment of Chronic Pain
TSST: Trier Socia Stress Test

TSST-OL: Trier Social Stress Test, online/remote
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