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IMPORTANCE Adverse posttraumatic neuropsychiatric sequelae after traumatic stress
exposure are common and have higher incidence among socioeconomically disadvantaged
populations. Pain, depression, avoidance of trauma reminders, reexperiencing trauma,
anxiety, hyperarousal, sleep disruption, and nightmares have been reported.
Wrist-wearable devices with accelerometers capable of assessing 24-hour rest-activity
characteristics are prevalent and may have utility in measuring these outcomes.

OBJECTIVE To evaluate whether wrist-wearable devices can provide useful biomarkers
for recovery after traumatic stress exposure.

DESIGN, SETTING, AND PARTICIPANTS Data were analyzed from a diverse cohort of individuals
seen in the emergency department after experiencing a traumatic stress exposure,
as part of the Advancing Understanding of Recovery After Trauma (AURORA) study.
Participants recruited from 27 emergency departments wore wrist-wearable devices
for 8 weeks, beginning in the emergency department, and completed serial assessments
of neuropsychiatric symptoms. A total of 19 019 patients were screened. Of these,
3040 patients met study criteria, provided informed consent, and completed baseline
assessments. A total of 2021 provided data from wrist-wearable devices, completed the
8-week assessment, and were included in this analysis. The data were randomly divided
into 2 equal parts (n = 1010) for biomarker identification and validation. Data were
collected from September 2017 to January 2020, and data were analyzed from May 2020
to November 2022.

EXPOSURES Participants were recruited for the study after experiencing a traumatic stress
exposure (most commonly motor vehicle collision).

MAIN OUTCOMES AND MEASURES Rest-activity characteristics were derived and validated
from wrist-wearable devices associated with specific self-reported symptom domains
at a point in time and changes in symptom severity over time.

RESULTS Of 2021 included patients, 1257 (62.2%) were female, and the mean (SD) age
was 35.8 (13.0) years. Eight wrist-wearable device biomarkers for symptoms of adverse
posttraumatic neuropsychiatric sequelae exceeded significance thresholds in the derivation
cohort. One of these, reduced 24-hour activity variance, was associated with greater pain
severity (r = −0.14; 95% CI, −0.20 to −0.07). Changes in 6 rest-activity measures were
associated with changes in pain over time, and changes in the number of transitions
between sleep and wake over time were associated with changes in pain, sleep, and anxiety.
Simple cutoffs for these biomarkers identified individuals with good recovery for pain
(positive predictive value [PPV], 0.85; 95% CI, 0.82-0.88), sleep (PPV, 0.63; 95% CI,
0.59-0.67, and anxiety (PPV, 0.76; 95% CI, 0.72-0.80) with high predictive value.

CONCLUSIONS AND RELEVANCE These findings suggest that wrist-wearable device
biomarkers may have utility as screening tools for pain, sleep, and anxiety symptom
outcomes after trauma exposure in high-risk populations.
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U p to 90% of individuals experience at least 1 trau-
matic event.1 While most individuals recover, ad-
verse posttraumatic neuropsychiatric sequelae (APNS)

are common and produce morbidity.2 Common APNS symp-
toms include pain and other somatic symptoms, depression,
avoidance of trauma reminders, trauma reexperiencing,
anxiety, hyperarousal, sleep disruption, and nightmares.
These symptoms are associated with negative consequences,
including emotional distress, functional impairments,3,4 and
reduced quality of life.5,6

More than 1 in 5 individuals in the US use a wrist-wearable
device capable of accelerometry.7 Wrist-wearable devices can
assess 24-hour rest, wake, and activity pattern characteris-
tics that have been associated with alterations in pain, fa-
tigue, and mood8-10 and might influence clinical and psycho-
logical outcomes. For example, sleep quality and daytime
activity have been found to influence pain, posttraumatic
stress, and other symptoms.11-19 To our knowledge, no large
study has used wrist-wearable devices to examine neuropsy-
chiatric sequelae following traumatic stress exposure.

In this study, we used longitudinal wrist-wearable data ob-
tained from a socioeconomically disadvantaged adult popu-
lation presenting to emergency departments (EDs) after trau-
matic stress exposure. We obtained serial assessments of
10 common neuropsychiatric symptom domains to identify
24-hour rest, wake, and activity characteristics associated
with APNS symptom outcomes. We sought to derive and vali-
date rest-activity characteristics associated with specific APNS
symptoms, and changes in rest-activity characteristics asso-
ciated with changes in APNS symptoms over time. We hypoth-
esized that such characteristics could be identified.

Methods

Study Overview and Sample Characteristics
Data were obtained from the Advancing Understanding of Re-
covery After Trauma (AURORA) study. The AURORA study col-
lected a combination of prospective data from a diverse sample
of trauma survivors recruited from EDs in the early aftermath
of trauma. The full AURORA study methodology has been pub-
lished elsewhere,2 and we have followed the Strengthening the
Reporting of Observational Studies in Epidemiology (STROBE)
reporting guideline.20 The AURORA study protocol was ap-
proved by the Institutional Review Board at the University of
North Carolina at Chapel Hill. Qualifying traumatic events
included motor vehicle collision, physical assault, sexual
assault, fall more than 10 ft, and mass casualty incidents.
AURORA study enrollment began in September 2017;
participants who had completed the 8-week period of follow-up
assessment by January 2020 were included in this analysis.
Individuals were eligible if they presented to one of 27 EDs
within the AURORA study network within 72 hours of the
trauma, were aged 18 to 65 years, and were able to speak and
read English. Individuals were excluded if they had a solid
organ injury Grade of 1 or greater per the American Association
for the Surgery of Trauma, had significant hemorrhage,
required operative intervention, or were likely to be admitted

for more than 72 hours. A total of 3040 patients met all these
criteria, provided informed consent, and completed baseline
ED assessments. Of these, 2021 provided watch data,
completed the 8-week assessment after ED enrollment, and
were included in this analysis.

Self-reported Data Collection and Preparation
Sociodemographic characteristics, including race and ethnic-
ity, were assessed via survey items.2 Following the base-
line ED visit, participants completed a rotating battery of
smartphone-based questionnaires consisting of 10 common
APNS symptom domains: pain,21,22 depressive symptoms,23-26

sleep discontinuity,27 nightmares,28-30 somatic symptoms,21,31

difficulty with concentration, thinking, or fatigue,32-35 avoid-
ance of trauma reminders, trauma reexperiencing, anxiety,36,37

and hyperarousal.38-41 As detailed elsewhere,2 these ques-
tions were chosen to capture symptoms of the most common
APNS syndromes of pain, postconcussive syndrome, posttrau-
matic stress disorder, and depression. Each survey item was
administered at 6 time points within the first 8 weeks post-
trauma using the Mindstrong Discovery application (eTable 1
in Supplement 1). These survey items were used as indicator
variables to develop measurement models for each APNS symp-
tom domain, and factor scores for each symptom were com-
puted for each participant at each time point. Joint measure-
ment models including all 6 time points within the first 8 weeks
after trauma exposure were developed to define each symp-
tom domain. As noted elsewhere,2 8 weeks was chosen as the
time frame for assessment because of critical changes in the
first few days and weeks after trauma exposure that signal tran-
sition from either persistent APNS symptoms or recovery.22,42,43

Temporal correlations of these indicator variables were intro-
duced to improve model fit if the temporal autocorrelations
were not fully explained by the joint measurement model.
Model fit indices (eg, comparative fit index, Tucker-Lewis in-
dex, standardized root mean square residual) were used to
evaluate the fit of each measurement model.44

Wrist-Wearable Data Collection and Preparation
Participants were instructed to wear the research watch
(Verily Life Sciences45) at least 21 hours a day throughout the

Key Points
Question Can 24-hour rest-activity characteristics from
wrist-wearable devices predict adverse posttraumatic
neuropsychiatric symptoms following traumatic stress exposure?

Findings In this cohort study including 2021 participants
observed over time after traumatic stress exposure, reduced
24-hour activity variance based on wrist accelerometry identified
individuals with greater pain severity. Changes in several
rest-activity measures were associated with changes in pain, sleep,
and anxiety over time, and simple thresholds for these biomarkers
identified individuals with good recovery for pain, sleep,
and anxiety with high predictive value.

Meaning These findings suggest that wrist-activity biomarkers
may have utility as screening tools for adverse pain, sleep,
and anxiety symptom outcomes after trauma exposure.
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8-week study period. In addition to this project, the Verily study
watch is currently being used to examine rest-activity bio-
markers in other large-scale cohort health studies.46,47 Par-
ticipants were sent home with the watch, a charging dock, and
a connectivity hub with 4G LTE for data upload. The device
collected continuous 3-axis accelerometry data at 30 Hz. Prior
to feature extraction, days with missing data percentage larger
than 20% were excluded, as well as days in which the partici-
pant was categorized as having no activity (wrist-wearable
device not worn). Accelerometer data were then converted to
activity counts.48 Briefly, z-axis accelerometry data were fil-
tered using a 0.25-11 Hz bandpass to eliminate the gravita-
tional artifacts and very slow movements.49 Afterwards, the
maximum absolute values inside 1-second windows were taken
and summed for each 30-second epoch.48 Sleep/wake activ-
ity patterns were then calculated from each nonoverlapping
30-second accelerometry epoch using the Cole-Kripke
algorithm.50 Cosinor rhythmometry features were used to
capture each participant’s circadian rhythm.51 Specifically, a
cosine model was fit to the data: Y(t) = M + K cos (2πt/τ + φ),
where M is the mesor, K is the amplitude, and φ is the
acrophase. The mesor describes the baseline activity of the par-
ticipant for the day, and the amplitude indicates the differ-
ence in daytime and nighttime activities. This algorithm was
applied to 24-hour segments of data, and the number of tran-
sitions between sleep and wake and percentage of the 24-
hour period scored as sleep were calculated. Means and SDs
of activity counts for each 24-hour period were also calcu-
lated. The most active 10 hours and least active 5 hours, indi-
cating the average daily activity in the wake period and the
nighttime activity, respectively, were also derived using the
movement data.52 See eTable 2 in Supplement 1 for rest-
activity descriptive statistics.

Rest-Activity Biomarker Derivation,
Validation, and Evaluation
For each self-report survey, mean 24-hour wrist-wearable de-
vice rest-activity characteristics from the day prior to and the
day of self-reported symptom data collection were used as
candidate rest-activity biomarkers for corresponding self-
reported symptoms. Given this, participants without self-
report survey data for a symptom and/or no watch data within
the 2 days prior to the survey were excluded from analysis for
that symptom. We endeavored to identify rest-activity char-
acteristics associated with the severity of specific APNS symp-
toms either at a point in time between participants or over time
within participants. These 2 types of biomarkers were indi-
cated by cross-sectional and longitudinal associations, respec-
tively, based on repeated measures. Biomarkers with cross-
sectional ( between-participant) associations helped
differentiate participants with respect to APNS symptoms at
a point in time. Biomarkers with longitudinal (within-
participant) associations helped differentiate the change of
the APNS symptoms within participants over time. We used a
bivariate linear mixed model to evaluate the correlation for each
pair of rest-activity features and symptoms and partition it
into between-participant and within-participant correlations
based on repeated measures. More specifically, between-

participant and within-participant correlations were derived
from the between-participant and within-participant covari-
ance matrix, respectively.53

Statistical Analysis
Following initial quality check of rest-activity variables, the data
were randomly divided into 2 equal parts (n = 1010) for bio-
marker identification and validation. The same identifica-
tion and validation data set was used for all analyses. P val-
ues were calculated using the z test. False-discovery rate P value
of .05 was used to define biomarkers that passed identifica-
tion; these biomarkers were then evaluated in the validation
data set. A Bonferroni-corrected 2-tailed P value of .05 was used
to identify biomarkers that passed the validation step. To ex-
plore the potential utility of validated biomarkers to identify
change in self-reported symptoms over time, simple cutoffs
were used, where symptom worsening or improvement was
defined as the symptom outcome measure and biomarker in-
crease or decrease was used as the predictor. Each of these val-
ues was generated by subtracting the last symptom or bio-
marker value (obtained in the final 8-week assessment) from
the first value (obtained in week 1). We then assessed the sen-
sitivity, specificity, and positive predictive value (ie, probabil-
ity of correctly identifying a case) of increasing or decreasing
biomarker value for increasing or decreasing symptom score.
Because several biomarkers were identified for pain, we con-
structed a composite biomarker for this outcome comprised
of individual biomarkers that were not strongly correlated with
each other (eFigure 1 in Supplement 1). To create the compos-
ite biomarker, we built a linear mixed model, with pain as the
dependent variable and individual biomarkers as predictors,
and used the predicted pain score from this linear mixed model
as the composite biomarker. Missing data are common in
large-scale, longitudinal naturalistic samples; to help explore
the potential influence of missing data, we evaluated the as-
sociation between watch data and self-reported data missing-
ness. All correlations were weak (less than 0.1), suggesting that
completion rate did not bias main outcome associations, and
thus missing data were considered missing at random (eTable 3
in Supplement 1).

Analyses were conducted using R version 4.0.1 (The R
Foundation) and SAS version 9.4 (SAS Institute). For addi-
tional information on study methods, see the eMethods in
Supplement 1. For data flow pathways for self-report and watch
data, see eFigure 2 in Supplement 1. For sample R code for data
processing, see the eAppendix in Supplement 1.

Results
Sociodemographic and Clinical Characteristics
Of 2021 included patients, 1257 (62.2%) were female, and the
mean (SD) age was 35.8 (13.0) years (Table 1). A total of 1014
(50.2%) were Black, 227 (11.2%) were Hispanic, 694 (34.3%)
were White, and 77 (3.8%) were another race (including Ameri-
can Indian or Alaska Native, Asian, and Native Hawaiian or
Other Pacific Islander). A total of 1595 (79.3%) did not have a
college degree, and 1160 (64.2%) earned $35 000 per year or

Research Original Investigation Utility of Wrist-Wearable Data for Assessing Pain, Sleep, and Anxiety Outcomes After Traumatic Stress Exposure

222 JAMA Psychiatry March 2023 Volume 80, Number 3 (Reprinted) jamapsychiatry.com

© 2023 American Medical Association. All rights reserved.

Downloaded from jamanetwork.com by Amira Parker on 01/31/2024

https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamapsychiatry.2022.4533?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamapsychiatry.2022.4533
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamapsychiatry.2022.4533?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamapsychiatry.2022.4533
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamapsychiatry.2022.4533?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamapsychiatry.2022.4533
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamapsychiatry.2022.4533?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamapsychiatry.2022.4533
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamapsychiatry.2022.4533?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamapsychiatry.2022.4533
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamapsychiatry.2022.4533?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamapsychiatry.2022.4533
http://www.jamapsychiatry.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamapsychiatry.2022.4533


less. A total of 1519 patients (75.2%) had experienced motor
vehicle collision as the traumatic event leading to study in-
clusion. Median symptom scores indicated a substantial bur-
den of APNS symptoms during the weeks after trauma (Figure).
For most symptoms, median severity exhibited gradual mod-
est improvement over the study period. Pain scores demon-
strated an initial steep decline in the first week after trauma,
followed by gradual modest improvement.

Derivation and Validation of Cross-Sectional Biomarkers
We first sought to identify cross-sectional, point-in-time
rest-activity biomarkers that identified individuals experi-
encing high APNS symptoms at a point in time. Eight wrist-
wearable device biomarkers for 5 APNS symptoms exceeded
significance thresholds in the derivation cohort (Table 2).
One of these biomarkers, reduced daily activity variance,
passed the validation step for cross-sectional association
with increased pain (r = −0.14; 95% CI, −0.20 to −0.07;
adjusted P < .008) (Table 2).

Derivation and Validation of Individual State Biomarkers
We next sought to identify changes in rest-activity biomark-
ers associated with changes in specific APNS symptoms dur-
ing the initial 8 weeks after trauma (state biomarkers). A total
of 13 APNS symptom biomarkers passed the initial derivation
step, and 9 APNS symptom biomarkers passed validation
(Table 3). Among these 9 validated state biomarkers, 7 were
associated with changes in pain symptom severity, 1 was as-
sociated with changes in sleep quality, and 1 was associated
with changes in anxiety. Increased maximum daily activity over
time, increased average activity of the individual’s most ac-
tive 10 hours, increased average daily activity, increased base-
line activity, and increased variation in daily activity were all
associated with reduced pain over time. Reduction in the num-
ber of sleep/wake transitions was associated with reductions
in self-reported pain, sleep disturbance, and anxiety over time
(Table 3).

Utility of Example State Biomarkers
The potential utility of state biomarkers as screening tools for
posttrauma outcomes was then assessed, using cutoff scores
(Table 4). Worsening and improvement in self-reported symp-
toms was defined as symptom severity in the eighth week mi-
nus symptom severity in the first week greater than 0 and less
than 0, respectively. Similarly, cutoff scores for change in
rest-activity characteristics were defined based on positive vs
negative change in rest-activity score at these 2 time points.
We obtained high positive predictive values for symptom im-
provement and high negative predictive values for symptom
worsening, suggesting rest-activity measures derived from
wrist-wearable devices may have utility as initial screening
measures for APNS. In addition, a composite biomarker for pain
was developed using a linear mixed model based on the mul-
tiple derived and validated rest-activity pain biomarkers. When
multiple predictive biomarkers for pain were combined, posi-
tive and negative predictive values were similar (Table 4). For
additional results, including state biomarkers for subgroups
of participants, see eTables 4 and 5 in Supplement 1.

Discussion

Most individuals experience traumatic events, and many in-
dividuals who come to the ED for care after traumatic stress
struggle with 1 or more persistent APNS. This is particularly
true for individuals from socioeconomically disadvantaged
populations.54 Wrist-wearable devices with accelerometry are
common, and 24-hour rest-activity characteristics obtained
from wearable devices might identify those who will recover
from trauma in high-risk populations. We derived and vali-
dated cross-sectional and longitudinal associations between
24-hour activity patterns and APNS symptoms during the 8
weeks following a traumatic event, a high-risk period during
which individuals transition to symptom recovery or persis-
tence. To our knowledge, this study is the first to examine such
associations. We identified 1 cross-sectional rest-activity bio-
marker of an APNS symptom: reduced daily activity variance
was a biomarker for increased pain. In addition, we identified
9 rest-activity biomarkers that changed with APNS symp-
toms over time. Six activity-related biomarkers changed with
pain: increased maximum daily activity over time, increased

Table 1. Demographic Information

Characteristic No. (%)
Total, No. 2021

Sex

Female 1257 (62.2)

Male 764 (37.8)

Race and ethnicitya

Black 1014 (50.2)

Hispanic 227 (11.2)

White 694 (34.3)

Other race 77 (3.8)

Age, mean (SD), y 35.8 (13.0)

Highest grade completed in formal education

<High school 242 (12.0)

High school graduate 518 (25.6)

Some college 835 (41.3)

College graduate 419 (20.7)

Income, $

>35 000 647 (32.0)

19 000-35 000 557 (27.6)

<19 000 603 (29.8)

Marital status

Married or cohabitating 811 (40.1)

Separated, divorced, widowed, or not cohabitating 284 (14.1)

Annulled or never married 915 (45.3)

Trauma type

Motor vehicle collision 1519 (75.2)

Physical assault 195 (9.6)

Sexual assault 13 (0.6)

Other 294 (14.6)

a Race and ethnicity data were collected via survey items. The other race category
includes American Indian or Alaska Native, Asian, and Native Hawaiian or Other
Pacific Islander races.
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average activity of the individual’s most active 10 hours, in-
creased average daily activity, increased baseline activity, in-
creased variation in daily activity, and increased peak activ-
ity. We created a composite biomarker comprised of these
measures, which did not outperform the individual mea-
sures. One sleep-related biomarker was associated with
changes in pain, sleep, and anxiety symptoms over time. Simple
biomarker or symptom change cutoffs suggest that these bio-
markers might have utility as initial screening tools to iden-
tify individuals with potential good recovery in these do-
mains who might not need further evaluation. In clinical
practice, they could serve as ancillary data to help patients and
physicians identify whether symptoms are improving or wors-
ening after trauma. Notably, the magnitude of associations
between individual rest-activity biomarkers and APNS out-
comes were small, and no single biomarker achieved both high
positive and negative predictive value for APNS symptom
change. Given this, these biomarkers would likely have the
most utility if used to augment other measures, such as self-
report. Additionally, it should be noted that these biomarkers

performed similarly to other objective measures commonly
used in clinical practice.55,56

Across the 10 APNS symptom domains evaluated, rest-
activity biomarkers demonstrated the strongest associations
with pain. For example, pain was the only cross-sectional
(ie, between-participant( biomarker that passed both the
derivation and validation assessments. Specifically, indi-
viduals with more severe pain at a point in time demon-
strated diminished daily activity variance, indicating less
movement during the day and greater sleep disruption dur-
ing the night. This finding is consistent with prior research
suggesting pain conditions are associated with blunted rest-
activity rhythms.8-10 Pain also showed negative within-
participant correlations of daily activity over time, indicating
that as pain increased over time for an individual, daily
activity and variance of daily activity decreased. Participants
with worsening pain over the study period also showed
increasing number of transitions between sleep and wake.
These findings are consistent with other studies that have
found temporal relationships between pain severity, activity,

Figure. Trajectory of Median Symptom Scores Over the First 8 Weeks After Trauma
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Table 2. Wrist-Wearable Rest-Activity Biomarkers Associated With the Severity
of Specific Adverse Posttraumatic Neuropsychiatric Symptoms at a Point in Timea

Construct Variable Correlation (95% CI) P value
Adjusted
P value

Pain Daily activity variance −0.14 (−0.20 to −0.07) <.001 <.001

Somatic symptoms Percentage of the 24-h period scored as wake −0.09 (−0.13 to −0.01) .02 .21

No. of transitions between sleep and wake −0.07 (−0.10 to 0.03) .25 >.99

Nightmares Percentage of the 24-h period scored as wake −0.06 (−0.11 to 0.02) .16 >.99

Depressive symptoms Percentage of the 24-h period scored as wake −0.05 (−0.12 to 0.01) .12 >.99

Pain Percentage of the 24-h period scored as wake −0.04 (−0.11 to 0.02) .18 >.99

Hyperarousal Percentage of the 24-h period scored as wake −0.03 (−0.09 to 0.05) .57 >.99

Nightmares No. of transitions between sleep and wake −0.03 (−0.08 to 0.05) .64 >.99

a Results are based on the validation
set (50% of the overall sample;
n = 1010); 95% CIs and P values
were calculated with R package
psych.
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and sleep quality in the immediate aftermath of traumatic
events.57,58

In addition to pain, we also observed temporal associa-
tions in trauma survivors between changes in rest-activity mea-

sures and self-reported anxiety and sleep quality. Worsening
sleep continuity (as measured by sleep/wake transitions) over
the 8-week study period was associated with worsening
self-reported difficulties with anxiety and sleep quality, while

Table 3. Changes in Wrist-Wearable Rest-Activity Biomarkers
Associated With Changes in Symptom Domain Outcomes Over Timea

Construct Variable Correlation (95% CI) P value
Adjusted
P value

Pain Maximum daily activity −0.15 (−0.18 to −0.12) <.001 <.001

Average activity of most active 10 h −0.14 (−0.17 to −0.11) <.001 <.001

Average daily activity −0.13 (−0.16 to −0.10) <.001 <.001

Baseline activityb −0.13 (−0.16 to −0.09) <.001 <.001

SD of daily activity −0.12 (−0.15 to −0.09) <.001 <.001

Peak activity timing −0.07 (−0.11 to −0.04) <.001 <.001

Percentage of the 24-h period scored as wake −0.05 (−0.09 to −0.02) .001 .02

Depressive symptoms Maximum daily activity −0.04 (−0.07 to 0) .04 .64

Percentage of the 24-h period scored as wake −0.02 (−0.05 to 0.01) .25 >.99

Pain No. of transitions between sleep and wake 0.13 (0.10 to 0.16) <.001 <.001

Sleep discontinuity No. of transitions between sleep and wake 0.10 (0.06 to 0.13) <.001 <.001

Anxiety No. of transitions between sleep and wake 0.06 (0.03 to 0.09) <.001 .007

Depressive symptoms No. of transitions between sleep and wake 0.05 (0.02 to 0.09) .002 .03

Somatic symptoms No. of transitions between sleep and wake 0.04 (0.01 to 0.08) .003 .06

a Results are based on the validation
set (50% of the overall sample;
n = 1010).

b Mesor from the circadian rhythm
cosine model; 95% CIs and P values
were calculated with R package
psych.

Table 4. Prediction of Symptom Trajectory Using Biomarker Trajectorya

Outcome
Sample with
outcome, No. (%) Feature variable Sensitivity Specificity PPVb NPVb Accuracy

Worseningc

Pain 139 (17) Maximum daily activity 0.44 0.63 0.20 0.84 0.60

Pain 139 (17) Average activity of most active 10 h 0.42 0.67 0.21 0.85 0.63

Pain 139 (17) No. of transitions between sleep and wake 0.38 0.60 0.17 0.82 0.56

Pain 139 (17) Average daily activity 0.44 0.67 0.22 0.85 0.63

Pain 139 (17) Baseline activityc,d 0.42 0.67 0.21 0.85 0.63

Pain 139 (17) SD of daily activity 0.40 0.67 0.20 0.84 0.62

Pain 139 (17) Peak activity timing 0.42 0.58 0.18 0.83 0.56

Sleep 315 (39) No. of transitions between sleep and wake 0.37 0.69 0.43 0.63 0.56

Anxiety 197 (24) No. of transitions between sleep and wake 0.36 0.66 0.25 0.76 0.58

Pain 139 (17) Composite biomarker 0.42 0.68 0.21 0.85 0.64

Improvementc

Pain 660 (83) Maximum daily activity 0.63 0.44 0.84 0.20 0.60

Pain 660 (83) Average activity of most active 10 h 0.67 0.42 0.85 0.21 0.63

Pain 660 (83) No. of transitions between sleep and wake 0.60 0.38 0.82 0.17 0.56

Pain 660 (83) Average daily activity 0.67 0.44 0.85 0.22 0.63

Pain 660 (83) Baseline activity 0.67 0.42 0.85 0.21 0.63

Pain 660 (83) Standard deviation of daily activity 0.67 0.40 0.84 0.20 0.62

Pain 660 (83) Peak activity timing 0.58 0.42 0.83 0.18 0.56

Sleep 500 (61) No. of transitions between sleep and wake 0.69 0.37 0.63 0.43 0.56

Anxiety 612 (76) No. of transitions between sleep and wake 0.66 0.36 0.76 0.25 0.58

Pain 660 (83) Composite biomarker 0.68 0.42 0.85 0.21 0.64
a Results are based on the validation set (50% of the overall sample; n = 1010).
b Positive predictive value indicates the probability of correctly identifying that

an individual fits the category, while negative predictive value indicates the
probability of correctly identifying that an individual does not fit the category.

c Worsening and improvement in self-report symptoms was defined as
symptom severity in week 8 minus symptom severity in week 1 greater than 0
and less than 0, respectively. Similarly, cutoff scores for change in rest-activity

characteristics were defined based on positive vs negative change in
rest-activity score at these 2 time points. Prediction was made based on the
change in rest-activity characteristic and its correlation with the symptom.
For example, if the rest-activity characteristic was positively correlated with
the symptom and it increased between week 1 and 8, we would predict the
symptom was worsening.

d Mesor from the circadian rhythm cosine model.
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improving sleep continuity was associated with improve-
ments in self-reported anxiety and sleep quality. This finding
makes sense in the context of research suggesting sleep prob-
lems and anxiety symptoms are related to each other
bidirectionally15 and that sleep problems prior to29,59 or in the
immediate aftermath of traumatic events is a vulnerability
factor for other difficulties, such as posttraumatic stress dis-
order and depression.60,61 In this study, improving sleep con-
solidation was associated with improving self-reported
anxiety symptoms over the study period, suggesting that in-
terventions to improve sleep consolidation may be helpful to
implement soon after trauma to improve other long-term
mental health outcomes. Brief behavioral interventions for
sleep62,63 can be delivered by telehealth, which may be par-
ticularly practical to implement for patients presenting to EDs.

Limitations
Limitations should be considered when interpreting our study
results. All trauma survivors enrolled presented to the ED for
evaluation; the generalizability of study findings to patients
who do not present to the ED is not known. In addition, most
were survivors of motor vehicle collisions, and the generaliz-
ability of study findings to other types of trauma is also un-
known. Additionally, analyses required concurrent acceler-
ometry and self-reported data. While missing data were not
correlated with any of our specific outcome measures, there
could be other potential missing data patterns we could not
account for. We applied the sleep-wake detection algorithm to
24-hour data instead of a participant-identified sleep period,
raising the possibility that sedentary segments could be con-
fused as sleep. However, passive monitoring with accelerom-
eters without concurrent sleep diaries is naturalistic and per-

formed in other large-scale studies.64 Study evaluation was
limited to the 8 weeks immediately following a traumatic event.
Future studies should examine wrist-wearable biomarker as-
sociations with APNS symptoms and symptom changes over
longer time durations. Finally, existing users of wearable
technology are generally more health conscious, wealthier, in-
sured, and have higher education and access to wireless
technologies,7,46 which differed from the population of this
study. While our study more closely resembles the popula-
tion likely to present to the ED after experiencing trauma, there
may be challenges implementing wearable-based assess-
ment and intervention tools in this group in clinical practice.
However, given this, we found no specific patterns regarding
missing data for wearable devices vs self-report, suggesting
that our results are at least internally valid.

Conclusions
Wrist-wearable devices are common and frequently use built-in
accelerometers to detect 24-hour activity patterns.65 Thus, a
proportion of the population may be using devices capable of
yielding useful information to help screen for trauma survi-
vors with high pain levels at a point in time and/or poor pain,
sleep, and/or anxiety recovery over time. In the future, such
biomarkers might be useful to identify trauma survivors who
merit further evaluation for adverse trauma outcomes, par-
ticularly in vulnerable populations. Such biomarkers might also
be useful to help clinicians and patients evaluate their re-
sponses to treatment interventions for pain, sleep, or anxiety
and to help patients understand how their activity, rest, and
sleep affect their health.
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