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Abstract
Background: Chronic knee pain (CKP) affects a large number of adults, many of whom do not receive best-practice care and
are at high risk for unnecessary surgery.
Objective: The aim of this study was to investigate the effect of the Hinge Health 12-week digital care program (DCP) for CKP
on knee pain and function, with secondary outcomes of surgery interest and satisfaction, at 12 weeks and 6 months after starting
the program.
Methods: Individuals with CKP were recruited onto the 12-week program, comprising sensor-guided physical exercises, weekly
education, activity tracking, and psychosocial support such as personal coaching and cognitive behavioral therapy (CBT). We
used a single-arm design with assessment of outcomes at baseline, 12 weeks, and 6 months after starting the program. We used
a linear mixed effects model with Tukey contrasts to compare timepoints and report intention-to-treat statistics with last observation
carried forward.
Results: The cohort consisted of 41 individuals (32 female, mean age 52 years, SD 9 years). Between baseline and week 12,
participants reported clinically significant improvements in the Knee Injury and Osteoarthritis Outcome Score (KOOS) pain and
Knee Injury and Osteoarthritis Outcome Score-Physical Function Short Form (KOOS-PS) function scales of 16 points (95% CI
12-21, P<.001) and 10 points (95% CI 6-14, P<.001), respectively. Significant reductions of 57% (mean difference 30, 95% CI
21-38, P<.001) and 51% (mean difference 25, 95% CI 16-33, P<.001) in visual analog scale (VAS) knee pain and stiffness,
respectively, were observed at 12 weeks, as well as a 67% reduction in surgery interest (mean reduction 2.3 out of 10, 95% CI
1.5-3.1, P<.001). Average satisfaction at week 12 was 9.2 out of 10. Critically, all improvements were maintained at 6 months
at similar or greater magnitude.
Conclusions: Participants on the Hinge Health DCP for CKP showed substantial clinical improvements that were maintained
6 months after enrolling in the program. This shows that DCPs carry strong potential to deliver evidence-based, cost-effective
care to those suffering from CKP.
(JMIR Rehabil Assist Technol 2017;4(1):e4) doi: 10.2196/rehab.7258
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Introduction
Background

Chronic knee pain (CKP) is one of the most common health
conditions [1] and is a characteristic presenting symptom of
knee osteoarthritis (OA) [2]. People living with CKP experience
a reduced quality of life [3] and are at risk of developing
concomitant musculoskeletal and mental health conditions [4,5].
CKP is most effectively treated by comprehensive chronic pain
programs, comprising not only physical exercise but also
education, psychosocial support, and weight loss [6-9]. Such
programs have shown clinically relevant reductions in pain that
last up to 5 years [10,11] and medical cost savings due to a
reduced need for injections, drugs, and surgery [8], with one
intervention for CKP due to knee OA showing a 75% (8/41 had
knee replacement in control vs 2/42 in treatment) reduction in
rate of total knee replacements [12]. Comprehensive care for
CKP due to knee OA is also more effective at reducing pain in
the long-term compared with physical therapy only [13-16].
However, chronic pain programs are rare for CKP, and over
80% of individuals with CKP due to knee OA receive
suboptimal conservative care [17]. Furthermore, CKP patients
show poor adherence to existing treatments [18].
The lack of widespread best-practice conservative care for those
suffering from CKP drives patients toward total knee
arthroplasty (TKA), an expensive intervention which almost
doubled in rate between 2000 and 2010 in the United States
[19]. Further exacerbated by an aging population, TKAs now
represent one of the main cost drivers for self-insured employers
and the largest in-patient cost for Medicare, alongside hip
replacements. Despite the popularity of the procedure, many
patients undergoing TKA may have avoided or at least delayed
surgery through comprehensive conservative care [12], with
34% of TKAs performed in the United States regarded as
inappropriate [20]. For those that do undergo TKA, the benefits
are partly offset by serious adverse events [21,22]. Even more
wasteful are arthroscopic debridement surgeries, which have
no discernible effect on the patient beyond placebo yet remain
one of the most common interventions with 500,000 procedures
every year in the United States alone [23]. As such, there is
huge scope for effective nonsurgical treatment solutions to
improve patient outcomes and drive down the surging costs
associated with CKP.
A digital care program (DCP), whereby each facet of
evidence-based care is digitized, aims to deliver care more
efficiently, effectively, and in a way that would improve
outcomes while decreasing costs. In particular, a DCP for CKP
administered remotely would allow patients access to the
program at any time and place, provide a single touchpoint for
every aspect of care, enable rich data collection on patient
behavior and progress, and drastically reduce the marginal cost
of additional patients receiving treatment. Furthermore, as poor
adherence can limit long-term effectiveness of a program for
CKP [18], a DCP incorporating remote sensing would enable
very precise monitoring of adherence levels to exercise therapy,
affording personalized and timely interventions during the
course of treatment. Digital health is moving into many different

Smittenaar et al
domains of health care, ranging from cognitive behavioral
therapy (CBT) for pain and depression to remote monitoring of
heart patients [24-26]. In diabetes prevention, a digital health
program has shown positive outcomes that persisted up to 2
years after completion of the program [27], and a digital sleep
therapy program was found to be effective in a randomized
controlled trial [28]. However, the musculoskeletal field has
seen relatively little digital innovation and was judged to be “in
its infancy” in this regard [29].
The American College of Rheumatology recommends those
suffering from CKP to participate in cardiovascular and
strengthening exercise, self-management training, psychosocial
intervention, and weight loss for overweight patients [7]. In line
with these recommendations, we have developed a 12-week
DCP for CKP. The program builds on previous work in digital
musculoskeletal care, which studied individual components of
digital care in isolation, such as diagnosis [30], CBT [25],
exercise with telephone-based coaching [31], exercise with pain
coping training [32], and behavioral change approaches [33].

Aims of This Study

The aims of this study were to (1) determine the change in pain
and function between baseline and follow-up (week 12 and 6
months) in participants in the 12-week Hinge Health DCP and
(2) assess changes in surgery interest and patient satisfaction
between baseline and follow-up.

Methods
Research Design

We used a single-arm design with patient-reported outcome
measures (PROMs) collected before starting the program
(“baseline”), at the end of the 12-week program, and at 6 months
after starting the program.

Participants

The 12-week Hinge Health DCP was deployed at two sites in
the United States, both of which compensated Hinge Health for
the deployment. All potential participants were employees of
a self-insured employer, covered by their medical plan. Potential
participants were recruited by email, letters mailed to their home
address, and fliers posted in the workplace, and were screened
for inclusion by Web-based questionnaire. For inclusion,
subjects had to provide written informed consent, have lived
with knee pain for at least 3 months in the past 12 months, and
had to meet at least 2 of the following additional inclusion
criteria derived from the American College of Rheumatology
criteria for OA of the knee [2]: morning stiffness lasting less
than 30 min, crepitus on movement, bony tenderness, bony
enlargements, lack of warmth of the knee to the touch, and age
of 50 years or older. Exclusion criteria were knee surgery or
trauma in the past 3 months. We obtained ethical approval to
conduct a research study as part of these deployments from the
Western Institutional Review Board (WIRB 20160949).
An a priori sample size calculation was performed for comparing
the primary outcomes of pain and function. Using an alpha level
of .05, a power of 0.8, and a medium effect size of 0.5, 33
subjects were needed. Recruitment of 41 participants accounted
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for a potential dropout rate of 20% over the course of the study.
As there were a limited number of places available on the
program, we invited eligible applicants on a first come, first
serve basis. Users were not compensated for their time, but
could participate in the program free of charge.

Intervention

The Hinge Health DCP is a 12-week program (Figure 1) which
aims to equip participants with the knowledge and tools to
self-manage their condition without prescription drugs and
surgery as long as possible. The program comprises
sensor-guided physical exercise, education, CBT, psychosocial
support through teams and personal health coaches, weight loss,
and activity tracking. In the week before the official start of the
program, each invited participant was assigned to a team of
15-20 participants and taken through a 30-min in-person
onboarding session led by a trained Hinge Health representative.
During this session, the participant was provided with a tablet
computer preloaded with the Hinge Health app as well as

Smittenaar et al
wearable bands with motion sensors to be used during guided
exercises (Figure 2), and shown how to use the main features
of the app and perform sensor-guided exercise therapy. This
was followed within a few days by a 30-min call with a personal
coach, who was an employee of Hinge Health trained for
interaction with participants. The purpose of the call was for
the coach to establish themselves as the primary touchpoint for
the participant throughout the program, orient the participant
to the program, help set goals, and identify and alleviate
practical barriers to adherence. Every week on the program
participants had to complete a number of goals. These
components of the program are discussed below. Participants
were allowed to keep their tablet computer and movement
sensors after completion of the 12-week program, and they
could continue to interact with the program as desired to access
education, communicate with teammates, log symptoms, and
track activities; however, no activities were required of
participants during this maintenance phase.

Figure 1. User flow in the Hinge Health digital care program. (a) Every odd-numbered week. (b) Only for those with a starting body mass index (BMI)
of 25 kg/m2 or greater. (c) Only on a subset of weeks and only for those users who qualified for the respective cognitive behavioral therapy module
(see "Methods" section).

JMIR REHABILITATION AND ASSISTIVE TECHNOLOGIES

Smittenaar et al

Figure 2. Tablet computer and sensors as part of the Hinge Health kit. (a) A screenshot of the home screen. Weekly actionables are indicated by stars,
followed by an overview of fellow team members and the team discussion feed. Further functionality—including a progress screen, education articles,
and private communication channel with the coach—are available through the menu. (b) Placement of sensors for exercise therapy.

Exercise Therapy

Participants had a weekly exercise repetitions goal for
sensor-guided exercises, which increased over the course of the
program. Approximately 15 min of stretching and strengthening
exercise for 3-4 days per week was sufficient to reach their
weekly goal. Specifically, we provided the following
sensor-guided exercises: standing quad stretch (pulling heel
toward buttocks), seated quad stretch (pull leg toward chest),
half squats, forward lunges, leg raise (raising lower leg behind
the body until parallel with floor while holding chair), seated
leg raise (raising lower leg to horizontal while seated), and
hamstring stretch (foot on raised object, reach to touch toes with
straight leg). The app tracked the execution of the exercises and
provided real-time feedback to the user to ensure that the
exercises were performed correctly. Before starting a new
exercise, a narrated video showed correct execution, and this
video remained available to the participant throughout the
program. Crucially, the sensors afforded an objective avenue
to monitor adherence.

Education

Education articles were presented once per week, for a total of
12 education articles, each requiring approximately 10-20 min
of reading. Each article consisted of approximately 6 pages, and
we tracked consumption of each page. A piece of education was
marked complete if the participant reached the final page of the
article.

Symptom Logging

Participants were asked to log their pain and stiffness symptoms
on a visual analog scale (VAS) at least twice a week, alongside
any treatments they had been using for their knee. Participants
were prompted to fill out questionnaires at predetermined
timepoints in order to track PROMs. The specific timepoints
for each PROM are outlined below.

Activity Tracking

A self-report activity tracker helped log any physical activity
they performed during the week, encouraging at least three
30-min sessions per week of low-impact exercise.

Cognitive Behavioral Therapy

CBT modules were provided. One was provided to all users
(pacing activity levels), whereas others were provided based on
data provided by users: the weight loss CBT for participants
with a body mass index >25 kg/m2; the coping with pain CBT
for users with a score greater than 30 on the pain catastrophizing
scale; the low mood and anxiety CBT for participants with a
score of 10 or higher on the Hospital Anxiety and Depression
Scale (HADS), respectively.

Team and Coach Interaction

The coach facilitated in-app team discussions, while encouraging
team members to discuss anything of interest with their
teammates on the team feed (accessible via the app). Participants
communicated with the coach through the tablet app, phone,
SMS, or email. The participants could initiate a conversation
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at any time and the coach would respond within the same day.
Moreover, the coach sent weekly messages to introduce the
week’s education, provide feedback on completed CBT modules,
send an overview of the participant’s performance in the
previous week, and encourage the user to attend to their weekly
goals on Wednesdays and Fridays, if the participant was behind
on their goals.

Primary Outcomes: Pain and Function

We used the Knee Injury and Osteoarthritis Outcome Score
(KOOS) 9-question pain subscale [34,35], as well as the
7-question Knee Injury and Osteoarthritis Outcome
Score-Physical Function Short Form (KOOS-PS) to assess
function [36]. KOOS questionnaires were asked at baseline
(screening) as well as at week 4, 8, and 12 of the program, and
scored from 0 (no symptoms) to 100 (extreme symptoms). Both
questionnaires were also administered at the 6-month timepoint.

Secondary Outcomes

Participants reported on their knee pain and function by
completing VAS questions at baseline (screening) and twice
per week during the program, asking “Over the past 24 h how
bad was your knee pain?” and “Over the past 24 h how bad was
your knee stiffness?” respectively. The left pole was set to 0
and contained the text “none,” and the right pole was set to 100
and contained the text “worst imaginable.” Unlike other PROMs,
VAS reports were optional in the app. To assess overall
satisfaction with the program, we asked “On a scale of 0-10,
how likely is it that you would recommend the Hinge Health
program to a friend or colleague?” at week 6 and week 12. We
tracked participants’ self-reported likelihood of undergoing
knee surgery at baseline (screening), week 6, and week 12 of
the program by asking “On a scale from 0 to 10, how interested
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are you in knee surgery?” All secondary outcomes were also
assessed at 6-month timepoint.

Statistical Analysis

We report intention-to-treat statistics with last observation
carried forward. We used a linear mixed effects model
implemented through LME4 [37] and implemented Tukey
contrasts to compare timepoints through the “multcomp”
package [38] in the statistical computing software R (version
3.3.2, The R Project for Statistical Computing). We modeled a
single within-subject factor “time” (levels: baseline, 12 weeks,
6 months), and a separate baseline for each participant. We
modeled time as a categorical factor and therefore do not assume
a linear relationship between time and outcome measures. We
report the contrast estimate, 95% CI on the estimate, and P
value. P values <.05 were considered significant. We also
examined the per protocol results. Due to the low dropout rate,
these results were not meaningfully different from the
intention-to-treat results and are therefore not reported here.

Results
Participants

Demographics of participants are presented in Table 1. On
average, participants were aged above 50 years, had a BMI over
25 kg/m2, and predominantly female. At baseline, 66% (27/41)
of users were not doing any physical therapy-style exercise and
54% (22/41) were active 90 min or less per week including
walking, suggesting a predominantly sedentary lifestyle. There
were no significant differences in any of the demographics or
baseline data between those who completed the PROMs at 6
months and those who did not (P>.05 for all).
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Table 1. Demographics and relevant baseline data.
Metric

All Participants

n (% of all participants)

Completed

PROMsa

PROMs

12 week

6 month

Did not complete

Did not complete

12 week

6 month

41 (100)

37 (90)

33 (80)

4 (10)

8 (20)

Age in years, mean (SD )

52 (9)

52 (9)

54 (8)

54 (4)

47 (9)

BMIc (kg/m2), mean (SD)

29 (7)

28 (7)

29 (7)

32 (6)

27 (7)

Height (cm), mean (SD)

169 (10)

169 (10)

168 (8)

171 (4)

176 (13)

Weight (kg), mean (SD)

82 (17)

80 (17)

81 (17)

92 (15)

83 (19)

Female, n (%)

32 (78)

29 (78)

28 (85)

3 (75)

4 (50)

PT-like exercised at baseline, n (%)

14 (34)

13 (35)

11 (33)

1 (25)

3 (38)

Active 90+ min per week at baseline, n (%)

19 (46)

19 (51)

18 (55)

0 (0)

1 (12)

Pain catastrophizing scalee, mean (SD)

14 (9)

13 (10)

13 (10)

19 (5)

16 (8)

Had knee surgery in past, n (%)

17 (41)

15 (41)

15 (45)

2 (50)

2 (25)

Arthritis diagnosed by doctor, n (%)

18 (44)

17 (46)

17 (52)

1 (25)

1 (12)

b

a

Completed

PROMs: patient-reported outcome measures.

b
c

SD: standard deviation.

BMI: body mass index.

d
e

PT-like exercise: answer to screening question “Do you currently do any physical therapy-style exercises?”

Pain catastrophizing scale: from 0 (no catastrophizing) to 52 (extreme).

Intervention Engagement

Engagement across each of the relevant goals provided to
participants in the program are shown in Table 2. Participants
performed sensor-guided physical exercises on 42.9 days on
average, or 3.6 days per week—in line with the goal of 3-4 days
exercise per week. On such an average active day, participants
performed 39 repetitions across various exercises. Participants
also completed the majority of their education articles,
consuming education on 89% (10.7/12) of weeks. The average
participant completed 1.9 (SD 0.8) of the 3.3 (SD 0.8) CBT
sessions offered.

Primary Outcomes: Pain and Function

Participants reported highly significant improvements on the
KOOS pain subscale (Figure 3; improvement at week 12 from
baseline: 16 points, 95% CI 12-21, P<.001) that were maintained
at 6 months (improvement from baseline: 18 points, 95% CI
14-23, P<.001). Knee function also significantly improved at
12 weeks (KOOS-PS, Figure 3; improvement at week 12 from
baseline: 10 points, 95% CI 6-14, P<.001) and was maintained
at 6 months (improvement from baseline: 14 points, 95% CI
9-18, P<.001).
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Table 2. Engagement with the Hinge Health digital care program (DCP) for chronic knee pain (CKP).
Metric

All Participants

Completed
12 week PROMs

Completed
6 month
PROMs

Did not complete

Did not complete

12 week

6 month

Days with sensor-guided exercise, mean 42.9 (16.1)

44.8 (15.2)

46.7 (14.5)

26 (16.1)

27.4 (13.3)

In-app physical exercise repetitions,
mean (SD)

1772.6 (1163.1)

1881.2 (1175)

880.2 (665.1)

878.1 (565.8)

Offline activities logged in hours, mean 24.9 (11.5)
(SD)

26 (11.4)

27.2 (11.3)

14.8 (5.8)

15.4 (5.8)

Education articles read, mean (SD)

10.7 (2.1)

10.9 (1.6)

11.1 (1.5)

8.5 (4.4)

8.9 (3.1)

CBTc session completed, mean (SD)

1.9 (0.8)

1.9 (0.8)

2 (0.7)

1.5 (1)

1.4 (1.1)

Team posts and comments, mean (SD)

12.3 (7.7)

12.9 (7.7)

13.9 (7.4)

6.2 (3.2)

5.4 (3.9)

(SDb)

a

a

1685.5 (1150)

PROM: patient-reported outcome measure.

b
c

SD: standard deviation.

CBT: cognitive behavioral therapy.

Figure 3. Knee Injury and Osteoarthritis Outcome Score (KOOS) pain subscale and Knee Injury and Osteoarthritis Outcome Score-Physical Function
Short Form (KOOS-PS)—which measures knee function—over the course of the 6-month assessment period. Error bars indicate standard error of the
mean (SEM).
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Secondary Outcomes
Visual Analog Scales

Between baseline and week 12, participants reported a 57%
reduction in knee pain (Figure 4; from 52 to 22 points; mean
difference 30, 95% CI 21-38, P<.001) and 51% reduction in
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knee stiffness (Figure 4; from 48 to 23; mean difference 25,
95% CI 16-33, P<.001). These improvements were maintained
at 6 months for both knee pain (mean improvement 31, 95% CI
23-40, P<.001) and stiffness (mean improvement 28, 95% CI
20-36, P<.001).

Figure 4. Visual analog scale assessment of (a) knee pain and (b) knee stiffness over the course of the 6-month assessment period. The dotted line
indicates the last week of the 12-week program. Error bars indicate standard error of the mean (SEM).

Surgery Intent

Surgery interest significantly decreased over the course of the
program from 3.5 out of 10 at baseline to 1.2 out of 10 at 12
weeks (67% reduction; mean reduction 2.3, 95% CI 1.5-3.1,
P<.001). At 6 months participants still expressed low interest
in surgery (69% reduction; mean reduction: 2.4, 95% CI 1.6-3.2,
P<.001). Of the 17 participants at high risk of surgery at
baseline—defined as a surgery interest of 5 or higher—by week
12 only 3 remained at high risk. At 6 months, still only 3
remained at high risk for surgery, 2 of whom also were at high
surgery risk at week 12, and 1 of whom had moved into the
high-risk category between week 12 and 6 months.

Satisfaction

Participants expressed high satisfaction with the program. At
week 12, on average participants rated the program 9.2 out of
10 (SD 1.3). By 6 months, the average rating was 9.3 (SD 1.1).

Discussion
Principal Findings

Although CKP is a common cause of severe chronic pain and
disability affecting millions of individuals, accessible
comprehensive treatment programs that address multiple
components of care are lacking. The challenges to effectively
delivering a program involving physical therapy, education,
and psychosocial support are diverse and substantial—including
time constraints on primary care appointments, paucity of
reimbursement for education, and lack of awareness of the
psychosocial risk factors that impact outcomes for CKP.
Moreover, there are significant practical and cost barriers faced
by the patient—such as traveling to physical therapy

appointments, large patient costs, sourcing and paying for
childcare, or having to seek out education and psychosocial
support on their own. Finally, tracking outcomes and program
adherence is difficult if not impossible in the traditional
outpatient setting, and there is a distinct lack of
technology-enabled solutions for patients. The results of this
study demonstrated that the Hinge Health 12-week DCP for
individuals with CKP produced clinically and statistically
significant improvements in knee pain, stiffness, and function
that lasted over a period of 6 months following initiation of the
12-week program, and were accompanied by a significant
reduction in surgery interest as well as high satisfaction.
Furthermore, the digitization of exercise therapy allowed for
precise tracking of participation and adherence, showing that
on average participants completed exercise therapy between 3
and 4 days each week.
Participants’ KOOS pain and function scores improved by
clinically significant 16 and 10 points, respectively, at the end
of the 12-week program. Similarly, VAS pain and stiffness
scores improved by clinically significant 58% and 50% at the
end of the 12-week program. These improvements are greater
than or of similar magnitude to other treatment programs that
have shown efficacy for CKP, including a 12-week graded
physical activity exercise program which found improvements
in WOMAC pain and function of 25% and 22%, respectively,
immediately after program completion [39]; an 8-week exercise
and education program which found improvements in WOMAC
pain, stiffness, and function scores of 23%, 17%, and 23%,
respectively, immediately after the completion of the program
[40]; and a 6-week exercise, education, and self-management
program which found improvements in WOMAC pain and
function of 31% and 26%, respectively, immediately at the end
of the program [10]. Deyle et al [41] found greater improvement
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in WOMAC score at the end of a 4-week program of manual
therapy and supervised exercise (52%) versus a home-based
exercise program (26%). However, the clinical intervention was
more expensive than the home-based intervention and did not
lead to better long-term outcomes [41], and the home-based
intervention did not include any program components such as
education or behavioral therapy which may improve long-term
outcomes. The format of the program also did not allow the
researchers to track adherence to the home exercise.
The clinically significant improvements in KOOS pain and
function in this study were maintained at 6 months after starting
the program, with improvements of 18 and 14 points,
respectively. Similarly, the improvements in VAS pain and
stiffness scores were maintained, with improvements of 60%
and 58% at the 6-month timepoint, respectively. These results
suggest strong maintenance of effect of the program. Similar
long-term effects have been reported in other intervention
programs of similar length [10,12,39-41], with clinical
improvements reported to be maintained as long as 30 months
after completing the programs. Although the long-term effect
of the Hinge Health DCP, in particular the effect related to
exercise, may in part be dependent on continued adherence to
the program [42], the behavioral, educational, and psychosocial
components of the program may improve the potential for
long-term effects [10]. Furthermore, the comprehensive
conservative care program incorporating exercise may also
influence the need for future surgical treatments, as a previous
treatment program incorporating exercise and manual physical
therapy found a 75% reduction in TKA after participation in
the program [12]. Similarly, comprehensive pain management
programs for chronic back pain demonstrate a reduced need for
surgery of 67% as compared with alternative medical care [6].
Surgical interventions such as TKA are effective at improving
pain and symptoms following surgery, with studies finding
between approximately 50% and 75% of patients experience
improvement after surgery [43,44]. However, even in individuals
with CKP that have all indications to warrant surgery, afflicted
individuals are often reluctant to consider invasive surgical
procedures, with data showing only 15-32% are willing to
consider surgery for their knee pain [45,46]. In this study,
surgery interest significantly decreased over the course of the
12-week program, with no participant increasing in intent for
surgery. These improvements in pain and function could be
maintained over the long-term, thereby circumventing surgery
and its cost. However, the follow-up period of this study was
too short to draw a definitive conclusion on the matter, and
future research will be needed to more fully understand the
economic effects of the program.

Strengths and Limitations

The results of this study demonstrate that the Hinge Health DCP
shows promise for providing participants with a program to
effectively manage their CKP condition. However, this study
has several limitations. This was a single-arm study without
blinding of the participants, and thus any placebo effect, for
example, due to simply being accepted into the program, or
regression to the mean was not able to be evaluated. Future
work with a more rigorous study design such as a randomized,
controlled trial as compared with standard care or multiple
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baseline trial will be needed to better understand the effect of
the program as compared with standard care. Although the
sample size was relatively small, the results demonstrated large
effect sizes for primary outcomes which showed highly
significant results and should be confirmed in larger future
studies.
The study enrolled participants with self-reported CKP, but did
not require a physician-diagnosis of knee OA. However, our
recruitment questionnaire utilized questions specific to clinical
diagnosis for knee OA derived from the American College of
Rheumatology criteria for OA of the knee [2], and our inclusion
criteria are similar to those of other knee OA studies [12,39-41].
Furthermore, participants included in this study showed typical
demographics and characteristics of people living with CKP
(Table 1). Our participants were predominantly female, and
although a higher prevalence of knee OA and knee pain are
reported in female versus male [47,48], future work should
include a larger male participant population to better understand
potential differences in program response due to sex.
Study results showed good subject engagement with exercise
and education. However, due to the comprehensive nature of
the program, it is not possible to determine if all components
of the program are integral to the study results. As shown in
Figure 4, we noted a substantial drop in knee pain and stiffness
between baseline (screening) and the first VAS score reported,
potentially as a positive consequence of the exercises performed
as part of onboarding, regression to the mean, and perceived
improvements due to the positive news of being accepted onto
the program. To confirm that the program achieved improved
outcomes not just between baseline and the first VAS, we also
compared the average VAS ratings in weeks 1-4 of the program
against those in weeks 9-12, and observed highly significant
reductions in pain (9.3 points, 95% CI 5.7-12.8, P<.001) and
stiffness (8.4 points, 95% CI 4.8-12.0, P<.001). Deyle et al [12]
also noted a rapid reduction in symptoms of 20-40% after only
a few treatment sessions, which was attributed to improvement
from the initial therapy. Although other treatments of similar
duration have found lasting effects [10,12,39,40,49], the
relatively short time frame of this study, to 3 months follow-up
after completion of the program, or 6 months after enrollment,
requires future work to evaluate the potential of the program
for long-term improvement in symptoms.

Conclusions

The results of this study demonstrated clinically and statistically
significant improvements in pain, function, and stiffness
following a 12-week digitally based program designed to address
multiple components of care for CKP. Although the initial
results with this program are promising, future research will be
needed to understand the long-term effects of the program. Due
to the adaptability of the system, future work may also
investigate the effect of a similar program on other chronic pain
conditions such as lower back pain.
In conclusion, the results of this pilot study of the 12-week
digital Hinge Health DCP demonstrate improvements in knee
pain, stiffness, and function which were maintained to 6 months
after enrollment into the program. The program greatly reduced
surgery interest in participants, providing strong evidence that
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the program may be an effective intervention to delay or
significantly reduce the incidence of more invasive and costly
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treatments for CKP such as surgery.
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Abstract
Background: Chronic knee pain, most commonly caused by knee osteoarthritis, is a prevalent condition which in most cases
can be effectively treated through conservative, non-surgical care involving exercise therapy, education, psychosocial support,
and weight loss. However, most people living with chronic knee pain do not receive adequate care, leading to unnecessary use
of opiates and surgical procedures.
Objective: Assess the efficacy of a remotely delivered digital care program for chronic knee pain.
Methods: We enrolled 162 participants into a randomized controlled trial between January and March 2017. Participants were
recruited from participating employers using questionnaires for self-assessment of their knee pain, and randomized into treatment
(n=101) and control (n=61) groups. Participants in the treatment group were enrolled in the Hinge Health digital care program
for chronic knee pain. This is a remotely delivered, home-based 12-week intervention that includes sensor-guided exercise therapy,
education, cognitive behavioral therapy, weight loss, and psychosocial support through a personal coach and team-based interactions.
The control group received three education pieces regarding self-care for chronic knee pain. Both groups had access to
treatment-as-usual. The primary outcome was the Knee Injury and Osteoarthritis Outcome Score (KOOS) Pain subscale and
KOOS Physical Function Shortform (KOOS-PS). Secondary outcomes were visual analog scales (VAS) for pain and stiffness
respectively, surgery intent, and self-reported understanding of the condition and treatment options. Outcome measures were
analyzed by intention to treat (excluding 7 control participants who received the digital care program due to administrative error)
and per protocol.
Results: In an intent-to-treat analysis the digital care program group had a significantly greater reduction in KOOS Pain compared
to the control group at the end of the program (greater reduction of 7.7, 95% CI 3.0 to 12.3, P=.002), as well as a significantly
greater improvement in physical function (7.2, 95% CI 3.0 to 11.5, P=.001). This was also reflected in the secondary outcomes
VAS pain (12.3, 95% CI 5.4 to 19.1, P<.001) and VAS stiffness (13.4, 95% CI 5.6 to 21.1, P=.001). Participants’ self-reported
likelihood (from 0% to 100%) of having surgery also reduced more strongly in the digital care program group compared to the
control group over the next 1 year (–9.4 percentage points, pp, 95% CI –16.6 to –2.2, P=.01), 2 years (–11.3 pp, 95% CI –20.1
to –2.5, P=.01), and 5 years (–14.6 pp, 95% CI –23.6 to –5.5, P=.002). Interest in surgery (from 0 to 10) also reduced more so
in the digital care program compared to control group (–1.0, 95% CI –1.7 to –0.2, P=.01). Participants’ understanding of the
condition and treatment options (on a scale from 0 to 4) increased more substantially for participants in the digital care program
than those in the control group (0.9, 95% CI 0.6 to 1.3, P<.001). In an analysis on participants that completed the intervention
(per protocol analysis) all primary and secondary outcomes remained significant at greater effect magnitudes compared to intention
to treat, with those completing the program showing a 61% (95% CI 48 to 74) reduction in VAS pain compared to 21% (95% CI
5 to 38) in the control group (P<.001). Accounting for the cost of administering the program, we estimate net cost savings on
surgery alone of US $4340 over 1 year and $7900 over 5 years for those participants completing the digital care program compared
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to those in the control group receiving treatment-as-usual. In an exploratory subgroup analysis including only participants exhibiting
clinical symptoms of osteoarthritis the program proved equally effective.
Conclusions: This trial provides strong evidence that a comprehensive 12-week digital care program for chronic knee pain,
including osteoarthritis, yields significantly improved outcomes for pain, physical function, stiffness, surgery risk, and understanding
of the condition, compared to a control group.
Trial Registration:
International Standard Randomized Controlled Trial Number (ISRCTN) 13307390;
http://www.isrctn.com/ISRCTN13307390 (Archived by WebCite at http://www.webcitation.org/6ycwjGL73)
(J Med Internet Res 2018;20(4):e156) doi: 10.2196/jmir.9667
KEYWORDS
osteoarthritis, knee; chronic pain; exercise; education; cognitive behavioral therapy; computers, handheld; coaching; non-invasive;
digital health; digital therapy; digital care program

Introduction
Background

Chronic knee pain (CKP), often caused by knee osteoarthritis,
affects 1 in 4 individuals over the age of 55 [1], and is a major
health condition [2] that is becoming increasingly prevalent [3].
The effects of CKP are far-reaching and not limited only to the
knee joint. Rather, chronic pain can result in negative effects
on general health status including social functioning, energy
and vitality, general health perception, limitations due to
emotional and physical problems [4], negative effects on quality
of life [5], productivity [6], emotional well-being [7], and health
care costs [8].
Current recommendations for management of chronic pain
suggest that treatments addressing multiple aspects of pain,
including physical, psychological, and social, are most effective
as compared to a single therapy [9,10]. Recommended
components of effective non-pharmacological care for chronic
musculoskeletal pain include physical activity, patient education,
weight reduction, and self-management and coping strategies
[9,11–13]. Thus, an effective treatment algorithm for CKP is a
comprehensive program consisting of the main components of
recommended conservative care.
Such comprehensive programs for chronic pain - including knee
osteoarthritis (OA), one of the most common diagnosis for CKP
[11] - have been shown to improve pain and function [15–23]
and reduce utilization of total knee arthroplasty (TKA) [12].
However, despite research into comprehensive programs for
CKP, utilization of such programs outside of the research arena
is rare. For example, it is estimated that 80% of individuals with
CKP due to knee OA are not adequately treated with
conservative care [13]. This, in turn, leads many patients to
undergo costly knee surgeries that could have been otherwise
avoided [14]. Thus, there is a significant need to improve access
and increase use of a comprehensive treatment program for the
large population of individuals affected by CKP.
Digital technology has the potential to effectively provide
comprehensive CKP programs. A digital care program (DCP)
incorporating multiple components of recommended care could
allow for more efficient, effective, and economical treatment
by overcoming barriers to behavior change often observed in
traditional in-person care, such as travel time, missed work,
cost of care, and limited access to healthcare. Furthermore, a

DCP incorporating remote sensing would allow for monitoring
of patient adherence, a critical barrier limiting long-term
effectiveness of treatment programs [15,16]. Only a few studies,
however, have examined the use of digital technologies for
CKP, investigating web-based platforms for physical activity
and exercise [17,18], pain coping training [19], and more
comprehensive programs incorporating education and exercise
[20-22]. In particular, there are limited studies using a more
rigorous randomized controlled design [18,19,22], and the use
of digital health in musculoskeletal conditions is regarded as
early stage [23].
We have developed a 12-week program for CKP called the
Hinge Health DCP [24]. It consists of recommended components
of non-pharmacological care for chronic musculoskeletal pain
and includes sensor-guided exercise therapy promoting local
muscle strengthening and stretching, education, cognitive
behavioral therapy, psychosocial support through teams and
personal health coaches, weight loss, and activity tracking. We
have previously shown that the Hinge Health 12-week DCP
improves clinical outcomes of pain, function, and stiffness over
a period of 6 months after initiation of the program in a
single-arm study of individuals with CKP [24]. The purpose of
this study was to assess the short-term effectiveness (12 weeks
after initiation) of the Hinge Health DCP in improving knee
pain and disability in subjects with CKP, as compared to a
control group receiving treatment as usual and knee care
education only. We employed a randomized controlled trial
with the hypothesis that the DCP would cause a greater
improvement in outcome than the control treatment.

Methods
Study Design

This study was a two-armed, randomized, controlled, unblinded
trial of participants with chronic knee pain. Online applications
were invited from employees and their dependents at
participating employers spread out over 12 office locations.
Participants were recruited through emails and posters
distributed through the participants’ employers between January
and March 2017. The trial was approved by the Western
Institutional Review Board, and participants completed the
intervention at home. The trial was performed in compliance
with the Helsinki Declaration for research involving human
subjects and in line with ICH-GCP guidelines. The trial was
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preregistered at International Standard Randomized Controlled
Trial Number (ISRCTN) 13307390. We followed CONSORT
guidelines for reporting this trial.

Study Population

We assessed the eligibility of all applicants that completed the
baseline questionnaire for CKP through their web browser.
Participants provided informed consent as part of this
questionnaire using a checkbox and digital information sheet.
The inclusion criteria were: (1) age over 18, (2) knee pain for
at least 1 month in the last 12 months, (3) participating in the
collaborating employers’ health plans, and (4) provision of
informed consent. The exclusion criteria were (1) a prior
diagnosis of rheumatoid arthritis, (2) surgery on the knee less
than 3 months ago, and (3) an injury to the knee less than 3
months ago. We did not include knee OA as an inclusion
criterion, though we did assess the presence of OA through 6
self-reported clinical criteria, whereby 3 or more positive criteria
suggested OA: age over 50 years, stiffness for <30 minutes in
the morning, crepitus, bony tenderness, bony enlargement, and
no palpable warmth [11]. As there were a limited number of
places available on the program, eligible applicants were
prioritized for enrollment, with those exhibiting greater pain,
disability, and surgery intent prioritized over those showing
less. Applicants that were not prioritized were placed on the
waitlist (n=73). Participants were not paid for their time, other
than an incentive offered to complete the outcome questionnaire
for those that did not complete it within 4 days of first invitation.

Randomization

Eligible applicants were randomized into the trial twice weekly
during the signup period. Batches of selected participants were
then randomized into treatment and control using a 60:40
(treatment: control) ratio (n=115) or using an 80:20 ratio (n=47).
The 80:20 ratio represents a deviation from the study protocol
due to an administrative error and was only used for a restricted
time. The effective allocation ratio was therefore 62:38
(treatment: control). When a batch of applicants was
randomized, an algorithm shuffled the batch and selected the
first 60% (or 80%) to enter the treatment, and the remaining
40% (or 20%) to enter control. As such, the person(s) reviewing
the applicants had no way of knowing whether any given
applicant would end up in the treatment or control group
(concealed allocation). After randomization, participants in the
treatment group received an email inviting them to complete
their profile and receive their kit to participate in the DCP,
whereas those in the control group received an email with three
education articles to help them care for their knee. Due to the
nature of the study, neither the study staff nor the participants
were blinded to group allocation.

Study Intervention

The treatment group received the Hinge Health 12-week DCP
for CKP. The contents of this program have been described
previously [24]. In short, participants received a tablet computer
with the Hinge Health application installed, and two custom
Bluetooth sensors with straps to be used on the upper and lower
leg during the in-app exercise therapy. Participants were
assigned a personal coach that provided support and
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accountability throughout the program and were placed in a
team to provide peer support through a discussion feed within
the app. Participation was completed entirely remotely through
the app, at times and places chosen by the participant. Reminders
were provided by text message and email if the participant was
not engaging at the recommended intensity with the program.
On a weekly basis, participants in the DCP were set the goal of
completing 3 sessions of sensor-guided exercise therapy, reading
one to two education articles, logging their symptoms at least
twice, performing cognitive behavioral therapy (CBT; subset
of weeks only), working at weight loss (if overweight), and
tracking at least three 30-minute sessions of aerobic activities.
Details of each of these components of the DCP are described
elsewhere [24]. Each participant also maintained access to
treatment as usual (TAU).
The control group received three pieces of education, presented
digitally, that is also part of the Hinge Health DCP. These
articles discussed the importance of self-care, how to deal with
setbacks in knee pain, and how to manage communication and
relationships when living with CKP. The control group
maintained access to TAU and were informed that they would
be reconsidered for the program when new places became
available following the 12-week study.
The application was developed, owned, and sponsored by Hinge
Health, Inc. The 12-week program received extensive testing
over a 2-year period prior to starting the trial. All participants
received the same version of the program, and there were no
major application updates during the course of the trial.

Study Outcomes
Primary Outcomes

The preregistered primary outcomes were the Knee Injury and
Osteoarthritis Outcome Score (KOOS) Pain subscale [25], and
the KOOS Physical Function Shortform (KOOS-PS, referred
to as “KOOS short version” in preregistration) scale [26]. Both
scales span from 0 (no pain or impaired function, respectively)
to 100 (extreme pain or impaired function, respectively), and
were assessed at baseline and at the end of the 12-week DCP
in the intervention and control groups. Both surveys are
composite measures which may confound multiple conditions,
however the digital nature of the program precluded individual
clinical evaluation. Additionally, those in the treatment group
were asked to complete both questionnaires at weeks 4 and 8
as part of the DCP. To conclude a positive effect of treatment
we required a significant effect on both primary outcomes,
though we note this was not specified in the preregistration.

Secondary Outcomes

We describe multiple preregistered secondary outcomes. Firstly,
a visual analogue scale (VAS) for the question “Over the past
24 hours, how bad was your knee pain?” from 0 (“none”) to
100 (“worst imaginable”). Secondly, a VAS for the question
“Over the past 24 hours, how bad was your knee stiffness?”
from 0 (“none”) to 100 (“worst imaginable”). Thirdly, we
assessed surgery intent using multiple questions: “What do you
think are the chances you'll have knee surgery in the next year,
in %?” as well as the same question for 2 and 5 years into the
future. We also asked “On a scale of 0 to 10 how interested are
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you in knee surgery?” with labels “not at all” at 0, and
“definitely going to get surgery” at 10. Lastly, we asked
“Thinking about your symptoms, how well do you feel you
understand your condition and your treatment options?” with
answers “Not at all”, “Slightly”, “Moderately”, “Very well”,
“Completely”, coded from 0 to 4. All data were assessed at
baseline and at the end of the 12-week DCP in both the
intervention and control groups. Additionally, those in the
treatment group were asked to complete these questions at
various points during the DCP: the VAS twice each week, and
the questions related to surgery and understanding of their
condition at week 6.

Sample Size

The minimal clinically important difference for KOOS is
considered to be approximately 10 points on the 100-point scale,
and a standard deviation of 15 is recommended for power
calculations [27]. Although we did not use the full KOOS scale,
we assumed its derivate questionnaires would have similar
properties and used a standard deviation of 15 to perform power
calculations. The number of participants needed in each group
to detect a 10-point difference given a Type I error rate of 0.05
and power of 0.8 is 36. Given our unequal allocation ratio, this
would need to be at least 54 in the treatment group and 36 in
the control group for a total of at least 90 participants in the
trial. As we had two primary endpoints albeit not independent
of one another, we significantly over-recruited participants into
the trial. We opted for an unequal allocation ratio to ensure we
would be able to enter a certain minimum number of people
into the treatment arm, a criterion mandated by the commercial
nature of the deployments.

Statistical Analysis

Our primary analysis was conducted using a modified
intent-to-treat approach. This analysis included all participants
that were randomized, including those in the treatment group
that never started the DCP. However, we excluded 7 participants
in the control group that were enrolled in the DCP due to an
administrative error (including these participants does not
materially affect the statistical significance of the results). We
describe baseline characteristics for the treatment and control
groups using frequencies, means, and standard deviation. For
those participants in the treatment group that performed at least
one session of exercise therapy and those that completed the
week 12 outcome questionnaire respectively, we also provide
descriptive statistics of their engagement with the DCP. The
analysis of primary and secondary outcomes was performed
using a linear mixed model using the Linear Mixed-Effects
Model (“lme4”) package in R [28] with within-subject factor
“time point” (baseline or outcome) and between-subject factor
“group” (treatment or control) and their interaction. We modeled
a separate baseline for each participant, effectively examining
the change scores only (in lme4 this was performed as “score
~ timepoint*group + (1|participant)”, where (1|participant)
models an intercept for each participant separately). We assessed
normality of the residuals based on quantile-quantile (QQ)-plots.
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If we did not have outcome data for a participant, we used last
observation carried forward (LOCF). For those in the control
group, this meant their baseline was carried forward; for those
in the treatment group this meant either their baseline was
carried forward, or data collected during the course of the DCP.
We also analyzed all primary and secondary outcomes with
baseline carried forward (BOCF) also for the treatment group
(rather than LOCF). We also omitted LOCF and instead allowed
the mixed-effects model to account for the missing data, which
yielded an identical pattern of results as using LOCF and BOCF.
We also report the primary and secondary outcomes following
a per-protocol analysis to assess the effect of the program on
those that complete it. Lastly, we performed an exploratory
subgroup analysis using the same primary and secondary
outcomes on participants that met the criteria for knee OA as
defined by having at least 3 out of 6 clinical criteria: age >50
years, stiffness in the morning <30 min, crepitus, bony
tenderness, bony enlargement, and no palpable warmth [11].

Surgery Cost Savings

We report the expected savings on surgery costs based on
participants’ self-assessment of their likelihood to have surgery.
The calculation estimates the cost of knee surgery at US $40,000
[29]. For example, a 10-percentage point reduction in
self-reported 1-year surgery likelihood would translate into a
cost saving of US $4000 in the first year, minus the costs of the
program per participant. The net cost saving is not considered
a primary or secondary outcome of the clinical trial and is only
calculated for those participants completing the trial (per
protocol).

Results
Study Population

A total of 309 people completed the screening for CKP in
January or February 2017, of which 162 entered the trial and
were randomized (Figure 1). Of those 162 individuals, 62%
entered the treatment arm (101/162) and 38% entered the control
arm (61/162). Seven participants in the control arm were given
the DCP due to administrative error and have all been excluded
from all following results. The errors afflicted this set of
participants completely at random (ie, not as a function of
symptoms, demographics, or otherwise) and their exclusion,
therefore, does not bias the findings; in contrast, including these
participants would have led to an underestimation of the true
effect of treatment. The baseline demographics were comparable
between groups (Table 1), with the average participant 46 years
of age and overweight. At baseline, all but 1 participant believed
the DCP would help them delay surgery, and 87% (135/155)
believed the DCP could help them avoid surgery altogether. A
substantial minority (41%) had already undergone knee surgery
in the past, though none were actively rehabilitating. The only
difference in demographics between both groups was the gender
balance; there were more women in the treatment compared to
control group (43% versus 26% respectively).
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Table 1. Demographics of the control and treatment groups. The term SD refers to standard deviation.
Characteristic

Treatment

Control

All

Number of participants

101

54

155

Age in years, mean (SD)

46 (12)

47 (12)

46 (12)

Body Mass Index (kg/m2), mean (SD)

27 (5)

28 (4)

27 (5)

Female, n (%)

43 (43)

14 (26)

57 (37)

Physical Training-like exercise at screeninga, n (%)

33 (33)

17 (31)

50 (32)

Fear avoidanceb, n (%)

6 (6)

6 (11)

12 (8)

Godin activity scorec, mean (SD)

34 (23)

39 (25)

36 (24)

Hours sedentary per day, mean (SD)

6 (3)

6 (3)

6 (3)

Think Digital Care Program can delay surgery, n (%)

100 (99)

54 (100)

154 (99)

Think Digital Care Program can avoid surgery, n (%)

87 (86)

48 (89)

135 (87)

Taking antidepressants, n (%)

2 (2)

0 (0)

2 (1)

Taking opioids, n (%)

5 (5)

3 (6)

8 (5)

Self-efficacyd, mean (SD)

11 (3)

10 (3)

11 (3)

Surgery on the knee in the past, n (%)

45 (45)

19 (35)

64 (41)

e

75 (74)

44 (81)

119 (77)

Knee osteoarthritis , n (%)
a

Positive answer to the question “Do you currently do any physical therapy-style exercises?”

b
c

Positive answer to the question “It's really not safe for a person with a condition like mine to be physically active.”

Composite score; 24 indicates “active”, 14-23 indicates “Moderately active”, and <14 indicates “Insufficiently active/sedentary” [30].

d
e

Health self-efficacy assessment, scores from 0 (no self-efficacy) to 15 (high self-efficacy) [31].

Defined as satisfying at least 3 out of 6 clinical criteria for osteoarthritis [11].

Figure 1. Participant flow diagram.
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Participant Flow

Participants in the treatment group were lost at three stages.
First, of the 101 participants randomized to treatment, 14 did
not respond to our invitation to take part in the DCP or
subsequent follow-up communications. Second, 7 participants
actively withdrew during the course of the DCP, due to injury
or for personal reasons (eg, time constraints or stress at work,
Figure 1). Third, 22 participants did not complete the week 12
online outcomes survey.
In the control group, 7 participants were placed in the DCP due
to an administrative error. A further 18 participants did not
complete the week 12 outcomes survey.

Engagement

For participants in the treatment group, we tracked completion
of each component of the DCP. Participants that started the
DCP (n=87), defined as performing at least one sensor-guided
workout, performed an average of 33 in-app workouts, or an
average of 2.5 workouts per week from week 0 (introduction
to the program) to 12. Users that completed the outcome
questionnaires at 12 weeks (n=59) performed 43 sensor-guided
workouts (3.3 workouts per week), compared to the 3 times per
week that is recommended in the DCP. Average weekly
engagement with the DCP was 76% for those that started the
program, and 95% for those that completed it. Participants that
completed the 12-week follow-up read approximately 10
education articles, completed 2 Cognitive Behavioral Therapy
(CBT) sessions, posted on the feed 8 times, and contacted their
coach over text message or in-app message about 7 times.

Outcomes
Primary Outcomes

Both primary outcomes improved significantly more in the
treatment group compared to the control group (Table 3). We
observed a statistically significant mean group difference for
KOOS Pain whereby the treatment group improved by 7.7 (95%
CI 3.0 to 12.3) points more than the control group. Similarly,

Mecklenburg et al
the treatment group improved by 7.2 (95% CI 3.0 to 11.5) points
more than the control group on the KOOS-PS scale.

Secondary Outcomes

Each of the secondary outcomes also showed the DCP to be
superior to control (Table 3). The VAS pain and stiffness scores,
although improved in the control as well as the treatment group,
improved by 12 (95% CI 5.4 to 19.1) points more for those in
the DCP than in control. The self-reported likelihood of surgery
in the next 1, 2, and 5 years, as well as interest in having surgery,
all decreased more for those in the DCP than those in control
over the 12-week period. Lastly, participants on the DCP
improved their understanding of their condition and treatment
options more than those in the control group. All primary and
secondary outcomes remained statistically significant in an
analysis using baseline carried forward for the treatment group
rather than last observation carried forward.

Per Protocol Analysis

We also provide results for only those participants that received
their allocated intervention and completed the outcome
questionnaires (n=58 for treatment, n=36 for control) in Table
4. The per protocol results are fully consistent with the
intent-to-treat analysis.
Based on the reductions in surgery likelihood we also calculated
the net savings per participant of the program after accounting
for the costs of delivering the program. The 1-year net saving
of the digital care program is US $4340 (13.1% * US $40,000,
corrected for the cost of the digital care program), the 2-year
savings are US $4660, and the 5-year savings are US $7900.

Subgroup Analysis: Knee Osteoarthritis

An intent-to-treat analysis on participants with knee
osteoarthritis (75/101 in the treatment group; 44/54 in the control
group) showed results consistent with the original intent-to-treat
analysis presented in Table 3 in terms of the magnitude of the
group difference and statistical significance.

Table 2. Engagement indicators for each of the aspects of the Digital Care Program. “Starters” indicates participants performed at least one sensor-guided
workout. “Finishers” indicates participants that completed the outcomes questionnaires at week 12 follow-up.
Indicator

All Starters (n=87)

All Finishers (n=59)

Number of workouts, mean (SD)

33.1 (24)

42.9 (17.3)

Users engaging with the program per week, n (%)

66.3 (76.2)

55.9 (94.8)

Users active with sensor-guided exercise in weeks 1-4, n (%)

78 (89.7)

58 (98.3)

Users active with sensor-guided exercise in weeks 5-8, n (%)

69 (79.3)

56 (94.9)

Users active with sensor-guided exercise in weeks 9-12, n (%)

60 (69)

55 (93.2)

Offline activities logged in hours, mean (SD)

9.6 (9.1)

13.2 (8.8)

Education articles read, mean (SD)

7.3 (4.5)

9.6 (3.1)

Cognitive Behavioral Therapy session completed, mean (SD)

1.4 (1.2)

1.8 (1.1)

Team posts and comments, mean (SD)

6.1 (7.2)

8.4 (7.6)

In-app messages sent to coach, mean (SD)

5.9 (5.6)

6.6 (5.7)
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Table 3. Primary and secondary outcomes for the intent-to-treat analysis of treatment and control groups. The mean group difference as well as the P
value for the interaction are derived from the linear mixed effects model. Each of the primary and secondary outcomes favors the treatment over the
control group. P values uncorrected for multiple tests. KOOS: Knee injury and Osteoarthritis Outcome Score; PS: Physical Function Shortform; VAS:
visual analogue scale.
Outcome

Treatment at Treatment at
baseline,
outcome,
mean (SD)
mean (SD)

Control at
baseline,
mean (SD)

Control at
outcome,
mean (SD)

Group difference,
mean (95% CI)

Interaction,
P value

KOOS Pain (0-100)

41.0 (14.1)

30.3 (17.1)

41.4 (16.5)

38.4 (17.2)

–7.7 (–12.3 to –3)

.002

KOOS-PS (0-100)

53.8 (12.3)

44.6 (16.7)

54.5 (15.7)

52.5 (16.2)

–7.2 (–11.5 to –3)

.001

VAS Pain score (0-100)

45.2 (21.4)

26.6 (22)

44.7 (20.3)

38.3 (22.2)

–12.3 (–19.1 to –5.4) .001

VAS Stiffness score (0-100)

42.6 (23.4)

25.1 (22.3)

47.4 (21.9)

43.2 (21.6)

–13.4 (–21.1to –5.6) .001

Surgery chance next year, %

24.5 (26.9)

14.7 (25)

24.3 (26.2)

23.9 (29.1)

–9.4 (–16.6 to –2.2)

Surgery chance next two years, %

32.1 (31)

19.1 (26.9)

31.7 (27.9)

30 (28.9)

–11.3 (–20.1 to –2.5) .01

Surgery chance next five years, %

47.8 (35)

27.5 (32.9)

49.8 (32.7)

44.1 (33.6)

–14.6 (–23.6 to –5.5) .002

Surgery interest (0-10)

3.03 (3.41)

1.92 (2.93)

3.02 (3.32)

2.89 (3.21)

–1.0 (–1.7 to –0.2)

.01

Understanding of condition and treatment
options (0-4)

1.92 (1.01)

2.68 (0.937)

1.94 (1.04)

1.76 (1.03)

0.9 (0.6 to 1.3)

<.001

Primary Outcomes

Secondary Outcomes

.01

Table 4. Per protocol results. All participants that completed their assigned treatment and completed the week 12 outcome questionnaire are included.
KOOS: Knee Injury and Osteoarthritis Outcome Score; PS: Physical Function Shortform; VAS: visual analogue scale.
Outcome

Treatment at Treatment at
baseline,
outcome,
mean (SD)
mean (SD)

Control at
baseline,
mean (SD)

Control at
outcome,
mean (SD)

Group difference,
mean (95% CI)

Interaction,
P value

KOOS Pain (0-100)

39.6 (14.5)

21.8 (13.4)

39.2 (14.7)

34 (12.9)

–12.6 (–18.7 to –6.5) <.001

KOOS-PS (0-100)

52.9 (12.6)

37.4 (16.1)

51.8 (16.4)

48.4 (15.9)

–12.1 (–17.7 to –6.6) <.001

VAS Pain score (0-100)

44.1 (21.5)

17.2 (16.2)

45.5 (19.6)

35.8 (21.8)

–17.3 (–26.3 to –8.3) <.001

VAS Stiffness score (0-100)

42.4 (24.3)

15.9 (17.3)

47.4 (22.1)

40.8 (20.9)

–19.9 (-30.4 to –9.4) <.001

Surgery chance next year, %

21.6 (24.9)

7.59 (18.5)

20.8 (21.9)

20 (26.3)

–13.1 (–24.1 to –2.2) .02

Surgery chance next two years, %

28.1 (29.1)

12.1 (21.5)

27.4 (25)

25.3 (26.9)

–13.9 (–26.6 to –1.3) .03

Surgery chance next five years, %

48.7 (33.9)

18.2 (26.5)

48.6 (29.9)

40.1 (30.9)

–22 (–35 to –9.1)

.001

Surgery interest (0-10)

2.93 (3.28)

1.31 (2.39)

3 (3.3)

2.78 (3.14)

–1.4 (–2.5 to –0.3)

.01

Understanding of condition and treatment
options (0-4)

1.88 (1.03)

3.09 (0.657)

1.83 (1.06)

1.56 (0.998)

1.5 (1.1 to 1.9)

<.001

Primary outcomes

Secondary outcomes

Discussion
Principal Findings

While CKP is a prevalent cause of disability worldwide [1,2],
comprehensive conservative programs for the condition are
lacking. The Hinge Health DCP has been designed to address
this lack of chronic pain programs and incorporates components
of best-practice conservative care for CKP in a digital format
that provides flexibility to the user. The results of this
randomized controlled trial demonstrated large improvements
in knee pain, physical function, and stiffness in individuals with
CKP on the Hinge Health DCP that were significantly greater
than a control group receiving knee care education and treatment

as usual over a period of 12 weeks after program initiation.
Participant surgery interest also significantly decreased and
understanding of their condition increased in the treatment group
as compared to the control group. The positive results of this
study demonstrate the potential of the Hinge Health DCP as a
treatment for a large number of individuals affected by CKP
that otherwise would be at risk for surgery.
Analysis of primary study outcomes demonstrated large
improvements in both KOOS pain and function scales in the
treatment group. Similarly, significantly greater improvements
in physical function (KOOS-PS) scores were observed in the
treatment group as compared to the control group. When
considering individuals who started on and completed the study
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as per protocol, the improvements observed in KOOS Pain and
function scores were 45% in the treatment group as compared
to 13% in control, and 29% in treatment as compared to 7% in
control, respectively. The improvements observed in the
treatment group exceeded recommended minimal clinically
important changes for KOOS [27], while the small
improvements in the control group did not. The group difference
in KOOS did not quite reach the minimal clinically important
difference due to the relatively large drop-off which ‘diluted’
the improvements of those that completed the program.
Nonetheless, the clinically significant improvements
demonstrated at the end of the 12-week program for not only
the primary outcome measures but also secondary metrics
provide strong evidence for the benefits of the Hinge Health
DCP for individuals affected by CKP.
Similar large improvements that were significantly greater in
the treatment group than in control were noted in secondary
outcomes of VAS pain and stiffness scales. At the end of the
12-week program, per protocol participants in the treatment
group had 61% and 63% improvements in VAS pain and
stiffness, as compared to 21% and 14%, respectively, in the
control group. Subjects’ perception of surgery interest and
surgery requirements also changed favorably at the end of the
12-week Hinge Health DCP, with a 63% reduction in the belief
that they would require surgery within the next 5 years in the
per protocol treatment group as compared to a reduction of 17%
in the control group. It is also important to note that the Hinge
Health DCP was safe for participants, as there were no reported
adverse events during the 12-week program.
The results of this study demonstrated comparable or greater
improvements in pain, physical function, and stiffness as
compared to other treatment programs for CKP. Bossen et al
[18] demonstrated improvements of 15% in physical function
and 35% in pain at 3 months after initiation of a 9-week
web-based behavior graded physical activity intervention in
patients with knee and/or hip OA. Hughes et al [32] found
improvements in Western Ontario and McMaster Universities
Osteoarthritis Index (WOMAC) pain, stiffness, and function
scores of 23%, 17%, and 23%, respectively, at the end of an
8-week exercise and behavior-change program for OA.
Similarly, Hurley et al [33] demonstrated per protocol
improvements in WOMAC pain and function of 31% and 26%,
respectively, at the end of a 6-week rehabilitation program
combining self-management and exercise for CKP. While the
current study did not investigative the longer-term effect of the
Hinge Health DCP past the end of the 12-week program, data
from prior studies of treatment programs of similar duration
(6-12 weeks) [18,22,32-34] showed improvement in outcomes
can be maintained as long as 30 months after program
completion [33]. Thus, it is likely that the results of the Hinge
Health DCP would be maintained after the 12-week program.
The improvements observed as a result of the Hinge Health
DCP have the potential to translate into substantial economic
savings, however, in lieu of long-term data are based on
participant self-report. Based on results for participants’
self-reported likelihood of having surgery, the potential savings
per completing participant due to surgery avoidance alone equate
to US $4340 net cost savings on surgery over the first year in
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individuals using the Hinge Health DCP as compared to
treatment as usual. Other integrated rehabilitation programs for
CKP have also demonstrated lower healthcare costs as compared
to usual care [33]. Thus, while the long-term effect of the Hinge
Health DCP may in part be dependent on continued adherence
to the program [35], it is anticipated that the behavioral,
educational, and psychosocial components of the program have
the potential for long-term clinical and economic effects [33].
When interpreting the results of this study, its strengths and
limitations should be considered. Strengths of this study include
the randomized controlled study design, and that the study was
designed, conducted, and analyzed according to a pre-specified
protocol. Further, the digital format of the program provides
flexibility to individuals to participate at times and places
convenient to them. While the results of this study demonstrate
significantly greater improvements in primary and secondary
outcomes with the Hinge Health DCP as compared to control,
this study did not investigate the long-term effect of the Hinge
Health DCP past the end of the 12-week program. Thus, further
work is needed to evaluate the long-term impact of the Hinge
Health DCP as compared to control. Our prior work suggests
the potential for long-term effects as it demonstrated improved
patient-reported outcomes in a single-arm study 6 months after
program initiation [24]. We are in the process of collecting
multi-year data and these results will be published in due course.
A second point to note is that preliminary analyses not shown
here suggest that BMI, gender, and surgery risk all affect the
risk of dropping out. We plan to investigate risk factors for
failure to adhere to the DCP in an upcoming study. Finally,
around 20% of participants had less than 3 months of pain over
the past 12 months, which does not strictly meet a definition of
chronic pain. In a larger cohort, the efficacy of the program on
long-term versus intermittent knee pain should be examined.
The study enrolled a representative population with CKP
problems. While CKP is a hallmark symptom of knee OA [11],
a diagnosis of knee OA was not required for inclusion in this
study. Analysis of participant baseline data demonstrated that
74% of individuals in the treatment arm and 80% of individuals
in the control arm had knee OA as defined by clinical diagnosis
for knee OA derived from the American College of
Rheumatology criteria for OA of the knee [11]. A sub-group
analysis of these participants confirmed the successful outcome
of the Hinge Health DCP in the primary and secondary outcomes
over the 12-week period as compared to control, demonstrating
the applicability of the program to highly prevalent knee OA.
The comprehensive nature of the Hinge Health DCP addresses
multiple components of recommended management for CKP
[9,10]. However, it is therefore unknown if all components of
the program (sensor-guided exercise therapy, education,
cognitive behavioral therapy, weight loss, and psychosocial
support) are necessary to attain the reported results. Similar to
other studies investigating interventions for CKP and knee OA,
[18,22,32,34,36] due to the nature of this study, participants
could not be blinded as to the intervention, and thus we cannot
rule out the possibility of an attention effect. The attrition rate
for week 12 patient-reported outcomes was in line with other
studies for CKP [18]. Further, as the rate was similar in both
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control and treatment it is not anticipated to have impacted the
findings of the study.

Conclusion

Individuals with CKP who used the Hinge Health DCP for 12
weeks experienced significantly greater improvement in
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self-reported clinical outcome measures of pain, physical
function, stiffness, as well as surgery intent and understanding
of their condition, as compared to a control group receiving
knee education articles and treatment as usual. Given the
observed benefits, the Hinge Health DCP may be an effective
comprehensive treatment program for individuals with CKP.

Acknowledgments

We would like to thank all participants for their efforts, and the participating companies for their contributions to the success of
the deployments.

Authors' Contributions

GM, PS, and DP conceived of the study. All authors helped design the study. PS was responsible for data collection and analysis.
All authors contributed to the manuscript.

Conflicts of Interest

All authors except JH work at Hinge Health, Inc. Author JH is a paid domain expert consultant.

Multimedia Appendix 1

CONSORT‐EHEALTH checklist (V 1.6.1).
[PDF File (Adobe PDF File), 648KB-Multimedia Appendix 1]

References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.

Peat G, McCarney R, Croft P. Knee pain and osteoarthritis in older adults: a review of community burden and current use
of primary health care. Ann Rheum Dis 2001 Feb;60(2):91-97 [FREE Full text] [Medline: 11156538]
Global B. Global, regional, and national incidence, prevalence, and years lived with disability for 301 acute and chronic
diseases and injuries in 188 countries, 1990-2013: a systematic analysis for the Global Burden of Disease Study 2013.
Lancet 2015 Aug 22;386(9995):743-800 [FREE Full text] [doi: 10.1016/S0140-6736(15)60692-4] [Medline: 26063472]
Nguyen UDT, Zhang Y, Zhu Y, Niu J, Zhang B, Felson DT. Increasing prevalence of knee pain and symptomatic knee
osteoarthritis: survey and cohort data. Ann Intern Med 2011 Dec 06;155(11):725-732 [FREE Full text] [doi:
10.7326/0003-4819-155-11-201112060-00004] [Medline: 22147711]
Dawson J, Linsell L, Zondervan K, Rose P, Carr A, Randall T, et al. Impact of persistent hip or knee pain on overall health
status in elderly people: a longitudinal population study. Arthritis Rheum 2005 Jun 15;53(3):368-374 [FREE Full text]
[doi: 10.1002/art.21180] [Medline: 15934104]
Breivik H, Collett B, Ventafridda V, Cohen R, Gallacher D. Survey of chronic pain in Europe: prevalence, impact on daily
life, and treatment. Eur J Pain 2006 May;10(4):287-333. [doi: 10.1016/j.ejpain.2005.06.009] [Medline: 16095934]
Agaliotis M, Mackey MG, Jan S, Fransen M. Burden of reduced work productivity among people with chronic knee pain:
a systematic review. Occup Environ Med 2014 Sep;71(9):651-659. [doi: 10.1136/oemed-2013-101997] [Medline: 24872332]
Gureje O, Von KM, Simon GE, Gater R. Persistent pain and well-being: a World Health Organization Study in Primary
Care. JAMA 1998 Jul 8;280(2):147-151. [Medline: 9669787]
Gaskin DJ, Richard P. The economic costs of pain in the United States. J Pain 2012 Aug;13(8):715-724. [doi:
10.1016/j.jpain.2012.03.009] [Medline: 22607834]
Booth J, Moseley G, Schiltenwolf M, Cashin A, Davies M, Hübscher M. Exercise for chronic musculoskeletal pain: A
biopsychosocial approach. Musculoskeletal Care 2017 Dec;15(4):413-421. [doi: 10.1002/msc.1191] [Medline: 28371175]
Gatchel RJ, Peng YB, Peters ML, Fuchs PN, Turk DC. The biopsychosocial approach to chronic pain: scientific advances
and future directions. Psychol Bull 2007 Jul;133(4):581-624. [doi: 10.1037/0033-2909.133.4.581] [Medline: 17592957]
Altman R, Asch E, Bloch D, Bole G, Borenstein D, Brandt K, et al. Development of criteria for the classification and
reporting of osteoarthritis. Classification of osteoarthritis of the knee. Diagnostic and Therapeutic Criteria Committee of
the American Rheumatism Association. Arthritis Rheum 1986 Aug;29(8):1039-1049. [Medline: 3741515]
Deyle GD, Henderson NE, Matekel RL, Ryder MG, Garber MB, Allison SC. Effectiveness of manual physical therapy and
exercise in osteoarthritis of the knee. A randomized, controlled trial. Ann Intern Med 2000 Feb 01;132(3):173-181. [Medline:
10651597]
Moltu C, Stefansen J, Svisdahl M, Veseth M. Negotiating the coresearcher mandate - service users' experiences of doing
collaborative research on mental health. Disabil Rehabil 2012;34(19):1608-1616. [doi: 10.3109/09638288.2012.656792]
[Medline: 22489612]

JOURNAL OF MEDICAL INTERNET RESEARCH
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.

Mecklenburg et al

Riddle D, Jiranek W, Hayes C. Use of a validated algorithm to judge the appropriateness of total knee arthroplasty in the
United States: a multicenter longitudinal cohort study. Arthritis Rheumatol 2014 Aug;66(8):2134-2143 [FREE Full text]
[doi: 10.1002/art.38685] [Medline: 24974958]
Aitken D, Buchbinder R, Jones G, Winzenberg T. Interventions to improve adherence to exercise for chronic musculoskeletal
pain in adults. Aust Fam Physician 2015;44(1-2):39-42 [FREE Full text] [Medline: 25688958]
Sabaté E. World Health Organization, editors. Adherence to long-term therapiesvidence for action. Geneva: World Health
Organization; 2003:e.
Brooks MA, Beaulieu JE, Severson HH, Wille CM, Cooper D, Gau JM, et al. Web-based therapeutic exercise resource
center as a treatment for knee osteoarthritis: a prospective cohort pilot study. BMC Musculoskelet Disord 2014 May
17;15:158 [FREE Full text] [doi: 10.1186/1471-2474-15-158] [Medline: 24884547]
Bossen D, Veenhof C, Van Beek KE, Spreeuwenberg PM, Dekker J, De Bakker DH. Effectiveness of a Web-Based Physical
Activity Intervention in Patients With Knee and/or Hip Osteoarthritis: Randomized Controlled Trial. J Med Internet Res
2013 Nov 22;15(11):e257. [doi: 10.2196/jmir.2662]
Rini C, Porter LS, Somers TJ, McKee DC, DeVellis RF, Smith M, et al. Automated Internet-based pain coping skills training
to manage osteoarthritis pain: a randomized controlled trial. Pain 2015 May;156(5):837-848 [FREE Full text] [doi:
10.1097/j.pain.0000000000000121] [Medline: 25734997]
Dahlberg LE, Grahn D, Dahlberg JE, Thorstensson CA. A Web-Based Platform for Patients With Osteoarthritis of the Hip
and Knee: A Pilot Study. JMIR Res Protoc 2016 Jun 03;5(2):e115 [FREE Full text] [doi: 10.2196/resprot.5665] [Medline:
27261271]
Dobson F, Hinman RS, French S, Rini C, Keefe F, Nelligan R, et al. Internet-mediated physiotherapy and pain coping skills
training for people with persistent knee pain (IMPACT - knee pain): a randomised controlled trial protocol. BMC
Musculoskelet Disord 2014 Aug 13;15:279 [FREE Full text] [doi: 10.1186/1471-2474-15-279] [Medline: 25125068]
Lorig KR, Ritter PL, Laurent DD, Plant K. The internet-based arthritis self-management program: a one-year randomized
trial for patients with arthritis or fibromyalgia. Arthritis Rheum 2008 Jul 15;59(7):1009-1017 [FREE Full text] [doi:
10.1002/art.23817] [Medline: 18576310]
Li LC, Cott C, Jones CA, Badley EM, Davis AM, PEOPLE Meeting Participants. Improving Primary Health Care in Chronic
Musculoskeletal Conditions through Digital Media: The PEOPLE Meeting. JMIR Res Protoc 2013 Mar 08;2(1):e13 [FREE
Full text] [doi: 10.2196/resprot.2267] [Medline: 23612113]
Smittenaar P, Erhart-Hledik J, Kinsella R, Hunter S, Mecklenburg G, Perez D. Translating Comprehensive Conservative
Care for Chronic Knee Pain Into a Digital Care Pathway: 12-Week and 6-Month Outcomes for the Hinge Health Program.
JMIR Rehabil Assist Technol 2017 Apr 05;4(1):e4 [FREE Full text] [doi: 10.2196/rehab.7258] [Medline: 28582253]
Roos EM, Roos HP, Lohmander LS, Ekdahl C, Beynnon BD. Knee Injury and Osteoarthritis Outcome Score
(KOOS)--development of a self-administered outcome measure. J Orthop Sports Phys Ther 1998 Aug;28(2):88-96. [doi:
10.2519/jospt.1998.28.2.88] [Medline: 9699158]
Perruccio AV, Stefan LL, Canizares M, Tennant A, Hawker GA, Conaghan PG, et al. The development of a short measure
of physical function for knee OA KOOS-Physical Function Shortform (KOOS-PS) - an OARSI/OMERACT initiative.
Osteoarthritis Cartilage 2008 May;16(5):542-550 [FREE Full text] [doi: 10.1016/j.joca.2007.12.014] [Medline: 18294869]
Roos E, Lohmander L. The Knee injury and Osteoarthritis Outcome Score (KOOS): from joint injury to osteoarthritis.
Health Qual Life Outcomes 2003 Nov 03;1:64 [FREE Full text] [doi: 10.1186/1477-7525-1-64] [Medline: 14613558]
Bates D, Maechler M, Bolker B, Walker S. lme4: Linear mixed-effects models using Eigen and S4. R Package Version ?.
2014. others URL: https://rdrr.io/cran/lme4/[WebCite Cache ID 6ykM0M2jq]
Blue CBS. Blue Health Intelligence. 2015 Jan. A Study of Cost Variations for Knee and Hip Replacement Surgeries in the
U&amp;#46;S&amp;#46; Internet URL: https://www.bcbs.com/the-health-of-america/reports/
study-of-cost-variations-knee-and-hip-replacement-surgeries-the-us[WebCite Cache ID 6ykMCIDzm]
Godin G, Shephard R. Godin leisure-time exercise questionnaire. Med Sci Sports Exerc 1997;29(6):38.
Schwarzer R, Renner B. Social-cognitive predictors of health behavior: action self-efficacy and coping self-efficacy. Health
Psychol 2000 Sep;19(5):487-495. [Medline: 11007157]
Hughes SL, Seymour RB, Campbell RT, Huber G, Pollak N, Sharma L, et al. Long-term impact of Fit and Strong! on older
adults with osteoarthritis. Gerontologist 2006 Dec;46(6):801-814. [Medline: 17169935]
Hurley MV, Walsh NE, Mitchell H, Nicholas J, Patel A. Long-term outcomes and costs of an integrated rehabilitation
program for chronic knee pain: a pragmatic, cluster randomized, controlled trial. Arthritis Care Res (Hoboken) 2012
Feb;64(2):238-247 [FREE Full text] [doi: 10.1002/acr.20642] [Medline: 21954131]
Skou ST, Rasmussen S, Laursen MB, Rathleff MS, Arendt-Nielsen L, Simonsen O, et al. The efficacy of 12 weeks
non-surgical treatment for patients not eligible for total knee replacement: a randomized controlled trial with 1-year follow-up.
Osteoarthritis Cartilage 2015 Sep;23(9):1465-1475 [FREE Full text] [doi: 10.1016/j.joca.2015.04.021] [Medline: 25937024]
Roddy E, Zhang W, Doherty M, Arden NK, Barlow J, Birrell F, et al. Evidence-based recommendations for the role of
exercise in the management of osteoarthritis of the hip or knee--the MOVE consensus. Rheumatology (Oxford) 2005
Jan;44(1):67-73. [doi: 10.1093/rheumatology/keh399] [Medline: 15353613]

JOURNAL OF MEDICAL INTERNET RESEARCH
36.

Mecklenburg et al

Hurley MV, Walsh NE, Mitchell HL, Pimm TJ, Patel A, Williamson E, et al. Clinical effectiveness of a rehabilitation
program integrating exercise, self-management, and active coping strategies for chronic knee pain: a cluster randomized
trial. Arthritis Rheum 2007 Oct 15;57(7):1211-1219 [FREE Full text] [doi: 10.1002/art.22995] [Medline: 17907147]

Abbreviations

BMI: body-mass index
CBT: cognitive behavioral therapy
CKP: chronic knee pain
CONSORT: Consolidated Standards of Reporting Trials
DCP: digital care program
KOOS: Knee injury and Osteoarthritis Outcome Score
OA: osteoarthritis
PS: Physical Function Shortform
VAS: visual analogue scale

Edited by G Eysenbach; submitted 15.12.17; peer-reviewed by J Dahlberg, L Dahlberg, S Rasmussen; comments to author 23.01.18;
revised version received 20.03.18; accepted 07.04.18; published 25.04.18
Please cite as:
Mecklenburg G, Smittenaar P, Erhart-Hledik JC, Perez DA, Hunter S
Effects of a 12-Week Digital Care Program for Chronic Knee Pain on Pain, Mobility, and Surgery Risk: Randomized Controlled Trial
J Med Internet Res 2018;20(4):e156
URL: http://www.jmir.org/2018/4/e156/
doi: 10.2196/jmir.9667
PMID: 29695370

©Gabriel Mecklenburg, Peter Smittenaar, Jennifer C Erhart-Hledik, Daniel A Perez, Simon Hunter. Originally published in the
Journal of Medical Internet Research (http://www.jmir.org), 25.04.2018. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work, first published in the Journal of Medical Internet
Research, is properly cited. The complete bibliographic information, a link to the original publication on http://www.jmir.org/,
as well as this copyright and license information must be included.

3.
Randomized controlled trial of a
12-week digital care program in improving
low back pain
Read it online at JMIR

Return to index

www.nature.com/npjdigitalmed

ARTICLE

OPEN

Randomized controlled trial of a 12-week digital care program
in improving low back pain
Raad Shebib1,2, Jeannie F Bailey3, Peter Smittenaar1, Daniel A Perez1, Gabriel Mecklenburg1 and Simon Hunter1
Low back pain (LBP) is the leading cause of disability throughout the world and is economically burdensome. The recommended
ﬁrst line treatment for non-speciﬁc LBP is non-invasive care. A digital care program (DCP) delivering evidence-based non-invasive
treatment for LBP can aid self-management by engaging patients and scales personalized therapy for patient-speciﬁc needs. We
assessed the efﬁcacy of a 12-week DCP for LBP in a two-armed, pre-registered, randomized, controlled trial (RCT). Participants were
included based on self-reported duration of LBP, but those with surgery or injury to the lower back in the previous three months
were excluded. The treatment group (DCP) received the 12-week DCP, consisting of sensor-guided exercise therapy, education,
cognitive behavioral therapy, team and individual behavioral coaching, activity tracking, and symptom tracking – all administered
remotely via an app. The control group received three digital education articles only. All participants maintained access to
treatment-as-usual. At 12 weeks, an intention-to-treat analysis showed each primary outcome—Oswestry Disability Index (p <
0.001), Korff Pain (p < 0.001) and Korff Disability (p < 0.001)—as well as each secondary outcome improved more for participants in
the DCP group compared to control group. For participants who completed the DCP (per protocol), average improvement in pain
outcomes ranged 52-64% (Korff: 48.8–23.4, VAS: 43.6–16.5, VAS impact on daily life: 37.3–13.4; p < 0.01 for all) and average
improvement in disability outcomes ranged 31–55% (Korff: 33.1–15, ODI: 19.7–13.5; p < 0.01 for both). Surgical interest signiﬁcantly
reduced in the DCP group. Participants that completed the DCP had an average engagement, each week, of 90%. Future studies
will further explore the effectiveness of the DCP for long-term outcomes beyond 12 weeks and for a LBP patient population with
possibly greater baseline pain and disability. In conclusion, the DCP resulted in improved LBP outcomes compared to treatment-asusual and has potential to scale personalized evidence-based non-invasive treatment for LBP patients.
npj Digital Medicine (2019)2:1 ; https://doi.org/10.1038/s41746-018-0076-7

INTRODUCTION
According to the World Health Organization, low back pain (LBP) is
the leading cause of disability worldwide with a global prevalence
of 7.2%,1 affecting 4 in 5 individuals in their lifetime.2,3 Clinical
diagnosis of LBP is difﬁcult due to its multifactorial etiology and in
turn, 90% of cases are designated as non-speciﬁc with no clear
underlying cause.4,5 Given the uncertainties in diagnoses, localized
LBP is treated with a broad variety of interventions including
activity modiﬁcation, physical therapy, pain medication, and spine
injections. If symptoms do not improve, surgical intervention may
be recommended. In the US, the economic costs of LBP are the
highest in the world exceeding $100B per year6 and this is in part
due to the high rates of surgical intervention.7 Health systems are
not equipped to manage this growing population affected by LBP.
Patients pursuing non-invasive treatments have better outcomes for reducing disability and returning to work compared to
those pursuing surgical intervention.8 In an evidence-based
guideline, the American College of Physicians recommends to
ﬁrst pursue non-pharmacological conservative treatments for LBP
because they are deemed less harmful.9 While exercise, rehabilitation, and cognitive behavioral therapy are among the most
effective non-pharmacological conservative care treatments for
ameliorating LBP symptoms, implementations of such care from a
1

traditional clinical model has, so far, revealed inconsistent
results.9,10 This is likely due to the high degree of patient
engagement, commitment, and self-management needed to
adhere and complete these time-intensive at-home treatment
plans. The amount of patient engagement in a treatment plan is
shown to directly relate to health outcomes,11 and is often an
overlooked component in otherwise promising interventions.
Digital health technology can provide care for a large
population and improve outcomes for non-invasive treatments
by allowing providers to monitor adherence and activate patients
to engage in their recovery. A digital therapy approach can
integrate multiple conservative care channels while also tracking
outcomes and providing biofeedback. The utilization of selfregulatory tools such as biofeedback as an engagement tool in
non-speciﬁc LBP rehabilitation has been shown to promote
greater than 80% adherence.12 Biofeedback enables patients to
better learn how to voluntarily control and track therapeutic
exercise by converting physical movement into meaningful visual
and auditory cues.13 Biofeedback is believed to help patients gain
awareness of their movement physiology and learn to self‐
regulate and even challenge themselves to make progress in
response to the real-time feedback.13
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Table 1.

Demographics of the control and treatment groups

1234567890():,;

Treatment group (DCP)

Control group

All participants

Number of participants

113

64

177

Age in years, mean (SD)

43 (11)

43 (12)

43 (11)

Body-mass index (kg/m2), mean (SD)

26 (5)

26 (4)

26 (4)

Female, %

37%

48%

41%

physical therapy-like exercise at screeninga, %

39%

50%

43%

Godin activity scoreb, mean (SD)
Hours sedentary per day, mean (SD)

38 (32)
5.9 (3.3)

40 (27)
5.4 (2.9)

39 (30)
5.8 (3.2)

Think DCP can help delay surgery, %

99%

100%

99%

Think DCP can help avoid surgery, %

95%

100%

97%

Taking opioids, %

10%

8%

9%

Self-efﬁcacyc, mean (SD)

10.0 (3.7)

10.2 (3.3)

10.1 (3.6)

Healthcare visits for LBP in 12 weeks prior to screening, n (SD)

1.8 (3.5)

1.5 (3.0)

1.7 (3.3)

Back surgery > 3 months ago, %

12%

12%

12%

Experience neck pain, %
Experience upper back pain, %

32%
33%

33%
17%

32%
27%

STarTd low risk, %

46%

45%

46%

STarT medium risk, %

35%

39%

37%

STarT high risk, %

19%

16%

18%

SD standard deviation
a
Positive answer to the question “Do you currently do any physical therapy-style exercises?”
b
Composite score, 24 indicates “active”, 14-23 indicates “Moderately active”, and <14 indicates “Insufﬁciently active/sedentary”35
c
Health self-efﬁcacy assessment, scores from 0 (no self-efﬁcacy) to 15 (high self-efﬁcacy)36
d
STarT Back Screening Tool, risk of persistent pain37

Surprisingly, results from prior randomized controlled trials of
digital intervention on managing LBP with conservative care are
largely unconvincing14 with only one prior study demonstrating a
positive effect from a 3-week cognitive behavioral therapy digital
intervention.15 Beyond the variability in theoretical underpinnings
behind prior digital intervention studies, other issues may include
the passive dissemination of content to patients and not assessing
patient engagement. A digital care program (DCP) similar to the
program tested here has recently been shown to be effective in
alleviating knee pain outcomes and intent for surgery.16,17 The
conservative care components of this unique DCP, including
aerobic exercise, sensor-guided physical therapy-like exercises,
patient education, and cognitive behavioral therapy, are known to
be effective in treating LBP.18–22
In addition, the inclusion of personal health coaching, education, and group support are aimed at enhancing patient
engagement in self-management of their symptoms.
In this study we assessed the efﬁcacy of a 12-week DCP for LBP
in a two-armed, pre-registered, randomized, controlled trial (RCT).
Participants randomized into the treatment group received the
12-week DCP, consisting of sensor-guided exercise therapy,
education articles, cognitive behavioral therapy, team discussions,
activity tracking, symptom tracking, and 1-on-1 coaching, all from
their home through a dedicated app on a complementary tablet
computer. Participants randomized into the control group
received three digital education articles only, and all participants
maintained access to treatment-as-usual. that can include
physician visits, pain medication, diagnostic imaging, and
potential recommendations for later injections and/or surgery.
Based on evidence of the potential for non-invasive therapies for
treating LBP, we hypothesized that strong engagement with these
multi-model conservative care approaches would improve pain
and disability scores (primary outcomes), and subject understanding of their condition and their interest in surgery (secondary
outcomes), compared to the control group. These outcomes as
npj Digital Medicine (2019) 1

well as the eligibility criteria were registered prior to the initiation
of the study (ISRCTN #42338218).
RESULTS
Study population
Table 1 describes the demographics and screening data for the
177 participants randomized in the RCT. The average participant
was 43 years old (SD: 11), slightly overweight (mean (SD) body
mass index: 26 (4) kg/m2), and reasonably active (Godin activity
score of 39). We observed no statistically signiﬁcant difference in
the gender ratio between groups (two-sided test of proportions,
chi-squared = 1.70, p = 0.19). Nearly all participants were convinced that the DCP could help them either avoid surgery
altogether (97%) or at least delay surgery (99%). The rate of opioid
use in this population was 9%. A minority (12%) received some
type of surgery on the back prior (>3 months) to starting the DCP,
though participants still actively rehabilitating from surgery were
excluded from the study. About 1 in 3 experienced pain not only
in the lower back but also upper back (27%) and/or neck (32%).
We observed a difference in prevalence of upper back pain (twosided test, chi-squared = 4.2, p = 0.04). However, including upper
back pain as covariate in the regression analyses did not change
the results, hence this difference is not discussed further.
Lastly, we observed no statistically signiﬁcant differences in
baseline scores for any of the primary and secondary outcomes
(two-sided tests; all p ≥ 0.10).
Participant ﬂow
Figure 1 represents a CONSORT ﬂow diagram. As noted in the
Methods, we used an uneven allocation ratio such that 113 (64%)
participants entered DCP treatment, and 64 (36%) entered control.
A number of participants were lost prior to the start of the DCP,
when participants might have changed their mind about
participating without communicating intent to withdraw during
Scripps Research Translational Institute
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Fig. 1

CONSORT ﬂow diagram

Table 2.

Engagement indicators for each of the aspects of the DCP. “Starters” indicates participants performed at least one sensor-guided workout.
“Finishers” indicates participants that completed the outcomes questionnaires at 12-week follow-up. SD: standard deviation
All starters (n = 91)

Finishers (n = 69)

Number of workouts, mean (SD)

35.7 (28.9)

44.8 (26.7)

Users engaging with the program per week, % (n)

75%

90%

Users active with sensor-guided exercise in weeks 1–4, %

90%

99%

Users active with sensor-guided exercise in weeks 5–8, %

77%

94%

Users active with sensor-guided exercise in weeks 9–12, %

68%

87%

Ofﬂine activities logged in hours, mean (SD)

12.1 (12.5)

15.3 (12.5)

Education articles read, mean (SD)
Cognitive Behavioral Therapy session completed, mean (SD)

7.4 (4.4)
1.4 (1.2)

9.2 (3.3)
1.7 (1.1)

Team posts and comments, mean (SD)

4.9 (4.7)

6.3 (4.6)

the remote screening and onboarding process. Nonetheless, these
participants are included in the intention-to-treat analysis.
Engagement
A major beneﬁt of digital programs is the ability to track each
participant’s daily engagements with the DCP over the 12 week
program. Engagement with the program in the DCP group is
summarized in Table 2. Participants that started the DCP (n = 91),
deﬁned as performing at least one sensor-guided workout,
performed an average of 36 in-app workouts, or 3.0 workouts
per week from week 1 to week 12. Users that completed the
outcome questionnaires at week 12 (n = 69) performed 45 sensorguided workouts (3.8 workouts per week), compared to the 3
times per week recommended in the DCP. Average weekly
engagement, deﬁned as any progress towards the weekly goals,
was 75% for those that started the program, and 90% for those
that completed the program. Participants that completed the
week 12 follow-up read 9.2 education articles, completed 1.7
cognitive behavioral therapy sessions, and posted on the feed 6.3
times. Participant engagement levels met or exceed all goals set
by the program.
Primary and secondary outcomes
The intention-to-treat results in Table 3 and Fig. 2 show
participants on the DCP experienced statistically signiﬁcant
Scripps Research Translational Institute

greater improvements at week 12 on all primary and secondary
outcomes compared to the control group. The conservative
intention-to-treat analysis - in which every randomized participant
is included irrespective of completion - shows the DCP’s causal
effect on participants’ wellbeing as measured in LBP (primary
outcome: Korff Pain; secondary outcome: VAS pain), disability
(primary outcomes: Korff Disability, Oswestry Disability Index;
secondary outcome: VAS Impact on Daily Life), as well as
secondary outcomes of understanding of LBP and reduction in
back surgery interest.
The intention-to-treat analysis in Table 3 shows the average
beneﬁt of the program on all those that were randomized,
irrespective of whether they withdrew before even starting or
ﬁnishing the DCP. As such, the intention-to-treat analysis underestimates the beneﬁt of the program for those that complete the
program. The per protocol analysis in Table 3 demonstrates that
participants who completed the DCP experienced greater beneﬁts
across all outcomes compared to those that completed the
control arm. For example, VAS pain dropped 62%, from 43.6 to
16.5 on a scale from 0 to 100, in those that completed the DCP,
compared to an 8% reduction in the control group.
Finally, we also examined what proportion of per protocol
participants reached a minimally important change (MIC) in their
ODI and VAS pain scores. The MIC is 10 points for ODI, 15 points
for VAS, or 30% of baseline.23 Table 4 shows that participants in
the treatment group are signiﬁcantly more likely to achieve MIC
npj Digital Medicine (2019) 1
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Table 3.

Primary and secondary outcomes. Results are listed for both the intention-to-treat group, which includes subjects who did not start or
complete the 12-week program (ITT), as well as per protocol results for subjects that completed 12-week program (PP)
DCP at baseline,
mean (SD)

DCP at outcome,
mean (SD)

Control at baseline, Control at outcome, Group difference,
mean (SD)
mean (SD)
mean (95% CI)

Group difference,
p-value

Primary outcomes
Korff pain

ITT 51.1 (17.8)

33.8 (21.6)

51.4 (17.4)

50.5 (21.4)

−16.4 [−22, −10.9]

<0.001

Korff disability

PP 48.8 (17.8)
ITT 34.3 (23.1)

23.4 (16.1)
21.5 (19.6)

47.5 (16.1)
40.3 (24)

49.1 (21.4)
40.5 (25.7)

−26.9 [−33.8, −20]
−13 [−19.3, −6.7]

<0.001
<0.001

ODI

PP 33.1 (24.3)
ITT 21.7 (12.1)

15 (15.5)
17.6 (12)

34.2 (20.2)
21 (9.66)

37.3 (24.3)
21.1 (11.2)

−21.3 [−30.8, −11.7] <0.001
−4.1 [-6.5, −1.8]
<0.001

PP 19.7 (11.4)

13.5 (9.46)

18.9 (7.4)

19.7 (10.6)

−6.9 [−10.5, −3.3]

VAS Pain score

ITT 46.3 (20.9)
PP 43.6 (20.5)

25.8 (21.4)
16.5 (15.5)

45.4 (20.8)
42.6 (19.4)

40.8 (23.2)
39.2 (23.6)

−16 [−22.5, −9.4]
<0.001
−23.7 [−31.9, −15.5] <0.001

VAS impact on daily life score

ITT 38.6 (26.6)
PP 37.3 (28.2)

21.1 (20.7)
13.4 (14.8)

43.9 (25.2)
40.9 (24.7)

38.2 (26.1)
35.3 (27.3)

−11.8 [−19.3, −4.3]
−18.3 [−29, −7.7]

0.002
0.001

Surgery interest

ITT
PP

0.894 (1.71)
0.681 (1.59)

0.619 (1.35)
0.333 (0.918)

1.39 (2.55)
0.639 (1.31)

1.53 (2.67)
0.972 (1.89)

−0.4 [−0.7, −0.1]
−0.7 [−1.2, −0.2]

0.01
0.006

Understanding of condition and
treatment options (0-4)

ITT

1.81 (0.95)

2.47 (1.07)

1.77 (1.03)

1.94 (0.871)

0.5 [0.2, 0.7]

0.0005

PP

1.94 (0.838)

3 (0.594)

1.5 (1.06)

1.78 (0.797)

0.8 [0.4, 1.2]

0.0001

<0.001

Secondary outcomes

All p-values are from two-sided statistical tests
SD standard deviation, ODI Oswestry Disability Index, VAS visual analogue scale

compared to the control group for both ODI and VAS, irrespective
of how the MIC is deﬁned precisely. The only exception is the ODI
MIC of 10 points, which was achieved by 28% of treatment and
11% of control participants (p = 0.09). This can be attributed to the
low number of participants in the control group, whereas a test of
proportions requires greater sample size than the regression
models used in Table 3. Overall, 81% of treatment participants
achieved MIC on VAS either as expressed by absolute or
percentage improvement, compared to 31% in the control group
(p < 0.001). Similarly, 58% of the participants receiving the digital
care program reached either MIC for ODI compared to 25% in the
control group (p = 0.003).
DISCUSSION
Results from this RCT assessing the efﬁcacy of a 12-week DCP for
LBP found subject-reported pain and disability signiﬁcantly
improved compared to a control group undergoing treatmentas-usual. Results also demonstrated a reduced interest in pursuing
LBP surgery following the DCP, which is likely attributable to the
reduced reported pain and disability. Improved outcomes were
observed in the context of a comprehensive approach involving
conservative therapies for LBP as well as strong engagement of
participants. The positive results from this work support the
potential for using a DCP as a treatment for the large number of
individuals with LBP that medical experts recommend receive
non-invasive therapies before drugs or surgery.
Analysis of subject-reported pain and disability demonstrated
signiﬁcant improvement in all related outcomes for DCP group
compared to control group. When considering participants who
completed the study per protocol, the improvement in Korff pain,
VAS pain, and its impact on daily life were 52%, 62%, and 64% for
the DCP treatment group compared to 3%, 3 and 9% for the
control group. Similarly, the per protocol improvement in Korff
disability and Oswestry Disability Index were 55 and 31% for the
DCP treatment group compared to 9 and 4% for the control
group. Oswestry Disability Index is a widely used metric of LBP
disability. Despite the study’s baseline Oswestry Disability Index
scores being low, we observed improvements that fell within the
range of Minimally Important Change.23 Based on other clinical
npj Digital Medicine (2019) 1

studies, the DCP could have a greater impact on subjects with
more severe and longer-lasting LBP.9,24–26
Participants’ understanding of condition and treatment options
demonstrated a 55% improvement for the DCP compared to 19%
for control group in a per protocol analysis. Critically, the DCP
treatment group showed a 52% decrease in average interest in
surgery while the control group showed a 53% increase in average
interest in surgery. Although baseline values for surgical interest
were low for our study population, we anticipate—and have
conﬁrmed this in an unpublished follow-up study—that surgical
interest would be similarly reduced for a sample with more severe
LBP symptoms and chronicity. Conﬁrming long-term reductions in
surgery utilization following the DCP will be important, as LBP
presents a large economic burden throughout the world.
Compared to non-invasive treatment options, the costs associated
with spinal surgery are signiﬁcantly greater and have been shown
to deliver no better outcomes.27,28 The positive impact from the
DCP on LBP demonstrates potential for both direct and indirect
cost savings by avoiding surgery and regaining function in daily
life. Beyond potentially avoiding invasive surgical interventions for
LBP, the effectiveness of a DCP may mitigate the rising use of
harmful opioids for coping with LBP. The assumed impact of the
DCP on reducing missed work days and reliance on opioids as a
treatment for LBP were not included in the present study and will
be assessed in future studies using clinical populations with a
higher prevalence of these characteristics.
The success of any non-invasive therapy to impact clinical
outcomes requires patients to actually use and engage with the
treatment. Typical clinically administered non-invasive care
approaches have shown promising but inconsistent results on
LBP patient outcomes.9 Interestingly, results from the few prior
RCTs on digital programs for self-management for LBP are mostly
inconclusive regarding effectiveness.14 Beyond the variability in
the types of intervention and outcomes assessed among prior
studies, another source of inconsistent and unconvincing results
may be due to inadequate patient adherence to the conservative
therapies.
A strength of using a digital program for disease management is
the potential to enhance patient involvement in their recovery
process and outcomes. A recent study of a mobile app delivering
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multidisciplinary treatment for pain related to LBP found the app
had a positive effect on VAS pain, but compared to our study, they
reported both a lower improvement in VAS pain and lower
percentage of subject participation over the 4- to 12-week treatment
period.29 Although some percentage of subject dropout is expected,
at the 12-week point Huber et al. retained only 17% of participants
compared to our DCP retaining 76% of participants that started the
program. We attribute our higher retainment of participants to

Fig. 2 All per protocol primary and secondary outcomes visualized.
Korff, Oswestry disability index, and visual analog scale (VAS)
outcomes are on scales from 0 to 100; surgery interest is on a scale
from 0 to 10; and understanding of condition is on a scale from 0 to
4. Error bars represent 95% conﬁdence intervals

elements of the DCP aimed at enhancing user engagement,
including health coaching, peer group interaction, weekly checklists,
and points goals, each of which could be adjusted to the individual
needs of the user Beyond the beneﬁts of enhanced participation
with the program, patient engagement is critical for the success of
these digital applications for self-managing LBP because it aids the
development of healthy habits and routines that successfully
manage LBP. Studies show that greater self-management competency30 and greater adherence to rehabilitation exercise programs31
are associated with a stronger sense of internal control during a
patient’s musculoskeletal care process.
The DCP evaluated here is built to maximize patient engagement by providing unhindered access to tailored content and realtime feedback through sensors and coaching. Participants were
able to complete the entire program through a tablet app at home
or anywhere else, whether or not they had wireless internet
available. The weekly checklist of actions could be completed at
any time of day, in whichever order was most convenient. A
dedicated health coach provided unlimited behavioral coaching
via telephone, email, in-app message, and text message to
provide support or encouragement during periods of decreased
engagement, symptom ﬂares, general questions or technical
issues. In contrast, in traditional LBP care participants have to
spend signiﬁcant time traveling to their care provider at speciﬁc
times in the week; they have to manage multiple providers for
different services (e.g. physical therapy exercises, cognitive
behavioral therapy); the care provider is not usually on standby
for questions or issues that come up during the day; and critically,
the care provider has no way of monitoring daily patient
engagement and wellbeing.
Participants engaged well with the program. Though we observed
drop-off after randomization (19%) for participants who ﬁlled out
the online screener but did not continue to the DCP, 76% of
participants that started the DCP completed their assessment after
12 weeks and in an average week of the DCP, 90% of them engaged
with the program. Though no conclusive evidence is reported here,
we attribute this strong engagement to a personalized experience
for participants. They could complete the tasks set out at their
convenience, with weekly checklists and points goals, as well as a
professional health coach and peer group to keep participants
accountable. Novel content was introduced throughout the
12 weeks, with users unlocking new education, and new sensorguided exercises. We recommend others developing DCPs to
consider the user’s desire for diverse novel content and convenience. There is an opportunity to continue to further personalize
the participant DCP experience by leveraging artiﬁcial intelligence to
optimize recommendations. Furthermore, a DCP has the potential to
scale delivery of evidence-based recommended care to the evergrowing worldwide number of LBP patients.
When interpreting the results of this study, its strengths and
limitations should be considered. Strengths of this study include

Table 4. Proportion of participants reaching a minimal important change (MIC) in the per protocol group. The MIC are taken from Ostelo et al. (2008)
and represent a change in the VAS or ODI score, respectively, that is considered meaningful to the participant. It is deﬁned as either a 15/10 absolute
point change for VAS/ODI, or as a 30% reduction from the baseline score. We also show how many participants reached either of the MIC deﬁnitions
(last two rows). The p-values show the outcome of a two-sided test of proportions between treatment and control, revealing a larger proportion of
participants in treatment achieved MIC than in control
MIC achieved for outcome

Treatment

Control

p-value for test of proportions

VAS, 15-point reduction

48/69 (70%)

8/36 (22%)

<0.001

ODI, 10-point reduction
VAS, 30% reduction

19/69 (28%)
56/69 (81%)

4/36 (11%)
10/36 (28%)

0.09
<0.001

ODI, 30% reduction

38/69 (55%)

9/36 (25%)

0.006

VAS, absolute OR percentage reduction

56/69 (81%)

11/36 (31%)

<0.001

ODI, absolute OR percentage reduction

40/69 (58%)

9/36 (25%)

0.003
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the randomized controlled study design, and that the study was
designed, conducted, and analyzed according to a pre-speciﬁed
protocol. Also, the digital format of the program provides
ﬂexibility and convenience for users, supporting adherence to
the program. One possible limitation includes that the treatment
in this RCT was non-blinded and while this is common within the
ﬁeld, it prevents us from knowing whether the effect of the trial
may be in part due to the participant’s expectation that their
symptoms would diminish as they were assigned to the
treatment. A second concern is due the remote nature of the
program, participants were not assessed by a clinician, their
medical records were not evaluated, and generally there was little
coordination with the conventional healthcare system. However,
LBP is commonly diagnosed through self-report as done in this
study. We also used standard questionnaires to screen for any
complaints that may indicate speciﬁc conditions (red ﬂags) and
referred those to healthcare professionals. This DCP was designed
so participants could independently seek traditional care if
desired. Future studies will investigate the effect of the DCP on
a clinical cohort and clinical status of participants will be followed.
Another concern is that participants in the control group would
exaggerate their week-12 symptoms in an attempt to gain
preferential access in the next round of the program. Though
this is a possibility, we hoped to deter participants from
overstating their symptoms by guaranteeing participation in the
following round for those initially placed in the control group.
Additionally, if overstating symptoms was widespread, we would
have expected scores across the board to substantially increase at
week 12, however the per protocol scores either decreased or
increased by a few points at most. Finally, while this study found
signiﬁcant improvements in primary and secondary outcomes
associated with the DCP, a last limitation is that our trial did not
investigate outcomes beyond the ﬁrst 12 weeks. Next steps
include studies on outcomes from multi-year follow-up.
In conclusion, this RCT shows that care provided using a DCP
substantially reduces pain, disability, and surgery interest in those
living with LBP. In the per protocol DCP treatment segment, we
found strong patient engagement. Care from the DCP was
achieved through a program that was delivered remotely, using
technology that has the potential to scale evidence-based
conservative care to an ever-growing worldwide number of LBP
patients.
METHODS
Study design
This study was a two-armed, randomized, controlled, unblinded trial of
participants with chronic non-speciﬁc LBP. Employees and their dependents at participating employers, across 12 locations in the US, were
invited to complete an online application. Employees were highly diverse,
and included both ofﬁce and service based roles such as data analysts,
drivers, catering staff, and outdoor instructors. Participants were recruited
through emails, direct mail, and posters between January and March, 2017.
The trial was approved by the Western Institutional Review Board and we
have complied with all ethical regulations. Participants provided informed
consent and completed the intervention at home. The trial was
preregistered at International Standard Randomized Controlled Trial
Number (ISRCTN) 42338218. We followed CONSORT guidelines for
reporting this trial.

Study population
We assessed the eligibility of all applicants that completed the baseline
questionnaire for LBP through a web-based questionnaire. Participants
provided informed consent as part of this questionnaire by ticking a
checkbox after reading the digital information sheet. The inclusion criteria
were: (1) age over 18 years, (2) non-speciﬁc LBP for at least 6 weeks in the
past 12 months, (3) participating in the collaborating employers’ health
plans, and (4) provision of informed consent. The exclusion criteria were (1)
surgery on the back less than 3 months ago, (2) injury to the back less than
npj Digital Medicine (2019) 1

3 months ago, (3) did not indicate ‘lower back’ when asked about pain
location. As there were a limited number of places available on the
program, eligible applicants were prioritized for enrollment, with those
exhibiting greater pain, disability, and surgery intent prioritized over those
showing less. Applicants not selected for the study were placed on a
waitlist for future deployments at the same site outside of the scope of the
trial. Participants were not paid for their time, other than an incentive
offered to complete the outcome questionnaire for those participants that
did not complete it within 4 days of ﬁrst invitation. No harm was observed
or reported in either arm of the experiment.

Randomization
Applicants were randomized into the trial twice weekly during the signup
period by randomizing batches of participants into treatment and control
using a 60:40 treatment-to-control ratio (n = 128) or using an 80:20 ratio (n =
49). The 80:20 ratio was used for a restrictive period of time due to
administrative error. The effective allocation ratio was therefore 64:36
treatment-to-control. When a batch of applicants was randomized, an
algorithm with random seed shufﬂed the batch and selected the ﬁrst 60% to
enter the treatment, and the remaining 40% to enter control. The person
reviewing the applicants had no way of knowing whether any given
applicant would enter treatment or control (concealed allocation). After
randomization, participants in the treatment group received an email inviting
them to complete their proﬁle and received the kit to participate in the DCP,
whereas those in the control group received an email with three education
articles to help them care for their back. Due to the nature of the study,
neither the study staff nor the participants were blinded to group allocation.

Study intervention
The treatment group received a 12-week DCP for LBP developed by
physical therapists, medical doctors, engineers, and subject-matter experts
at a digital health company. Participants received a tablet computer with
the DCP app installed, and two bluetooth wearable motion-sensors with
straps to be placed along the lower back and torso during the in-app
exercise therapy. Participants were assigned a personal coach that
provided unlimited support and accountability throughout the program
and were placed in a team to provide peer support through a discussion
feed within the app. All app participation was completed remotely, at
times and places chosen by the participant. Each week, participants in the
DCP were instructed to complete 3 sessions of sensor-guided physical
exercise, read 1 to 2 education articles, log their symptoms at least twice,
perform cognitive behavioral therapy on a subset of weeks, and track a
recommended 3 aerobic activities per week. Each participant also
maintained access to treatment as usual.
The control group received three digital education articles from the DCP.
These articles discussed the importance of self-care, how to deal with
setbacks in LBP, and how to manage communication and relationships
when living with chronic LBP. The control group maintained access to
treatment-as-usual and were informed that they would be reconsidered for
the program when enrollment reopened after the 12-week study.
The 12-week program received extensive testing over a 2-year period
prior to starting the trial. All participants received the same version of the
program, and there were no major app updates during the course of the
trial.

Study outcomes
Primary outcomes. Participants completed the Modiﬁed Von Korff (MvK)
scales32 at screening and at week 11 (control group), or screening, week 4,
week 8, and week 11 (treatment group). The MvK yields a pain and a
disability metric, both from 0 (minimum) to 100 (maximum). The third
primary outcome was the Oswestry Disability Index33 (ODI) which falls
between 0 (no disability) to 100 (complete disability). The ODI was
collected at baseline and week 11 for both treatment and control groups.
To conclude a positive effect of treatment we required a signiﬁcant effect
on all three primary outcomes, though we note this was not speciﬁed in
the preregistration.
Secondary outcomes. First, a visual analogue scale (VAS) for the question
“Over the past 24 h, how bad was your back pain?” from 0 (none) to 100
(worst imaginable). Second, a VAS for the question “Over the past 24 h,
how much has back pain interfered with your daily activities?” from 0
(none) to 100 (worst imaginable). Thirdly, we assessed surgery intent using
the question “On a scale of 0 to 10 how interested are you in back
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surgery?” with labels “not at all” at 0, and “deﬁnitely going to get surgery”
at 10. Lastly, we asked “Thinking about your symptoms, how well do you
feel you understand your condition and your treatment options?” with
answers “Not at all”, “Slightly”, “Moderately”, “Very well”, “Completely”,
coded from 0 to 4. All data were assessed at baseline and at the end of the
12-week DCP in both the treatment and control groups. Additionally, those
in the treatment group were asked to complete these questions at various
points during the DCP: the VAS twice each week, and the questions related
to surgery and understanding of their condition at week 6.
Sample size. We assessed the required sample size to detect a difference in
change of 10 points on the 100-point MvK pain scale, with a standard
deviation of 20 based on past experience with the questionnaire. The
number of participants needed in each group to detect a 10-point difference
given a Type I error rate of 0.05 and power of 0.8 was calculated. Given our
unequal allocation ratio, we would need at least 79 in the treatment group
and 53 in the control group for a total of at least 132 participants in the trial.
We opted for an unequal allocation ratio to ensure we would be able to enter
a certain minimum number of people into the treatment arm, a criterion
mandated by the commercial nature of the deployments.
Statistical analyses. Our primary analysis was conducted using an intentto-treat approach. This analysis included all participants that were
randomized, including those in the treatment group that never started
the DCP, as well as those in control that were enrolled in the DCP by
accident. We describe baseline characteristics for the treatment and
control groups based on the screening questionnaire. We also describe
metrics of engagement (not a registered outcome) with the DCP for two
groups of participants: those in the treatment group that performed at
least one session of exercise therapy, and those that completed the week
12 outcome questionnaire. The analysis of preregistered primary and
secondary outcomes was performed using a linear mixed model using the
“lme4” package34 in R with factors “time point” (baseline or outcome) and
“group” (treatment or control) and their interaction. We modeled a
separate baseline for each participant, effectively examining the change
scores only (in lme4 this was performed as “score~timepoint*group + (1|
participant)”, where (1|participant) models an intercept for each participant
separately). We assessed normality of the residuals based on quantilequantile (QQ)-plots. If we did not have outcome data for a participant, we
used last observation carried forward (LOCF). We also analyzed all primary
and secondary outcomes with baseline carried forward (BOCF) also for the
treatment group (rather than LOCF). We also omitted LOCF and instead
allowed the mixed-effects model to account for the missing data, which
yielded an identical pattern of results as using LOCF and BOCF. We also
report results for a per protocol analysis to assess the effect of the program
on those that completed it. All p-values are from two-sided tests.
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Abstract
Background: Chronic musculoskeletal pain has a vast global prevalence and economic burden. Conservative therapies are
universally recommended but require patient engagement and self-management to be effective.
Objective: This study aimed to evaluate the efficacy of a 12-week digital care program (DCP) in a large population of patients
with chronic knee and back pain.
Methods: A longitudinal observational study was conducted using a remote DCP available through a mobile app. Subjects
participated in a 12-week multimodal DCP incorporating education, sensor-guided exercise therapy (ET), and behavioral health
support with 1-on-1 remote health coaching. The primary outcome was pain measured by the visual analog scale (VAS). Secondary
measures included engagement levels, program completion, program satisfaction, condition-specific pain measures, depression,
anxiety, and work productivity.
Results: A total of 10,264 adults with either knee (n=3796) or low back (n=6468) pain for at least three months were included
in the study. Participants experienced a 68.45% average improvement in VAS pain between baseline intake and 12 weeks. In all,
73.04% (7497/10,264) participants completed the DCP into the final month. In total, 78.60% (5893/7497) of program completers
(7144/10,264, 69.60% of all participants) achieved minimally important change in pain. Furthermore, the number of ET sessions
and coaching interactions were both positively associated with improvement in pain, suggesting that the amount of engagement
influenced outcomes. Secondary outcomes included a 57.9% and 58.3% decrease in depression and anxiety scores, respectively,
and 61.5% improvement in work productivity. Finally, 3 distinct clusters of pain response trajectories were identified, which
could be predicted with a mean 76% accuracy using baseline measures.
Conclusions: These results support the efficacy and scalability of a DCP for chronic low back and knee pain in a large, diverse,
real-world population. Participants demonstrated high completion and engagement rates and a significant positive relationship
between engagement and pain reduction was identified, a finding that has not been previously demonstrated in a DCP. Furthermore,
the large sample size allowed for the identification of distinct pain response subgroups, which may prove beneficial in predicting
recovery and tailoring future interventions. This is the first longitudinal digital health study to analyze pain outcomes in a sample
of this magnitude, and it supports the prospect for DCPs to serve the overwhelming number of musculoskeletal pain sufferers
worldwide.
(J Med Internet Res 2020;22(5):e18250) doi: 10.2196/18250

JOURNAL OF MEDICAL INTERNET RESEARCH

Bailey et al

KEYWORDS
musculoskeletal pain; low back pain; patient engagement; exercise therapy; telemedicine; telerehabilitation; mobile phone

Introduction
Background

Chronic musculoskeletal pain has vast global prevalence [1]
and annual costs in the hundreds of billions of dollars in the
United States [2,3]. Musculoskeletal disorders are debilitating
and may contribute to the opioid epidemic, as they are the most
common noncancer indication for an opioid prescription in the
United States [4-6]. Nonsurgical care, including exercise,
education, and behavioral health, is universally recommended
as the first-line treatment for the majority of chronic
musculoskeletal conditions [7] given that it can achieve similar
outcomes to surgery with reduced cost and lower risk [8,9].
However, conservative care has significant barriers to effective
implementation and requires higher patient engagement to be
successful [10,11]. Notably, conservative care administered in
a clinical setting is also costly, and ongoing monitoring is often
infeasible. Given the growing burden of chronic musculoskeletal
pain, a scalable and effective mode of conservative care delivery
is needed.
Digital health interventions have the potential to improve
conservative care outcomes for chronic musculoskeletal pain
by increasing patient engagement through electronic delivery
of interventions. This approach can better enable patients to
take a proactive role in their treatment and learn to self-manage
their chronic pain symptoms. With the ubiquity of smartphones,
low-cost sensor technology, and advanced analytical approaches
to assess complex health care data, the prospect of digital
technology for improved patient care is apparent and is reflected
in the growing number of clinical trial protocols and review
papers on the topic [12]. Digital therapies are shown to be
effective for improving outcomes associated with conditions
requiring self-management and behavioral change, such as type
2 diabetes [13], hypertension [14], and insomnia [15]. In
addition, patient willingness to seek surgical treatment is shown
to decrease following participation in a digital care program
(DCP) [16]. Chronic pain, although often difficult to diagnose
and treat clinically, is also shown to improve with the aid of
digital therapy [10]. For chronic musculoskeletal pain
specifically, the DCP in this study was previously evaluated in
two randomized control trials and demonstrated effectiveness
for improving pain and disability associated with knee pain [17]
and low back pain [18]. Although these previous
musculoskeletal pain studies show potential for a digital
therapeutic approach to improve outcomes, they are limited in
sample size (<200 subjects) and real-world effectiveness has
yet to be shown. In this study, we assessed engagement and
subject-reported outcomes over a 12-week period following
enrollment in the DCP in a sample of over 10,000 users with
chronic knee or back pain.

Objectives

This study had two objectives. First, we sought to determine
whether the DCP is scalable and effective in a large sample of
real-world patients. Given the magnitude of the chronic

musculoskeletal pain population, scalability is one of the greatest
potential benefits of a DCP, so the efficacy of a DCP in a large
sample of real-world patients is important to assess. Key
questions include if high levels of engagement can be sustained
and if efficacy demonstrated in smaller randomized control
trials is maintained in the larger real-world population. On the
basis of results from the smaller randomized control trials, we
hypothesized that the DCP would improve subject-reported pain
over a 12-week period and that engagement with the DCP would
be a necessary factor for improvement. A scalable digital
intervention for engaging patients with safe conservative
therapies for lasting self-management would have the potential
to reduce the economic burden and improve the quality of life
for a large population of patients.
Second, we sought to analyze the large dataset generated from
the DCP to generate novel insights into patient recovery
trajectories, which would create an opportunity to develop
personalized interventions for individual patients. Little is
known about the patient-specific response and rate of
improvement for chronic musculoskeletal pain between clinical
visits. Patients are typically assessed by clinicians during initial
evaluations and, then, at follow-up appointments that may be
weeks or months apart. A DCP enables regular (eg, weekly)
collection of subject-reported outcomes throughout the recovery
process. Statistical modeling methods can then be applied to
these large longitudinal datasets to assess the rate of change in
outcomes and if baseline data can predict recovery response. In
this study, we used statistical modeling on a large longitudinal
sample to evaluate nonlinear changes in pain over time and
predict subject-specific pain response groups (rapid vs gradual)
from baseline demographic data. Understanding how pain
improves over time would inform our knowledge of pain
recovery, identify variables associated with recovery, and allow
for better care of patients unlikely to have rapid pain responses.

Methods
Study Design

This was a retrospective cohort study of consecutively recruited
participants. Employees and their dependents at 30 participating
employers across the United States were invited to complete a
web-based application to participate in the Hinge Health DCP.
Employees were diverse and included both office and
service-based roles such as data analysts, manual laborers, truck
drivers, catering staff, and outdoor instructors. Participants with
low back or knee pain were recruited through email, direct mail,
and posters. The trial was approved by the Western Institutional
Review Board and complied with all ethical regulations.
Participants provided informed consent and completed the
intervention remotely. Each participant participated in 1 of 2
digital care pathways: 1 for chronic knee pain and the other for
chronic low back pain. The only differences between the 2
pathways were the specific exercise regimens and some
condition-specific education materials (eg, anatomy and surgical
options). To mitigate the risks of selection bias, we included all
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participants who had registered in the Hinge Health program
by the cutoff date (May 6, 2019). We were able to verify that
the study sample provided adequate power (after correcting for
intrauser clustering effects, a sample size of 10,000 gave us a
power of 0.97 to detect a 5-point change in our primary outcome
with a type 1 error rate of 0.01). A summary of the key attributes
of the cohort is provided in Table 1.
Inclusion criteria to qualify for participation in the DCP included
being ≥18 years and not >80 years at the time of enrollment,
having at least 12 weeks of back or knee pain, and having a

baseline visual analog scale (VAS) score for pain greater than
0. Additional inclusion criteria for this study included starting
the DCP, defined as completing at least one exercise session or
reading 1 educational paper in the first 2 weeks following
registration. Participants were excluded during registration by
completing a screening questionnaire, which rejected patients
with red flag symptoms, including signs of fracture, joint
instability, infection, cancer, and cauda equina syndrome. Thus,
this study included all consecutively qualified participants who
enrolled in the DCP between February 6, 2017, and May 6,
2019, meeting the above inclusion and exclusion criteria

Table 1. Demographics and outcome measures (N=10,264).
Variables

Baseline

Final

Overall

Back pain
(n=6468)

Knee pain
(n=3796)

Overall

Back pain
(n=6468)

Knee pain
(n=3796)

Age (years), mean (SD)

43.57 (11.14)

42.58 (10.91)

45.26 (11.33)

N/Aa

N/A

N/A

BMI, mean (SD)

30.25 (7.42)

29.76 (7.11)

31.09 (7.84)

N/A

N/A

N/A

5132 (50.00)

4981 (48.53)

5388 (52.49)

N/A

N/A

N/A

Pain (VASb)

45.13 (22.42)

45.81 (22.16)

43.98 (22.81)

14.24
(15.31)

14.23 (15.12)

14.33 (15.59)

PHQ-9c

3.05 (5.34)

3.35 (5.49)

2.54 (5.04)

1.85 (3.97)

2.12 (4.12)

1.43 (3.38)

PHQ-9d

12.01 (4.61)

11.99 (4.56)

12.06 (4.73)

5.05 (5.72)

5.10 (5.73)

4.95 (5.70)

GAD-7e

3.93 (5.50)

4.39 (5.69)

3.15 (5.08)

2.21 (3.83)

2.48 (3.99)

1.77 (3.51)

GAD-7f

11.49 (4.10)

11.56 (4.13)

11.32 (4.04)

4.78 (5.05)

4.84 (5.01)

4.65 (5.12)

9.07 (17.89)

18.80 (25.51)

4.14 (12.44)

2.88 (9.26)

6.26 (16.1)

Gender
Female, n (%)
Measures, mean (SD)

One-year surgery likelihood 12.67 (21.55)
(0-100)

a

WPAIg (0-100)

31.74 (26.79)

34.12 (26.37)

27.54 (27.02)

11.45
(15.60)

12.24 (15.58)

10.17 (15.57)

KOOS—painh

N/A

N/A

15.23 (6.66)

N/A

N/A

10.04 (5.81)

Modified von Korff

N/A

15.95 (5.03)

N/A

N/A

7.75 (5.44)

N/A

N/A: not applicable.

b
c

VAS: visual analog scale.

PHQ-9: patient health questionnaire 9-item scale.

d
e
f

The mean and SD of the scores in depressed (PHQ-9>5) subjects.

GAD-7: generalized anxiety disorder 7-item scale.

The mean and SD of the scores in anxious (GAD-7>5) subjects.

g

WPAI: work productivity and activity impairment.

h

KOOS—pain: knee injury and osteoarthritis outcome score—pain subscale.

Digital Care Program

Following registration, participants received a tablet computer
via mail with the Hinge Health app installed, along with 2
Bluetooth wearable motion sensors with straps and instructions
to be placed above and below the painful region during the
in-app exercise therapy (ET). In the lower back program, a
sensor was placed on the posterior lower back and anterior chest,
and for the knee program, a sensor was placed over the anterior
tibia and thigh. Sensors utilized standard accelerometer and

gyrometer technology (InvenSense MPU-6050, TDK
Electronics, Tokyo, Japan) and were used to objectively monitor
compliance and performance of exercises. ET sessions
comprised light-intensity stretching and strengthening exercises
commonly used in clinical practice. The ET sessions were
administered using animations and instructional videos to
demonstrate how to perform each exercise. While performing
the exercise, the app then displayed real-time graphics showing
the position of the user’s relevant body parts based on the
wearable sensors and indicated if the exercise was within the
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desired range of movement (see Multimedia Appendices 1 and
2.

(“On a scale of 0-10, how likely is it that you would recommend
the Hinge Health program to a friend or colleague?”, 0-10).

Participants were assigned a personal coach and communication
was performed via text message, email, or in-app messaging
throughout the DCP. Health coaches completed certification
through a coaching school approved by the National Board for
Health & Wellness Coaching. Coaches attempted to interact
with participants via their preferred communication method at
least weekly. Phone calls with the coach were also offered to
participants up to 3 times during the DCP. Each participant was
also placed on a peer support team of 20-30 participants that
utilized a discussion forum within the app, as previous
qualitative research showed this to be an important feature [19].
All app participation was completed remotely, at times and
places chosen by the participant. Each week, participants were
instructed to complete at least three sessions of sensor-guided
ET, read 2 education papers, and log their symptoms at least
twice. Participants were able to complete more ET sessions or
read more education papers if desired. Behavior change topics
were addressed through education papers and brief interactive
modules, and focused on common cognitive behavioral therapy
topics, including catastrophizing, active coping methods, and
fear avoidance. Additional behavior change mechanisms used
in the program included goal setting and tracking. Finally,
participants were encouraged to engage in 3 aerobic exercise
activities per week and perform up to 4 brief modules based on
cognitive behavioral therapy between weeks 3 and 9. Each
participant also maintained access to treatment as usual. The
app was developed, owned, and sponsored by Hinge Health,
Inc.

Statistical Analysis

Outcomes

The primary outcome was VAS pain for the question “Over the
past 24 hours, how bad was your [back/knee] pain?” from 0
(none) to 100 (worst imaginable). This was asked weekly during
the 12-week period immediately after an ET session, and
participants also had the option to report VAS unprompted, for
a total of up to 2 pain scores per week. Our definition of a
minimally important change in VAS pain was a 30% or 20-point
decrease from baseline. Secondary outcomes included the patient
health questionnaire 9-item scale (PHQ-9, 0-27) for depression,
the generalized anxiety disorder 7-item scale (GAD-7, 0-21)
for anxiety, the work productivity and activity impairment
(WPAI) scale, the knee injury and osteoarthritis outcome
score—pain subscale (KOOS—pain, 100-0) for knee pathway
participants, the Modified von Korff scale (MvK, 0-100) for
back pathway participants [20,21], and surgery likelihood
(“What do you think are the chances you’ll have [back/knee]
surgery in the next year, in %?”, 0-100%). These secondary
outcomes were collected at baseline, 6-weeks, and 12-weeks.
Other baseline measurements obtained at week 0 consisted of
participants’ age, gender, and BMI. Participants’ engagement
with the DCP was measured by recording the number of ET
sessions completed, the number of coaching interactions, and
the number of education papers read. Each coaching interaction
was further categorized as participant-to-coach or
coach-to-participant; phone calls with a coach were not recorded
as an interaction. Program satisfaction was asked at week 12

The distribution of gender and BMI in the knee and back
pathways were compared using 2-sided Fisher’s exact test and
Mann-Whitney test, respectively. The association of baseline
variables with program completion status was modeled using
a logistic regression model and Wald’s confidence intervals for
the odds ratios (ORs) estimated. Exploratory analyses visualized
the relationship between overall pain reduction over the course
of the DCP and the total number of ET sessions (grouped in
equisized bins assuming an average of 35 ET sessions for
program completers). VAS pain trends were modeled using
piecewise linear regression splines. Intersubject variability in
the rate of change was modeled through random effects and
used a first-order autoregression correlation structure to model
within-subject correlation in residuals. Optimal knot locations
for the spline were determined by a cross-validation procedure
that evaluated model fit on a grid of knot locations. The fixed
effects were estimated using a linear mixed-effects model
(Multimedia Appendix 3). Significance (P value) evaluation
was based on Wald t values with a Satterthwaite correction. For
pain-response subgroup analysis, a Gaussian mixture model
was fitted to the estimated spline coefficients to discover clusters
corresponding to subgroups within the cohort, each with a
distinct pain reduction trend. Adjusted ORs were computed to
understand the association between participants’ characteristics
and the representative pain reduction trends for each subgroup.
Finally, classification algorithms were trained to distinguish the
3 response groups based on the participants’ demographic and
baseline measurements alone, and performance was evaluated
using 5-fold cross-validation. All analyses were performed using
R statistical computing software.

Results
Participant Demographics and Digital Care Program
Completion

Of the 10,264 DCP participants, 6468 self-reported back pain
and were enrolled in the back-pain pathway and 3796
self-reported knee pain and were enrolled in the knee-pain
pathway. The average age was 43.6 years, and the average BMI
was 30.25. The proportion of female participants in the DCP
was 50.00% (5132/10,264). Compared with the back-pain
pathway, BMI was 1.3 kg/m2 higher (P<.001) and the proportion
of female participants was 3.9% higher (P<.001) in the
knee-pain pathway. The difference in mean age between
pathways was not significant (Table 1).
In all, 73.04% (7497/10,264) of the participants completed the
DCP (referred to as completers), defined as completing at least
one exercise session or reading 1 educational paper in weeks
9-12. Older users were more likely to complete the DCP (OR
1.037, 95% CI 1.03-1.04), whereas those with a higher BMI
were less likely to complete the DCP (OR 0.973, 95% CI
0.97-0.98). No other baseline measures were significantly
associated with completion (Multimedia Appendix 3). On
average, completers engaged in 10.45 weeks with 35.02 ET
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sessions and 19.39 education sessions. Table 2 summarizes the
engagement by pathway for all participants and completers. No

injuries or other adverse effects of DCP engagement other than
temporary discomfort were reported.

Table 2. Mean engagement and SD for the full cohort and for completers by pathway (N=10,264).
Variables

All
Overall

a

Completers
Back pain

Knee pain

Overall

Back pain

Knee pain

Number of participants, n (%)

10,264 (100.00) 6468 (63.02)

3796 (36.98)

7497 (73.04)

4676 (72.29) 2821 (74.32)

Weeks engaged (ETa session or education session), mean (SD)

8.46 (3.9)

8.36 (3.92)

8.63 (3.86)

10.45 (2.15)

10.39 (2.17)

10.54 (2.1)

ET sessions per week, mean (SD)

2.93 (1.47)

2.85 (1.46)

3.05(1.47)

3.26 (1.39)

3.18 (1.41)

3.4 (1.34)

Total ET sessions, mean (SD)

27.43 (20.56)

26.48 (20.45)

29.04 (20.65)

35.02 (18.68)

34.04
(18.86)

36.65
(18.25)

Education sessions per week, mean (SD)

2.24 (1.55)

2.2 (1.55)

2.31 (1.56)

2.44 (1.28)

2.4 (1.27)

2.5 (1.3)

Total Education session, mean (SD)

15.33 (13.27)

14.81 (13.00)

16.24 (13.67)

19.39 (12.92)

18.84
(12.71)

20.29
(13.20)

Coach interactions per week, mean (SD)

7.03 (3.21)

6.99 (3.09)

7.09 (3.39)

7.23 (3.25)

7.21 (3.15)

7.27 (3.4)

Total coach interactions, mean (SD)

84.08 (43.3)

83.55 (42.02)

84.97 (45.36)

91.47 (43.42)

91.03
(42.33)

92.19
(45.16)

ET: exercise therapy.

Longitudinal Changes in Pain

On the basis of a linear mixed effects model, the estimated mean
reduction in pain by week 12 was 68.45% (30.89 points).
Participants’ pain scores changed nonlinearly over time (Figure
1). The mean change in pain scores per week (adjusted for sex,
pathway, baseline age, BMI, anxiety, and depression scores)
was 15.96 points for week 1 (P<.001) and 1.11 points per week
for weeks 6-12 (P<.001) but was not significant for weeks 2-5.
The conditional and marginal R-squared statistics [22] for our
model were 0.94 and 0.54, respectively.
Minimally important change from baseline pain (defined as
either a VAS pain reduction of 20 points or 30% with respect
to baseline) was achieved by 78.60% (5893/7497) of completers
and 69.60% (7144/10,264) of all participants.

Completers demonstrated greater pain reduction than
noncompleters (Figure 1, top right) with an increased mean
reduction rate of 0.48 points per week (SE 0.14) in weeks 2-5.
Final pain reduction was nearly identical for both male and
female genders (Figure 1, bottom left). However, there was a
significantly higher mean reduction rate for male participants
in the first week (mean difference=0.89 points per week, SE
0.46), and lower mean reduction rates in weeks 2-5
(difference=0.47 points per week, SE 0.09) and weeks 6-12
(difference=0.22 points per week, SE 0.05). Compared with the
knee pathway, the back pathway was associated with a higher
mean pain reduction rate (difference=3.1 points per week, SE
0.48) in the first week, but the pathway was not a significant
variable in later weeks (Figure 1, bottom right).

JOURNAL OF MEDICAL INTERNET RESEARCH

Bailey et al

Figure 1. Longitudinal changes in pain. The panels show the average pain scores computed for the entire study cohort (circles) and the fitted means
(lines) computed for weeks 0-12 of the study. Top left shows the overall fitted mean. The plots on the top right, bottom left and bottom right show the
means for subjects grouped by completion status, gender, and pathway, respectively. Weekly recorded pain and fitted curves for a random sample of
subjects are plotted in gray on each panel. Error bars indicate 1 SE of the mean. F: female; M: male; VAS: visual analog scale for pain.

Effect From Engagement

Increasing levels of ET engagement in the DCP were associated
with greater reductions in VAS pain score (P<.001; Figure 2).
Notably, the relationship between the change in pain score and
the number of ET sessions was nonlinear, with initial ET
sessions contributing a higher proportion of the mean reduction
achieved. The rate of reduction (adjusted for gender, pathway,
baseline age, BMI, anxiety, and depression scores) for the initial

10 ET sessions was 1.9 VAS points per session (SE 0.2;
P<.001).
The number of weekly coach interactions was also associated
with a reduction in pain with a mean reduction of 0.18 VAS
points per interaction (SE 0.06; P=.003) for the first 30
interactions. The number of participant-to-coach interactions,
specifically, was associated with a mean rate of reduction in
pain of 0.30 VAS points per interaction (SE 0.1; P=.003) for
the first 20 interactions. The number of coach-to-participant
interactions was not significantly associated with pain reduction.
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Figure 2. Association between pain reduction and ET sessions. Bar plots show the mean reduction in pain achieved over the DCP grouped by the total
number of ET sessions. Error bars indicate 1 SE of the mean. DCP: digital care pathway; ET: exercise therapy; VAS: visual analog scale for pain.

Mental Health and Other Secondary Outcome
Measures

For participants categorized as having depressive symptoms
(PHQ-9≥5) at baseline, the mean baseline PHQ-9 score was
12.01 and decreased by 57.9% to 5.05 at week 11 (P<.001).
Differences between the pathways were not significant. The
percentage of patients with depressive symptoms at baseline
and at the end of the study was 21.1% and 11.4%, respectively.
For participants categorized as having anxiety symptoms
(GAD-7≥5) at baseline, the mean baseline GAD-7 score was
11.49 and decreased by 58.3% to 4.78 at week 11 (P<.001).
The back pathway participants had a 0.46 point (P<.001) greater
mean GAD-7 reduction than those in the knee pathway. The
percentage of patients with anxiety symptoms at baseline and
the end of the study was 28.3% and 14.2%, respectively (PHQ-9
and GAD-7 values at week 6 were carried forward to impute
missing values at week 12).
With respect to baseline, the mean surgery likelihood score
decreased by 67.4% (8.15 points, P<.001) overall, and by 66.8%
and 68.2% for knee and back pathway participants, respectively.
The mean KOOS—pain decreased by 33.9% (5.19 points,

P<.001) in knee pathway participants and the mean MvK
decreased by 51.4% (8.20 points, P<.001) in the back pathway
participants. The within-participant correlation coefficients for
KOOS—pain and MvK scores (with VAS pain) were 0.59 (95%
CI 0.58-0.61) and 0.80 (95% CI 0.79, 0.81), respectively,
indicating strong correlations between the primary and
secondary pain variables. The mean WPAI score decreased by
63.94% from baseline (20.29 points, P<.001). The DCP final
satisfaction score was 8.97/10 with a net promoter score of
+64/100.

Distinct Pain Response Groups

Intersubject variation in pain reduction trends motivated a
subgroup analysis of pain response, and 3 distinct response
groups emerged (Figure 3). Participants with high pain at
baseline and gradual improvement were designated as high
gradual (HG). Participants with high baseline pain but a rapid
decline were labeled high rapid (HR), and those with low
baseline pain and gradual response were labeled low gradual
(LG). All LG participants had baseline pain below 50. HR
participants had the highest mean pain reduction over the
duration of the DCP (48.8 points, 80.0%), followed by the HG
(33.3 points, 54.1%) and LG group (15.3 points, 64.0%).
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Figure 3. Pain response subgroups. Pain reduction trend clusters obtained by fitting a 3-component GMM identified 3 subgroups (HG, HR, and LG
response). (Top left) 2D density plot of the first 2 principal components of the fitted splines shows each of the 3 subgroups. (Bottom left) Curves denoted
by their respective principal components 1 and 2 are assigned to a cluster based on maximum posterior likelihood. (Right) Random sample of pain
reduction trends colored by subgroup and the respective mean trends. 2D, 2 dimensional; GMM, Gaussian Mixture Model; HG, high-gradual; HR,
high-rapid; LG: low-gradual.

Relative to the HR response, female participants had 17.3%
(P=.002) higher odds of an HG response (Figure 4). The odds
of an HG response also increased by 3.1% (P<.001) per unit
increase in BMI and increased by 2.2% (P=.001) and 2.1%
(P=.002) per unit increase in PHQ-9 and GAD-7, respectively.

Classification of response groups based on baseline attributes
achieved a mean accuracy of 76% (SE 0.3%) using a random
forest algorithm, evaluated using 5-fold cross-validation. The
classifier had a mean area under the precision-recall curve of
68.92% (SE 2.04%). Nearly equal numbers of participants
belonged to the HR and HG response groups. Subgroup analysis
details are provided in Multimedia Appendix 3.
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Figure 4. Association of baseline variables with a high-gradual or high-rapid pain reduction trend. For each baseline variable, the plotted values indicate
the odds ratios for a gradual response (with reference to a high-rapid response) for a unit increase in the corresponding predictor. The error bars denote
the 95% profile-likelihood CIs.

Discussion
Principal Findings

This study demonstrated the positive effect of a 12-week DCP
on chronic musculoskeletal pain outcomes in a large sample of
real-world patients. Specifically, participants experienced a
68.5% average improvement in VAS pain between baseline and
12 weeks, and 78.60% (5893/7497) of program completers
(7144/10,264, 69.60% of all participants) achieved clinically
meaningful improvement. Completion was high, with 73.04%
(7497/10,264) of participants reaching the final month, and
completers engaged in a mean of 35.0 ET sessions, 19.4
education sessions, and 91.5 coach interactions during the DCP.
It is well known that unless a digital health intervention fits into
users’ daily lives, only a small proportion of all participants
who sign up actually complete the program [23,24]. The
exceptional completion rate of our study may be due to the
multipronged strategy of our DCP that uses both a digital and
a human interface to engage with participants. Furthermore,
both the number of ET sessions and participant-to-coach

interactions were positively associated with improvement in
pain, supporting that the level of participant engagement
influenced outcomes. These results support the effectiveness of
a DCP for musculoskeletal pain in the real-world setting, and
the large sample size supports the prospect for scalability to
serve a large number of chronic low back and knee pain sufferers
worldwide.
Comparison With Literature
The observed 68.5% average improvement in VAS pain in this
DCP outperforms the pain reduction effect sizes observed in a
variety of conservative care interventions with similar
timeframes. For pain associated with knee osteoarthritis,
comparable conservative care interventional studies demonstrate
an average improvement in VAS pain of 19%-48% [25-28]. For
low back pain, comparable studies demonstrate average
improvements in VAS pain of 29%-53% [29-34]. Similarly, a
systematic review of randomized clinical trials for low back
pain showed a within-group standardized mean difference of
1.07 (95% CI 0.87-1.27) for pain reduction at 13 weeks [35],
whereas a standardized mean difference of 1.37 (95% CI
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1.33-1.40) for pain reduction at 12 weeks was observed in this
study. Not only does this study demonstrate greater improvement
in pain for both knee and low back pathways but it also has a
much larger sample size than previous studies, which typically
did not exceed 100 subjects. Furthermore, this study found a
strong correlation between changes in VAS pain and secondary
pain measures (KOOS—pain for knee and MvK for back),
further supporting the validity of the VAS pain measurements.
Finally, compared with other studies utilizing therapeutic
exercise for chronic pain, this study demonstrated a similar lack
of adverse events. This is likely attributable to the benefits and
safety of light intensity stretching and strengthening exercises,
and in this study may also be due to the exercise guidance
provided by the wearable sensors.

Patient Engagement

Notably, most previous studies have occurred in traditional
clinical settings, where multiple barriers prevent both patients
and clinicians from engaging in conservative care [36]. For
example, adherence of chronic low back pain patients to home
exercises prescribed from traditional physical therapy ranges
from 30% to 50% and remains a significant challenge for
administering effective care [37,38]. A primary benefit of a
digital care approach for chronic musculoskeletal pain is the
ability to engage patients with their treatment and
self-management. Smartphone apps can cost-effectively deliver
education and encourage healthy behaviors, whereas sensors
can provide exercise guidance and track engagement [39]. The
DCP in this study engaged 73.04% (7497/10,264) of users to
completion, with completers engaging in 10.5 of the 12 weeks,
including 3.3 ET sessions, 2.4 education papers, and 7.2 coach
interactions per week (mean ET sessions 2.9, mean education
sessions 2.2, and 7.0 coach interactions per week among all
participants). Notably, this study demonstrated an association
between pain improvement and both the number of ET sessions
and the number of coach interactions, suggesting that the level
of participant engagement impacted the results. Specifically,
the first 10 ET sessions and the first 30 coach interactions were
the most influential in pain improvement. Of note, a recent study
evaluating a DCP in a similar population showed lower
engagement and no relationship between exercise and pain
reduction, suggesting that specific program implementation
details (ie, sensor-guided exercises and health coaching) may
have a large effect on outcomes [40].

Mental Health Outcomes

Depression and anxiety are known to often occur in patients
with chronic musculoskeletal pain [41], so the effects of this
DCP on symptoms of depression and anxiety were also assessed.
Behavioral health coaching and education on cognitive
behavioral therapy concepts were key elements of the DCP’s
multimodal digital care approach. A large body of research
confirms the effect of psychological factors, such as depression
and anxiety, on chronic pain [42,43]. In particular, an association
between chronic low back pain and psychological factors has
been shown, and related therapeutic approaches, including
cognitive behavioral therapy and mindfulness-based stress
reduction, have demonstrated effectiveness for back pain
reduction [44]. This study showed that outcomes for participants
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with symptoms of depression and anxiety decreased on average
by 57.9% and 58.3%, respectively, over the course of the DCP.
This suggests a strong relationship between mental health and
pain improvement; however, a causal relationship between these
entities cannot be determined. Notably, mental health
improvements were very similar across knee and back pathways,
whereas a small difference (0.46 points) in GAD-7 outcomes
was noted. This is unlikely to be clinically meaningful. Future
work will further explore the effect of coaching and other
behavioral health support on pain and functional outcomes.

Predicting Pain Response

In addition to clinical effectiveness, another potential benefit
of a DCP is the insight gained from longitudinal tracking of
outcome data in large populations. The large sample size in this
study, combined with data collection at regular and relatively
frequent time intervals, enabled the discovery of distinct clusters
of pain response trajectories over time. Participants were
classified as gradual versus rapid pain responders, and
patient-specific features that influenced the likelihood of pain
response category were identified. By clustering distinct trends
in pain response over time for each subject, we specifically
uncovered 3 distinct pain response subgroups. Two groups had
high baseline pain but differed in the rate of recovery (rapid vs
gradual), whereas the third group had low baseline pain with
gradual recovery. Notably, we were able to forecast with 76%
accuracy which of these pain response groups a user would fall
into based on their baseline information. Looking specifically
at the 2 groups with high baseline pain, the rapid response was
more likely to occur in male participants, those with lower BMI,
or those with lower depression or anxiety scores. These pain
response groups enable a better understanding of temporal
changes in pain during the rehabilitation process and may
ultimately help to identify pain recovery mechanisms.
Furthermore, continued research into response patterns may
ultimately allow for a more personalized approach to care,
including more accurate prognosis and additional treatment
options for patients likely to have a more gradual recovery.

Strengths and Limitations

This study has several limitations, including the lack of a control
group and the lack of physical function outcomes. Notably,
previous randomized trials of this DCP on smaller populations
(N<200) demonstrated positive effects on pain and functional
outcomes (Oswestry disability index, KOOS—physical function
short form) compared with control groups [17,18]. This study
assessed outcomes in a sample of more than 10,000 users and
demonstrated similar effectiveness. Another limitation of this
study is the lack of long-term outcomes, and future studies
should assess if participants are able to sustain healthy behaviors
and self-management promoted in the DCP. Some potentially
important demographic variables (ie, education, ethnicity,
income, and smoking status) and medical history variables (ie,
diabetes, hypertension, and mental health) were not obtained.
Finally, this study was conducted through employers, which
limits the applicability to clinical settings with higher
proportions of uninsured, elderly, or work-disabled patients.
However, this study was conducted with employees from 30
different companies across the United States and included a
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wide diversity of job types (eg, truck drivers, manual laborers,
office workers), suggesting that the findings are applicable to
a broad population. In addition, older patients were more likely
to complete the program than younger ones, emphasizing that
digital health tools are not only useful to the younger population.
The strengths of this study include the large sample size in the
real-world setting, which demonstrated scalability and enabled
the discovery of unique features, such as distinct pain response
clusters in longitudinal real-world data. In addition, this study
had similar age and sex distributions for knee and back pain
participants, enabling direct comparison of the separate knee
and back pathways. The average pain response for these separate
pathways was quite similar (Figure 1), which is notable given
the assumed underlying pathological differences between knee
and back pain, but supports recent work urging practitioners to
move beyond separating body regions when managing chronic
musculoskeletal pain [45]. Finally, this study demonstrates
significant improvements in self-reported workplace productivity
(WPAI, 61.5% improvement) and surgery likelihood (67.4%
reduction), suggesting that a DCP may have considerable
economic benefits.

Future Directions

DCPs may ultimately be used to complement clinical
musculoskeletal practice, and further research is warranted on
their use by patients and providers. This study supports the
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efficacy and scalability of a DCP for facilitating safe
conservative care and promoting healthy behavior change.
However, critical reviews have identified a lack of external and
long-term validation of digital health tools [46]. Many previous
studies on digital interventions for chronic low back pain have
presented unconvincing results [47]. Given that digital health
tools are typically developed in the private sector, and good
clinical research can be time-consuming and challenging, we
see a need for collaborative efforts between industry and
academic medicine to optimize digital health technologies for
effective conservative care implementation, adoption, and access
in the broad, real-world population with musculoskeletal pain.

Conclusions

This study supports the efficacy and scalability of a DCP for
chronic low back and knee pain in a large, real-world population.
Participants demonstrated very high completion and engagement
rates, and a significant positive relationship between engagement
and pain reduction was identified. This is the first longitudinal
digital health study to analyze musculoskeletal health outcomes
in a sample of this magnitude, and it supports the prospect for
DCP scalability to serve the overwhelming number of chronic
back and knee pain sufferers worldwide. Furthermore, the large
sample size enabled the prediction of rapid versus gradual pain
response from baseline information, which may prove beneficial
for prognosis and tailoring future interventions.
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Method: This longitudinal study uses retrospective data collected online or by app. The
study included adults with 12 or more weeks of pain who took part in a digital MSK
program. We compared Gen Z and Millennials, Gen X, working age Baby Boomers,
and retiree age Baby Boomer and Silent Generation. Program use outcomes were
program start, program completion, and number of exercises, educational articles, and
messages to coaches. Clinical outcomes were changes in pain, depression, and anxiety
from baseline to 12 weeks. We calculated descriptive statistics and conducted adjusted
regression models.
Results: Odds of starting the program were significantly higher for Gen Xers (OR: 1.12)
and working age Baby Boomers (OR: 1.37) vs. Gen Zers and Millennials. Compared to
Gen Zers and Millennials, we observed significantly higher odds of program completion
among Gen Xers (OR: 1.62), working age Baby Boomers (OR: 2.24), and retirees (OR:
2.36). Compared to Gen Zers and Millennials, retirees had 19 more exercise sessions
(IRR: 1.69), accessed 11 more articles (IRR: 1.84), and sent 4 more messages to coaches
(IRR: 1.26). Compared to Gen Z and Millennials, we observed no significant differences
in change in pain for Gen Xers, working age Baby Boomers, or retirees.
Conclusions: Adults from multiple generations took part in a digital MSK program.
Findings suggest that older generations used a digital MSK program more than younger
generations, but had similar pain outcomes.
Keywords: telemedicine, aged, engagement, musculoskeletal pain, depression, anxiety, digital technology,
utilization

INTRODUCTION
Chronic musculoskeletal (MSK) pain is a leading cause of disability and cost in the United States,
especially among older adults. Prevalence and incidence rates in the United States of osteoarthritis,
back and neck pain, and other MSK disorders are among the highest in the world (1). In 2018,
134.5 million adults in the United States reported MSK conditions with older adults experiencing
higher prevalence rates of MSK conditions and limitations compared to younger adults (2, 3).
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Furthermore, chronic MSK pain often occurs together with
depression and anxiety (4). Pain makes it more challenging to
identify depression and anxiety and can exacerbate depression
and anxiety symptoms. Depression and anxiety can also increase
pain severity, the experience of pain, and the pain duration (5–8).
To prevent and manage MSK pain and associated
comorbidities, clinical guidelines recommend evidence-based
exercises, education, and additional supports (9, 10). Reviews
have concluded that exercise therapy vs. usual care offered pain
reduction, reduced depression severity, and improved quality of
life (11, 12). Pain neuroscience education can further enhance
these benefits (13).
Digital health approaches can facilitate access to these types of
conservative therapies by providing interactive tools, connecting
users with health teams and offering choices for how, when, and
where to access care (14). A meta-analysis of four studies of
good methodological quality showed that digital MSK programs
significantly improved knee osteoarthritis pain (15). Another
review of 8 RCTs of moderate quality found that digital health
improved low back pain intensity and disability (16).
We must ensure that digital MSK programs meet the needs
of a growing older adult population with MSK conditions.
But, to date, no studies have examined whether the use and
effectiveness of digital MSK programs differs by generation.
Studies have shown that older generations use general technology
and digital health technology, but to a lesser extent compared to
younger generations (17–20). Further, the effectiveness for older
populations remains uncertain (21).
In summary, gaps remain in our understanding about digital
MSK program use and outcomes between generations. Thus,
we sought to address two objectives. Our primary objective was
to examine differences in digital MSK program use between
generations. Our secondary objective was to examine differences
in digital MSK program outcomes between generations. Better
understanding about program use and outcomes by generation
will allow us to make program improvements that meet the
various needs and desires of a range of users.

All accepted participants received tablet computers with a
program app and wearable motion sensors (InvenSense MPU6050, TDK Electronics, Tokyo, Japan). These materials enabled
members to receive technology-guided exercise therapy sessions,
coaching, and education for chronic pain. To facilitate exercise
sessions, animations and videos within the app demonstrated
how to perform light-intensity stretching and strengthening
exercises. The app and sensors displayed body position of the
participant in real-time while completing exercises and indicated
to participants whether they were within the appropriate range
of movement.
In addition, a personal health coach communicated with
participants via text message, email, or in-app messaging. The
program offered participants unlimited text and email messages
and up to three phone calls with coaches. Participants could also
take part in discussion forums with 20–30 other participants.
Finally, participants received educational resources covering
their condition and treatment options, as well as behavior
change topics, such as catastrophizing, coping methods, and
fear avoidance.
Overall, participants were encouraged to complete at least
three sensor-guided exercise sessions per week, read at least two
education papers per week, and log symptoms twice per week.
Participants were also encouraged to engage in at least three
aerobic exercise activities per week.

Study Population
In addition to meeting program criteria, this study applied the
following inclusion criteria: registered between February 2017
and April 2020 and 12 or more weeks had passed from the time of
registration, had registered for only one pathway (i.e., back, knee,
shoulder, hip, or neck), had complete baseline data, and provided
informed consent through waiver of written documentation.

Data Collection
Data were collected online or through the program app at
baseline during registration and 12 weeks later.

Variables

METHOD

We organized variables around Andersen’s model of health
service use (22) (Supplementary Figure 1). The model shows
that contextual factors (i.e., system, environment) and individual
(i.e., predisposing, enabling, and need) factors explain service use
factors. These factors, in turn, influence perceived and evaluated
health outcomes.
The predisposing factor of participant generation was the
independent variable of interest and defined as Gen Z or Millenial
(born between 1981 and 1999), Gen X (born between 1965 and
1980), working age Baby Boomer (born before 1964 and under
age 65), and retiree age Baby Boomer or Silent Generation (age
65 or older) (23). The rationale for distinguishing working age
from retiree age Baby Boomers is retirees may have more time to
engage in a digital MSK program or self-care generally.
For our primary study objective about digital MSK program
use, we focused on five service use outcomes: program start (i.e.,
completing one exercise session or accessing one educational
paper after registering); program completion (i.e., completing

Study Design
We conducted a longitudinal study using retrospective data
collected from participants of a digital MSK program.

Intervention
The digital MSK program was offered as a benefit to employees
and dependents of participating employers. We recruited
through email, workplace posters or presentations, and mailings.
Those interested in the program registered online by creating a
member profile and completing a baseline questionnaire.
After registering, we reviewed the baseline questionnaires to
ensure that participants met the following program criteria: age
18 or older; pain in the low back, knee, shoulder, hip, or neck;
baseline visual analog scale (VAS) pain score >0; pain lasted
for at least 12 weeks; and member covered by employer’s health
plan. Exclusion criteria were signs of fracture, joint instability,
infection, cancer, and cauda equina syndrome.
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exercise sessions or accessing education articles between program
weeks 9 and 12); total exercise sessions by program week 12; total
education articles read by program week 12; and total number of
member-initiated messages to coaches by program week 12.
For our secondary study objective about digital MSK program
outcomes, we focused on three measures captured for each
individual participant. Change in pain was pain scores at baseline
minus pain scores at 12 weeks. Baseline and 12 weeks pain scores
were based on responses to the question “Over the past 24 h,
how bad was your [back/knee/shoulder/hip/neck] pain?” from
0 (none) to 100 (worst imaginable) presented on a horizontal
visual analog scale. We also examined change in depression or
anxiety by 12 weeks among the subgroup with moderate or severe
depression or anxiety at baseline. Change in anxiety (no/yes) was
defined as reported moderate or severe anxiety at baseline and
reported no moderate or severe anxiety at 12 weeks. Moderate
or severe anxiety was a score of 10 or higher on the Generalized
Anxiety Disorder 7-item scale (GAD-7). Change in depression
(no/yes) was defined as reported moderate or severe depression
at baseline and reported no moderate or severe depression at
12 weeks. Moderate or severe depression was a score of 10 or
higher on the Patient Health Questionnaire 9-item scale (PHQ9). The GAD-7 and the PHQ-9 with cutoffs at 10 points have been
shown to have acceptable performance for identifying anxiety
and depression (24–26).
Covariates included contextual (e.g., state of residence),
predisposing (e.g., gender, exercise frequency per week [<1 h,
1–2.5 h, more than 2.5 h]), and need (e.g., program pathway
and baseline measures of pain, anxiety, depression, and
body mass index categories [underweight, normal, overweight,
obese]) factors.

pathway and baseline pain and BMI) factors. All analyses were
performed using STATA statistical computing software.
The study was approved by the Western Institutional Review
Board and complied with all ethical regulations.

RESULTS
The digital MSK program registered 13,535 Gen Zers or
Millennials (mean age 31.32, SD 4.33, median: 32), 16,982 Gen
Xers (mean age 46.15, SD 4.68, median: 46), 9,262 working
age Baby Boomers (mean age: 58.70, SD 2.90, median: 58),
and 1,462 retiree age Baby Boomers or Silent Generation
members (mean age: 68.55, SD 4.17, median: 67). Table 1
compares the characteristics of the different generations who
registered for the program. Differences between generations
were statistically significant for all variables. Compared to
younger generations, a smaller percentage of the retiree age
generation was female, exercised <1 h, was in the back
pathway, and reported moderate to severe anxiety or depression.
The retiree generation also had lower baseline pain than
younger generations.

Differences in Digital MSK Program Use
Between Generations
We examined 5 digital MSK program use outcomes: program
start, program completion, and total number of exercise
sessions, educational articles, and coach messages. Table 2 shows
differences between generations on program start. Out of
registrants, 86.17% of Gen Z and Millenials started the program
vs. 87.56% of Gen Xers, 90.01% of working age Baby Boomers,
and 87.00% of retiree age Baby Boomer and the Silent Generation.
In adjusted models, we find that the odds of starting the program
were significantly higher for Gen Xers (OR: 1.12, 95% CI: 1.04,
1.20) and working age Baby Boomers (OR: 1.37, 95% CI: 1.25,
1.49) compared to the Gen Z and Millennial group. We detected
no statistically significant differences in odds of starting between
the retiree age generation vs. the Gen Z and Millennial generation
(OR: 1.02, 95% CI: 0.87, 1.20).
Table 2 also presents program completion, by generation.
Among the members who started the program, 66.91% of Gen
Zers and Millennials completed the program compared to 75.51%
of Gen Xers, 81.53% of working age Baby Boomers, and 83.02% of
retiree age Baby Boomers and the Silent Generation. Compared
to Gen Z and Millenials, we observed significantly higher odds
of program completion among Gen Xers (OR: 1.62, 95% CI 1.53,
1.71), working age Baby Boomers (OR: 2.24, 95% CI: 2.09, 2.40),
and retiree age generations (OR: 2.36, 95% CI: 2.02, 2.75) in
adjusted models.
Generation was significantly associated with number of
exercise sessions, educational articles, and coaches messages
among those who started the program. Compared to Gen Z and
Millennials, the retiree age generation had an average of 19 more
exercise sessions (adjusted IRR: 1.69; 95% CI: 1.61, 1.71), accessed
11 more articles (adjusted IRR: 1.84; 95% CI: 1.76, 1.93), and sent
4 more messages to coaches (IRR: 1.26; 95% CI: 1.19, 1.32) by
week 12 (Table 3).

Statistical Analysis
To characterize the population, we conducted descriptive
analyses (e.g., means, frequencies) for predisposing and need
factors, by generation. We examined differences using chisquare tests for categorical variables and one-way ANOVA for
continuous variables. We conducted unadjusted and adjusted
regression analyses, per protocol. For the primary objective,
logistic regression was conducted for binary outcomes, including
program start and completion. Generalized linear models
(Poisson regression) was used among program starters for
outcome variables representing counts, including total number
of exercise sessions, articles and messages. Models were adjusted
for contextual (e.g., state of residence), predisposing (e.g., gender,
exercise frequency), and need (e.g., program pathway and
baseline pain, anxiety, depression, and BMI) factors.
For the secondary objective, linear regression was conducted
for the continuous change in pain outcome. Models were
adjusted for contextual (e.g., state of residence), predisposing
(e.g., gender, exercise frequency), and need (e.g., program
pathway and baseline anxiety, depression, and BMI) factors.
Logistic regression was conducted for binary outcomes, including
change in anxiety and depression by week 12. This model
controlled for contextual (e.g., state of residence), predisposing
(e.g., gender, exercise frequency), and need (e.g., program

Frontiers in Digital Health | www.frontiersin.org

3

August 2021 | Volume 3 | Article 693170

Wang et al.

Older Adult Use and Outcomes

TABLE 1 | Description of members who registered for the program.
Factor Variable

Gen Z or Millennial
(n = 13,535)

Gen X (n = 16,982)

Working age Baby
Boomer (n = 9,262)

Retiree age Baby Boomer and
Silent Generation (n = 1,462)

Percent or mean

Sd

Percent or mean

Sd

Percent or mean

Sd

Percent or mean

Sd

Female

50.35

50.00

54.07

49.84

53.98

49.84

44.73

49.74

Male

44.29

49.67

41.56

49.28

41.09

49.20

45.14

49.78

Other or unspecified

5.36

22.53

4.38

20.45

4.92

21.64

10.12

30.17

<1 h

35.30

47.79

41.34

49.25

41.02

49.19

35.02

47.72

1–2.5 h

40.80

49.15

39.25

48.83

38.66

48.70

39.81

48.97

More than 2.5 hours

23.90

42.65

19.40

39.55

20.32

40.24

25.17

43.41

66.46

47.22

60.53

48.88

50.05

50.00

49.45

50.01

P-value

Predisposing
Gender (%)

p < 0.001

Weekly exercise (%)

p < 0.001

Need
Pathway (%)
Back

p < 0.001

Hip

4.53

20.79

6.81

25.19

8.11

27.30

11.29

31.65

Knee

27.16

44.48

31.51

46.46

40.62

49.11

37.76

48.49

Neck

0.64

7.99

0.38

6.18

0.30

5.49

0.41

6.40

Shoulder

1.21

10.94

0.77

8.72

0.92

9.54

1.09

10.41

1.15

10.64

0.63

7.91

0.73

8.54

0.82

9.03

BMI categories (%)
Underweight

p < 0.001

Normal

31.56

46.48

18.55

38.87

18.55

38.87

22.91

42.04

Overweight

30.08

45.86

30.55

46.06

34.19

47.44

38.44

48.66

Obese

37.22

48.34

50.27

50.00

46.52

49.88

37.82

48.51

Baseline pain (mean)

46.54

21.85

48.15

22.44

47.83

22.72

46.28

22.91

p < 0.001

Moderate or severe
anxiety at baseline
(%)

32.88

46.98

23.65

42.49

15.95

36.61

12.11

32.63

p < 0.001

Moderate or severe
depression at
baseline (%)

26.52

44.14

20.24

40.18

14.93

35.64

11.63

32.07

p < 0.001

Differences in Digital MSK Program
Outcomes Between Generations

weeks vs. 77.76% of Gen Xers, 81.14% of working age Baby
Boomers, and 85.51% of retiree age Baby Boomers and Silent
Generation adults. Compared to Gen Zers and Millennials,
working age Baby Boomers (OR: 1.31, 95% CI: 1.01, 1.71) had
significantly higher odds of symptom improvement in adjusted
models. We detected no significant differences in odds between
Gen Xers or retiree age generations compared to younger
generations (Table 4).

Average pain scores decreased 27.13 points for Gen Z and
Millennials, 28.21 points for Gen X, 27.28 points for working
age Baby Boomers, and 25.60 points for retiree age Baby Boomer
and Silent Generation. Compared to Gen Z and Millennials, we
observed no statistically significant differences in change in pain
for Gen Xers, working age Baby Boomers, or the retiree age
generation in adjusted models (Table 4).
Compared to baseline, 79.28% of Gen Zers and Millennials
were no longer reporting moderate to severe anxiety at 12 weeks
vs. 81.16% of Gen Xers, 87.82% of working age Baby Boomers,
and 91.36% of retiree age Baby Boomers and Silent Generation
adults. Compared to Gen Zers and Millennials, working age Baby
Boomers (OR: 2.05, 95% CI: 1.56, 2.69) and retiree age Baby
Boomers and Silent Generation (OR: 2.71, 95% CI: 1.19, 6.20)
had significantly higher odds of anxiety improvement in adjusted
models. We detected no significant differences in odds between
Gen Xers compared to younger generations (Table 4).
Compared to baseline, 78.39% of Gen Zers and Millennials
were no longer reporting moderate to severe depression at 12
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DISCUSSION
This study focused on two objectives. The first objective
examined digital MSK program use between generations.
Between 86 and 90% of the four generations started the program
(i.e., completed one exercise or accessed one education material)
after registering.We found that 83% of the retiree age generation
completed the program, which exceeded the relatively high
completion rates of younger generations (range: 67–82%). In our
study, older generations also had more exercise, articles, and
messages to coaches compared to younger adults.
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TABLE 2 | Program start and completion outcomes, by generation.
Outcome

Generation

Percent (%)

Unadjusted model
OR

Program start
(n = number registered)

Program completion
(n = number starting
the program)

Adjusted model

95% CI

OR

95% CI

Gen Z and Millennial
(n = 13,535)

86.17

Ref

Ref

Gen X (n = 16,982)

87.56

1.13

1.06

1.21

1.12

1.04

1.20

Working age Baby Boomer
(n = 9,262)

90.01

1.45

1.33

1.57

1.37

1.25

1.49

Retiree age Baby Boomer
and Silent Generation
(n = 1,462)

87.00

1.07

0.92

1.26

1.02

0.87

1.20

Gen Z and Millennial
(n = 11,663)

66.91

Ref

Gen X (n = 14,870)

75.51

1.52

1.44

1.61

1.62

1.53

1.71

Working age Baby Boomer
(n = 8,337)

81.53

2.18

2.04

2.33

2.24

2.09

2.40

Retiree age Baby Boomer
and Silent Generation
(n = 1,272)

83.02

2.42

2.08

2.81

2.36

2.02

2.75

Ref

TABLE 3 | Program engagement outcomes, by generation.
Outcome

Generation

Descriptive result (mean)

Unadjusted model
IRR

Number of exercise
sessions

Number of educational
articles

Number of messages
to coaches

Adjusted model

95% CI

IRR

95% CI

Gen Z and Millennial

25.86

Ref

Gen X

33.35

1.29

1.26

1.32

1.34

Ref
1.31

Working age Baby Boomer

41.20

1.59

1.56

1.63

1.62

1.58

1.66

Retiree age Baby Boomer
and Silent Generation

45.26

1.75

1.67

1.83

1.69

1.61

1.76

Gen Z and Millennial

12.57

Ref

Gen X

17.61

1.40

1.37

1.43

1.41

1.38

1.45

Working age Baby Boomer

22.85

1.82

1.77

1.86

1.80

1.76

1.85

Retiree age Baby Boomer
and Silent Generation

23.73

1.89

1.80

1.98

1.84

1.76

1.93

1.19

1.36

Ref

Gen Z and Millennial

16.43

Ref

Gen X

19.35

1.18

1.15

1.21

1.17

1.14

Working age Baby Boomer

21.17

1.29

1.26

1.32

1.28

1.24

1.31

Retiree age Baby Boomer
and Silent Generation

20.86

1.27

1.20

1.34

1.26

1.19

1.32

Past research suggests some reasons for the increased digital
MSK program use among older generations that we observed.
First, age interacts with attitude about digital health technology
to influence adoption. In paying more attention to their MSK
pain, older generations may be more likely than younger adults
to use the digital MSK program (27). Second, members of older
generations may have appreciated that the programs enabled
them to manage their needs themselves and at home, especially
among those with mobility or transportation access challenges
(16). Third, older generations may have decided to use this
technology because they viewed digital health for MSK as being
useful and aligned with their needs and values (28). Fourth,
support and interaction with live coaches may have further
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encouraged engagement and helped members to form an exercise
habit (29, 30). Evidence suggests that older adults may respond
better than younger adults to exercise counseling and education
similar to that offered by the program (31).
The second study objective examined change in clinical
outcomes among digital MSK program participants, by
generation. We did not detect significant differences in changes
in pain when comparing older generations to Gen Zers and
Millennials. This is in contrast with previous research showing
that the benefits of exercise on pain are often more pronounced
among younger adults (32). When viewed in conjunction with
program use, we interpret our result as showing that older
generations need to do more exercise and read more articles
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TABLE 4 | Change in clinical outcomes, by generation.
Outcome

Generation (n = people with
pre and post scores)

Descriptive
Mean

Change in pain score

Outcome

Improvement in
moderate or severe
anxiety at baseline to
12 weeks

Improvement in
moderate or severe
depression at baseline
to 12 weeks

Unadjusted model

(SD)

Beta

95% CI

Adjusted model
Beta

95% CI

Gen Z and Millennial (n = 4,000)

−27.13

(23.39)

Ref

Gen X (n = 6,861)

−28.21

(23.60)

−1.08

−2.00

−0.17

−0.85

Ref
−1.77

0.07

Working age Baby Boomer
(n = 4,607)

−27.28

(23.39)

−0.15

−1.14

0.84

−0.39

−1.40

0.62

Retiree age Baby Boomer and
Silent Generation (n = 739)

−25.60

(23.09)

1.53

−0.29

3.34

0.46

−1.37

2.29

Generation (n = number with
moderate or severe
symptoms at baseline)

Percent with change by week 12 (%)

Gen Z and Millennial (n = 1,308)

79.28

Ref

Gen X (n = 1,603)

81.16

1.13

0.94

1.35

1.17

0.97

1.42

Working age Baby Boomer
(n = 714)

87.82

1.88

1.45

2.45

2.05

1.56

2.69

Retiree age Baby Boomer and
Silent Generation (n = 81)

91.36

2.76

1.26

6.07

2.71

1.19

6.20

Gen Z and Millennial (n = 967)

78.39

Ref

Gen X (n = 1,304)

77.76

0.96

0.79

1.18

1.05

0.85

1.30

Working age Baby Boomer
(n = 647)

81.14

1.19

0.92

1.52

1.31

1.01

1.71

Retiree age Baby Boomer and
Silent Generation (n = 69)

85.51

1.63

0.82

3.24

1.47

0.72

2.98

OR

to achieve similar changes in pain as younger participants. To
better support older adults, future research can examine in
greater depth characteristics of older adults (e.g., self-efficacy,
environmental factors) who may need to engage more in digital
health programs to experience meaningful clinical outcomes.
We also found that older generation was associated with
higher odds of anxiety improvement at 12 weeks compared to
Gen Zers and Millennials. Previous reviews have shown the
effect of 3–12 week exercise programs on improving anxiety,
but have found no moderating effect of age (33). The reasons
for our program’s impact on anxiety among older adults are
unclear and warrant additional research. One possibility may
be that our program focuses on MSK-related concerns like fall
prevention among older adults and addresses anxiety associated
with fall-related concerns (34).
Our study participants may not be representative of older
adults generally as the study only includes people who opted into
a digital MSK program. First, a previous study of a nationally
representative sample of older adults found that older adults are
less likely to use health information technology vs. younger adults
(35). In contrast, our study suggests that older adults who do
choose to use a digital MSK program are even more engaged
than younger adults. Second, we do not have information about
the number eligible for the program or their characteristics. It
is not clear how many people were offered the opportunity to
participate and if program registration differed by generation.
Our program may have included early digital MSK adopters who

Frontiers in Digital Health | www.frontiersin.org

Unadjusted model
95% CI

Adjusted model
OR

95% CI

Ref

Ref

were more motivated to use or comfortable using technology in
daily life. This is in contrast to reports that older adults have less
awareness, less trust, lower self-efficacy, and more security and
quality concerns about new health technologies (36, 37). Future
research can examine self-selection into or out of digital health
programs to better tailor programming to later adopters (38).
To ensure that digital health programs meet the needs of later
adopters, programs should adhere to design best practices that
focus on usability and accessibility for older users and persons
with disabilities (39).
We examine generational differences in digital MSK program
use and outcomes, but generation is a proxy for knowledge,
skills, attitudes, and motivations that influence engagement
(40). Future research could measure these constructs directly
and examine the mediating and moderating effects of age or
generation (27).
We use a behavior-based definition of program use that
consists of program completion and number of exercises, articles
accessed, and coach messages. But these measures may not reflect
the “depth” of interaction with the digital MSK program as the
measures do not capture affective and cognitive engagement (41).
Future research can incorporate broader engagement constructs
relevant to older adults and examine the relationship between
context, engagement, and behavior change (42).
This study likely omitted important system, predisposing,
and enabling factors that influence both program use and
health outcomes. For example, the program does not collect
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predisposing factors such as education or income or enabling
factors such as internet access. Further, this prevents us from
comparing our study sample to the general adult population to
assess generalizability of findings.
This is an observational study that included consecutive
program participants meeting inclusion criteria. The large
sample sizes in this study may have resulted in detection of
spurious relationships between generation and outcomes. In
addition, we cannot establish the program’s causal effect on
pain improvements. However, the results provide evidence about
program applicability in the real world with a wide range of ages.
Findings from our study confirm that older generations
actively use a digital MSK program that involves app and
sensor-guided exercise, app-based education, and remote health
coaches. On average, older generations interact with a digital
MSK program more than younger counterparts and may
experience similar improvements in health outcomes. A digital
MSK program holds promise for the growing population of older
adults with chronic MSK pain.
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$PLUGHOIDQHWDO

SHULSKHUDO QHUYH VWLPXODWLRQ :KLOH WKHVH WHFKQRORJLHV
KDYH LPSURYHG RSWLRQV IRU SDLQ FRQWURO WKH\ UHTXLUH VXU
JLFDO LPSODQWDWLRQ ZKLFK LQFUHDVHV ULVNV WR SDWLHQWV DQG
FRVWV WR SD\RUV $V D UHVXOW WKHUH FRQWLQXHV WR EH D JUHDW
QHHG IRU DQ HIIHFWLYH GUXJIUHH QRQLPSODQWHG WUHDWPHQW
IRU&/%3
7UDQVFXWDQHRXV HOHFWULFDO QHUYH VWLPXODWLRQ 7(16  LV
D IRUP RI HOHFWULFDO VWLPXODWLRQ WKHUDS\ XVHG E\ SDLQ
SK\VLFLDQV DQG SK\VLRWKHUDSLVWV WR WUHDW ERWK FKURQLF DQG
DFXWH IRUPV RI PXVFXORVNHOHWDO SDLQ 6WXGLHV KDYH GHWHU
PLQHG WKDW ZKLOH 7(16 FDQ EH HIIHFWLYH IRU WHPSRUDU\
WUHDWPHQWRIPXVFXORVNHOHWDOSDLQLWKDVQRWEHHQGHPRQ
VWUDWHG WR EH HIIHFWLYH IRU ORQJWHUP WUHDWPHQW RI FKURQLF
PXVFXORVNHOHWDOSDLQ $VLJQL¿FDQWOLPLWDWLRQIRU7(16LV
WKHDELOLW\WRGHOLYHUDGHTXDWHDQGSUHFLVHHOHFWULFDO¿HOGV
WKURXJK WKH VNLQ ZKLFK DFWV DV D UHVLVWRU 0HWKRGV WR
RYHUFRPH WKH FDSDFLWDQFH RI WKH VNLQ VWUXFWXUHV LQFOXGH
KLJKHU HQHUJ\ GHOLYHU\ LQFUHDVHG FXUUHQW RU LQWHQVLW\  RU
KLJKHUYROWDJHLQRUGHUWRFKDUJHWKHVNLQVWUXFWXUHVVXFK
WKDW VXEVHTXHQW ¿HOG FKDUJHV PD\ SDVV WKURXJK WKH VNLQ
6WXGLHV KDYH GHPRQVWUDWHG WKDW KLJKIUHTXHQF\ IRUPV RI
HOHFWULFDOVWLPXODWLRQ N+]DQGJUHDWHUIUHTXHQFLHV DUH
HIIHFWLYH IRU WKH WUHDWPHQW RI FKURQLF DQG DFXWH SDLQ DQG
DUHWKRXJKWWREHGXHWRWKHGLIIHUHQWPHFKDQLVPRIDFWLRQ
RI KLJKIUHTXHQF\ QHXURPRGXODWLRQ± 7KH XOWUDKLJK
IUHTXHQF\V\VWHPNQRZQDVKLJKIUHTXHQF\LPSXOVHWKHU
DS\ +),7 LQYROYHVXVLQJVSHFL¿FZDYHIRUPVLQWKH±
N+]UDQJHWRERWKRYHUFRPHWKHUHVLVWDQFHRIWKHVNLQ
DQGWRGHOLYHUDKLJKHUIUHTXHQF\WKDQ7(166WXGLHVKDYH
DOVR GHPRQVWUDWHG WKDW KLJK IUHTXHQF\ HOHFWULFDO VWLPXOD
WLRQFDQDIIHFWWKH¿ULQJRIDFWLRQSRWHQWLDOV
7KLVVWXG\GHVFULEHVDSLORWVWXG\XVLQJDQ+),7GHYLFH
(QVR6DQ)UDQFLVFR&$ LQRUGHUWRHYDOXDWHWKHLPSDFWRQ
SDLQUHGXFWLRQDQGLQFUHDVHLQIXQFWLRQDPRQJSDWLHQWVZLWK
&/%3:HK\SRWKHVL]HWKDWWKHFRKRUWUDQGRPL]HGWRXVHWKH
+),7 GHYLFH ZLOO KDYH D FOLQLFDOO\ VLJQL¿FDQW LQFUHDVH LQ
IXQFWLRQ DQG D FOLQLFDOO\ VLJQL¿FDQW GHFUHDVH LQ EDFN SDLQ
FRPSDUHGWRWKHVKDPJURXS7KLVVWXG\DOVRDLPVWRH[DPLQH
SDWLHQWXVHRIWKH+),7GHYLFHYHUVXVWKHVKDPGHYLFH

0HWKRGV
6WXG\'HVLJQ

7KLV LV D SLORW GRXEOHEOLQG SODFHERFRQWUROOHG UDQGR
PL]HGWULDOGHVLJQHGWRDVVHVVIXQFWLRQDODQGSDLQRXWFRPHV
RIXWLOL]LQJDQ+),7GHYLFHLQVXEMHFWVZLWK&/%3GXHWR
PHFKDQLFDOEDFNSDLQGHJHQHUDWLYHGLVFGLVHDVHGHJHQHUD
WLYH DUWKULWLV RU GLVF FRPSUHVVLRQ 3DWLHQW UHFUXLWPHQW DQG
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RUWKRSHGLFDQGSDLQFHQWHUV LQ&DOLIRUQLD86$3DWLHQWV
ZHUHHYDOXDWHGDWEDVHOLQHDQGWKHQZLWKZHHNO\IROORZXS
YLVLWVIRUZHHNV7KHSUHOLPLQDU\LQWHULPZHHNUHVXOWV
IURPWKH¿UVWSDWLHQWVHQUROOHGLQWKLVSURWRFRODUHSUH
VHQWHGKHUH7KHVWXG\ZDVUHJLVWHUHGRQ&OLQLFDO7ULDOVJRY
,GHQWL¿HU 1&7  DSSURYHG E\ WKH LQVWLWXWLRQDO
UHYLHZ ERDUGV RI 8QLYHUVLW\ RI &DOLIRUQLD 6DQ )UDQFLVFR
8&6) DQGFRQGXFWHGLQDFFRUGDQFHZLWKWKH'HFODUDWLRQ
RI+HOVLQNL

3DUWLFLSDQWV

6XEMHFWVZHUHHYDOXDWHGFRQVHQWHGDQGHQUROOHGEDVHGRQ
WKH SURWRFRO¶V LQFOXVLRQ DQG H[FOXVLRQ FULWHULRQ .H\
LQFOXVLRQ FULWHULD ZHUH   0HFKDQLFDO RU QRQVSHFL¿F
D[LDOEDFNSDLQDVGLDJQRVHGE\DERDUGFHUWL¿HGSK\VL
FLDQ   %DVHOLQH SDLQ RI   RXW RI  RQ WKH
1XPHULFDO 5DWLQJ 6FDOH 156    )XQFWLRQDO GHELOLWD
WLRQ E\ SDLQ HJ GLI¿FXOW\ ZDONLQJ    0LQLPDO UDGL
FXODU V\PSWRPV ZLWK QR HIIHFW RQ IXQFWLRQDOLW\
PHGLFDWLRQ RU TXDOLW\ RI OLIH   ([SUHVVLQJ GLVDELOLW\ 
 GXH WR /%3 EDVHG RQ /LNHUW VFDOH  DQG  
([SHULHQFLQJFKURQLFSDLQIRUPRQWKV.H\H[FOXVLRQ
FULWHULD LQFOXGHG   1RW RZQLQJ RU KDYLQJ DFFHVV WR
D VPDUWSKRQH   6SLQDO LQVWDELOLW\ MRLQW LQVWDELOLW\ RU
 JUDGH  VSRQG\OROLVWKHVLV ZLWK LQVWDELOLW\   3ULPDU\
V\PSWRPVGXHWRVSLQDOVWHQRVLV  'LDJQRVLVRIFDQFHU
RU PDOLJQDQW WXPRUV LQ WKH ODVW  \HDUV DQG  
8QGHUJRLQJVXUJHU\WRVROYHSDLQUHODWHGWRVWXG\LQGLFD
WLRQLQWKHSDVWPRQWKV
7KHWUHDWPHQWJURXSZDVJLYHQDQ+),7GHYLFH )LJXUH 
DQGLQVWUXFWHGWRXVHWKHGHYLFHIRURQHKRXURUPRUHGDLO\
7KHFRQWUROJURXSZDVSURYLGHGZLWKDVKDP+),7GHYLFH
WKDW GLVSOD\HG /(' OLJKW DQLPDWLRQV LQ RUGHU WR VLPXODWH
WUHDWPHQW ZLWKRXWGHOLYHULQJHOHFWULFDOSXOVHV DQGLQVWUXFWHG
WRXVHWKHGHYLFHIRURQHKRXURUPRUHGDLO\,QERWKJURXSV
SDWLHQWVDSSOLHGWKHGHYLFHWKHPVHOYHVDQGFRQWUROOHGWUHDW
PHQW GXUDWLRQV DQG LQWHQVLWLHV WKURXJK D VPDUWSKRQH DSS
7KH DSS LQFOXGHG D +,3$$ FRPSOLDQW FKDW IHDWXUH WKDW
DOORZHGVXEMHFWVWRDVNTXHVWLRQVDQGUHVROYHWHFKQLFDOLVVXHV
HJ SDG XVH RU SODFHPHQW $ VWXG\ FRRUGLQDWRU DOVR FRQ
WDFWHG SDUWLFLSDQWV LQ ERWK JURXSV WKUHH WLPHV SHU ZHHN WR
SURYLGHVXSSRUWDQGDQVZHUTXHVWLRQV

5DQGRPL]DWLRQ

&OLQLFLDQV DW SDUWLFLSDWLQJ FOLQLFDO VLWHV GHWHUPLQHG HOLJ
LELOLW\GXULQJWKHSDWLHQWV¶DSSRLQWPHQWVDQGGHVFULEHGWKH
VWXG\ 5HVHDUFK FRRUGLQDWRUV DW WKH FOLQLFDO VLWHV WKHQ
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)LJXUH+),7'HYLFH
1RWHV+),7GHYLFH OHIW +),7GHYLFHZRUQRQPRGHO ULJKW 
$EEUHYLDWLRQ+),7KLJKIUHTXHQF\LPSXOVHWKHUDS\

FRQGXFWHG WKH LQIRUPHG FRQVHQW SURFHVV 6XEMHFWV ZHUH
UDQGRPL]HG  WR UHFHLYH HLWKHU DQ +),7 GHYLFH RU
D VKDP +),7 GHYLFH WR VXSSOHPHQW WKHLU H[LVWLQJ SDLQ
UHJLPHQW $OORFDWLRQ FRQFHDOPHQW ZDV HQVXUHG XVLQJ WKH
VHTXHQWLDOO\QXPEHUHGRSDTXHVHDOHGHQYHORSHV 6126( 
PHWKRG 3DUWLFLSDQWV LQYHVWLJDWRUV DQG VWDII LQWHUDFWLQJ
ZLWK SDWLHQWV ZHUH DOO EOLQGHG WR VXEMHFW DVVLJQPHQWV DQG
GLG QRW KDYH DFFHVV WR LQIRUPDWLRQ UHJDUGLQJ ZKLFK
SDWLHQWV UHFHLYHG D IXQFWLRQDO GHYLFH DQG ZKLFK SDWLHQWV
UHFHLYHG D VKDP GHYLFH 3DUWLFLSDQWV ZHUH WROG WKDW
GHSHQGLQJ RQ WKH WUHDWPHQW WKH\ UHFHLYHG WKH GHYLFH
PD\RUPD\QRWSURYLGHDVHQVDWLRQ6WXG\VLWHFRRUGLQD
WRUV H[SODLQHG LW ZDV SRVVLEOH WR GHOLYHU KLJK IUHTXHQF\
HOHFWULFDOHQHUJ\DFURVVWKHVNLQZLWKRXWVHQVDWLRQ
2Q ZHHNV    DQG  SDWLHQWV ZHUH SURPSWHG E\
D VPDUWSKRQH DSS WR ¿OO RXW TXHVWLRQQDLUHV FRQFHUQLQJ
IXQFWLRQDOLW\ DQG TXDOLW\ RI OLIH 3DWLHQWV DOVR YLVLWHG WKH
FOLQLFDJDLQWRSHUIRUPIROORZXSWHVWLQJIRUIXQFWLRQDOLW\
WKURXJKWKH6L[0LQXWH:DONLQJ7HVW 0:7 DQG7LPHG
8S DQG *R 7HVW 78*  DW ZHHNV    DQG  $IWHU WKH
ZHHN YLVLW SDUWLFLSDQWV ZHUH LQIRUPHG RI JURXS
DVVLJQPHQW

2XWFRPHV

7KH SULPDU\ RXWFRPH RI WKH VWXG\ ZDV 0:7 XWLOL]HG
WR DVVHVV IXQFWLRQDO PRELOLW\ 0:7 PHDVXUHV WKH GLV
WDQFH ZDONHG LQ PHWHUV  ZLWKLQ  PLQXWHV ZLWK KLJKHU
YDOXHV LQGLFDWLQJ EHWWHU RXWFRPHV 6HFRQGDU\ RXWFRPHV
PHDVXULQJ IXQFWLRQDO PRELOLW\ LQFOXGHG WKH 78* WHVW
ZKLFK PHDVXUHV WKH WLPH LW WDNHV LQ VHFRQGV  WR VWDQG
ZDONPHWHUVDQGUHWXUQWRDVHDWHGSRVLWLRQDVZHOODV

WKH2VZHVWU\'LVDELOLW\,QGH[ 2', ZKLFKUDQJHVIURP
 ³QR GLVDELOLW\´  WR  ³PRVW GLVDELOLW\´ 
7KH 1XPHULFDO 5DWLQJ 6FDOH 156  ZDV XVHG WR HYDO
XDWH SDLQ ZKHUH VFRUHV UDQJHG IURP  ³QR SDLQ´  WR 
³ZRUVWSDLQLPDJLQDEOH´ 7KH3DWLHQW*OREDO,PSUHVVLRQ
RI&KDQJH 3*,& ZDVXVHGWRPHDVXUHWKHSDWLHQW¶VEHOLHI
DERXWWKHHI¿FDF\RIWUHDWPHQWZKLFKUDQJHGIURP ³QR
FKDQJH´  WR ³D JUHDW GHDO EHWWHU´  ,Q RUGHU WRHYDOXDWH
ZKHWKHU VXEMHFWV LQ RQH JURXS XVHG WKHLU GHYLFH PRUH
IUHTXHQWO\WKDQDQRWKHUJURXSGHYLFHXWLOL]DWLRQZDVDOVR
PHDVXUHGWKURXJKWKHDSS LQKRXUVSHUZHHN 
$OO RXWFRPH PHDVXUHV ZHUH DVVHVVHG DW SUHGH¿QHG
VWXG\ YLVLWV EDVHOLQH    DQG  ZHHNV 
)XQFWLRQDOLW\ WHVWV ZHUH DGPLQLVWHUHG E\ D FOLQLFLDQ DW
D FOLQLFDO VLWH 3DWLHQWUHSRUWHG RXWFRPH PHDVXUHV ZHUH
UHFRUGHG WKURXJK VHOIDGPLQLVWHUHG TXHVWLRQQDLUHV FRP
SOHWHG E\ SDWLHQWV 'DWD ZDV FROOHFWHG WKURXJK GDLO\ VXU
YH\VDQGZHHNO\TXHVWLRQQDLUHVYLDDVPDUWSKRQHDSS

6WDWLVWLFDO$QDO\VLV

%HFDXVHWKLVZDVDSLORWVWXG\IRUPDOVDPSOHVL]HFDOFXOD
WLRQV ZHUH QRW FRQGXFWHG +RZHYHU WR HQVXUH D UHOLDEOH
HVWLPDWH LQ SRZHULQJ D IXWXUH IXOOVFDOH VWXG\ ZLWK 
VWDWLVWLFDOSRZHUDPLQLPXPRISDUWLFLSDQWVSHUWUHDWPHQW
DUPLVUHFRPPHQGHGLIDPRGHUDWHHIIHFWVL]HEHWZHHQ
DQGLVH[SHFWHG 7RHQVXUHWKHYDOLGLW\RISLORWVWXGLHV
 WR  SDUWLFLSDQWV SHU WUHDWPHQW DUP DUH W\SLFDOO\
UHTXLUHG 7KHSUHVHQWVWXG\HQUROOHGDWRWDORISDUWLFL
SDQWV7KHUHVXOWVRIWKLVSLORWVWXG\ZLOOEHXVHGWRSURYLGH
WKHQHFHVVDU\SDUDPHWHUVIRUDIXWXUHODUJHUWULDO
%DVHOLQH GHPRJUDSKLF DQG FOLQLFDO FKDUDFWHULVWLFV ZHUH
SUHVHQWHG DV SURSRUWLRQV RU DV PHDQV ZLWK VWDQGDUG

-RXUQDORI3DLQ5HVHDUFK



KWWSVGRLRUJ-356

DovePress

$PLUGHOIDQHWDO

GHYLDWLRQV 7R DVVHVV LPSURYHPHQW WKH 0DQQ±:KLWQH\
8WHVW ZDV XVHG WR FRPSDUH ZKHWKHU FKDQJHV LQ VFRUHV
IURPEDVHOLQHWRZHHNVLQWKHWUHDWPHQWJURXSZHUHJUHDWHU
WKDQ WKH FRQWURO JURXS ZKHUH D RQHVLGHG S   ZDV
FRQVLGHUHGVWDWLVWLFDOO\VLJQL¿FDQW(IIHFWVL]HV &RKHQ¶V G 
ZHUHHVWLPDWHGWRVKRZWKHPDJQLWXGHRIWKHH[SHULPHQWDO
HIIHFWFRQ¿GHQFHLQWHUYDOV &, DURXQGHIIHFWVL]HZHUH
HVWLPDWHG E\ ERRWVWUDS XVLQJ  UHSOLFDWLRQV 
/RQJLWXGLQDO UHVXOWV ZHUH DVVHVVHG XVLQJ WZRZD\ PL[HG
DQDO\VLV RI YDULDQFH $129$  %RQIHUURQL FRUUHFWLRQ ZDV
XVHG WR FRUUHFW IRU PXOWLSOH FRPSDULVRQV &RPSOHWH FDVH
DQDO\VLV ZDV XVHG $QDO\VHV ZHUH SHUIRUPHG XVLQJ
5YHUVLRQ 5&RUH7HDP9LHQQD$XVWULD 

5HVXOWV
3RSXODWLRQ&KDUDFWHULVWLFV

)URP $SULO  WR 6HSWHPEHU  SDWLHQWV ZHUH
HQUROOHG DQG DVVHVVHG IRU HOLJLELOLW\ ZLWK  VXEMHFWV SUR
FHHGLQJWKURXJK EDVHOLQH HYDOXDWLRQV DQG UDQGRPL]HG 
+),7WKHUDS\VKDP)LJXUH 7KHDYHUDJHDJHRIDOO
UDQGRPL]HG VXEMHFWV ZDV    PHDQ  6'  \HDUV
DQGWKHDYHUDJHOHQJWKRIFKURQLFEDFNSDLQZDV
\HDUV7KHDYHUDJHEDVHOLQH0:778*156SDLQDQG
2', VFRUHV ZHUH    PHWHUV    VHFRQGV

Dovepress

   DQG    UHVSHFWLYHO\ %DVHOLQH FKDUDF
WHULVWLFVIRUWKHWZRJURXSVDUHVKRZQLQ7DEOH

2XWFRPHV
)XQFWLRQ

7KHVWXG\H[DPLQHGSDWLHQWIXQFWLRQRYHUWLPH3DWLHQWVZKR
ZHUH UDQGRPL]HG WR +),7 KDG D VLJQL¿FDQWO\ JUHDWHU
LPSURYHPHQW LQ 0:7 SULPDU\ RXWFRPH  WKDQ VXEMHFWV
ZKRUHFHLYHGWKHVKDPGHYLFHDW:HHN YV
PHWHUVS  >&RKHQ¶VG &, 
 @:HHN YVPHWHUV
S  >  @DQG:HHN YV
PHWHUVS  >  @FRP
SDUHGWRWKHLUEDVHOLQHVFRUHV 7DEOH 
$GGLWLRQDOO\ VXEMHFWV ZKR UHFHLYHG WKH +),7 GHYLFH
DOVRKDGDVLJQL¿FDQWO\JUHDWHULPSURYHPHQWLQ78*WKDQ
VXEMHFWVZKRUHFHLYHGWKHVKDPGHYLFHDW:HHN í
 YV í   VHFRQGV S    > 
 @1RVLJQL¿FDQWGLIIHUHQFHVZHUHIRXQGEHWZHHQWKH
2',VFRUHVRIWKHJURXSV

3DLQ
:KHQ H[DPLQLQJ SDLQ ZH IRXQG D VLJQL¿FDQWO\ JUHDWHU
LPSURYHPHQWLQ156SDLQVFRUHVLQSDWLHQWVZKRUHFHLYHG
WKH+),7GHYLFHDW:HHN íYVí

)LJXUH)ORZFKDUW
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7DEOH%DVHOLQH&KDUDFWHULVWLFV
7UHDWPHQW 1 

&RQWURO 1 

7RWDO 1 
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$JH \HDUV
0HDQ6'
0LQ²0D[
6H[²IUHT 
0DOH
)HPDOH

:HLJKW OEV
0HDQ6'
/HQJWKRISDLQ \HDUV
0HDQ6'
0:7 PHWHUV
0HDQ6'
78* VHFRQGV
0HDQ6'
1563DLQ
0HDQ6'
2',
0HDQ6'
3*,&
0HDQ6'

$EEUHYLDWLRQV6'VWDQGDUGGHYLDWLRQ0:76L[0LQXWH:DON7HVW78*7LPHG8SDQG*R1561XPHULFDO5DWLQJ6FDOH2',2VZHVWU\'LVDELOLW\,QGH[

S  >  @DQG:HHN íYV
íS  >  @

%HOLHIVDQG'HYLFH8VDJH
7KH VWXG\ DOVR H[DPLQHG EHOLHIV DERXW WUHDWPHQW HI¿FDF\
DQG KRZ RIWHQ GHYLFHV ZHUH XVHG HDFK ZHHN :H IRXQG
WKDW SDWLHQWV DVVLJQHG WR WKH +),7 GHYLFH UHSRUWHG
DVLJQL¿FDQWO\JUHDWHULPSURYHPHQWLQ3*,&WKDQVXEMHFWV
ZKR UHFHLYHG WKHVKDPGHYLFH DW:HHN   YV
   S    >   @ DQG :HHN 
YVS  >  @
FRPSDUHGWRWKHLUEDVHOLQHVFRUHV
)XUWKHUPRUH ZH DOVR IRXQG WKDW VXEMHFWV ZKR ZHUH
SURYLGHGZLWKD+),7GHYLFHXVHGWKHLUGHYLFHVLJQL¿FDQWO\
PRUH RIWHQ WKDQ VXEMHFWV ZKR KDG UHFHLYHG D VKDP GHYLFH
YVKRXUVSHUZHHNS  
,QWZRZD\PL[HG$129$IRUUHSHDWHGPHDVXUHVWKHUH
ZDV QRWHQRXJKHYLGHQFHWRVKRZDVWDWLVWLFDOO\VLJQL¿FDQW
WZRZD\ LQWHUDFWLRQ EHWZHHQ WUHDWPHQW DQG WLPH IRU WKH

RXWFRPHVRILQWHUHVW7KHUHZDVDVLJQL¿FDQWPDLQHIIHFWRI
WLPHRQ0:7>)   S@78*>)
  S@156SDLQ>)   
S@2',>)   S@DQG
3*,&>)   S@GHPRQVWUDWLQJWKDW
WKH PHDQ RXWFRPH VFRUHV DIWHU WKH +),7 WUHDWPHQW ZHUH
VLJQL¿FDQWO\ EHWWHU WKDQ WKH PHDQ RXWFRPH VFRUHV EHIRUH
WKHWUHDWPHQW

'LVFXVVLRQ

7R GDWH WKLV LV WKH ¿UVW SLORW 5&7 VWXG\ WR XWLOL]H XOWUD
KLJK IUHTXHQF\ WUDQVFXWDQHRXV VWLPXODWLRQ IRU WKH WUHDW
PHQW RI &/%3 ([SORUDWRU\ DQDO\VHV VKRZHG LPSURYHG
IXQFWLRQ SDLQ DQG GHYLFH XVDJH RXWFRPHV LQ WKH +),7
DFWLYH DUP FRPSDUHG WR WKH VKDP DUP DV D WUHQG RYHU
WLPH )LJXUH 5HVXOWVLQGLFDWHDVWDWLVWLFDOLPSURYHPHQW
LQIXQFWLRQDORXWFRPHV0:7DQG78*RYHUWLPHEXWQRW
LQ2',$OWKRXJKDOODUHIXQFWLRQDORXWFRPHV0:7DQG

-RXUQDORI3DLQ5HVHDUFK
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78*

1563DLQ

2',

3*,&

1RWHV0DQQ²:KLWQH\8WHVWRIWLPHSRLQWYHUVXVÀUVWWLPHSRLQW S&RKHQ·V
PHWULFIRUHIIHFWVL]HVVPDOOPHGLXP²ODUJH
$EEUHYLDWLRQV 0:7 6L[ 0LQXWH :DON 7HVW 78* 7LPHG 8S DQG *R 156
1XPHULFDO 5DWLQJ 6FDOH 2', 2VZHVWU\ 'LVDELOLW\ ,QGH[ 3*,& 3DWLHQW *OREDO
,PSUHVVLRQRI&KDQJH

78*DUHDVVHVVHGE\DFOLQLFLDQZKHUHDV2',LVDVVHVVHG
E\WKHSDWLHQW$GGLWLRQDOO\WKH2',TXHVWLRQQDLUHIRFXVHV
RQDFWLYLWLHVRIGDLO\OLYLQJUDWKHUWKDQDWLPHGWHVWZKLFK
PD\ UHVXOW LQ GLIIHUHQFHV LQ LPSURYHPHQW 3DWLHQWV PD\
H[SHULHQFH UHOLHI LQ GLIIHUHQW RXWFRPHV DW GLIIHUHQW WLPHV
ZKLFKLVLQOLQHZLWKRWKHUQHXURPRGXODWLRQVWXGLHVLQWKDW
LW RIWHQ WDNHV VL[ PRQWKV RU ORQJHU WR IHHO UHOLHI
2YHUDOO UHVXOWV VXSSRUW WKH SRVVLELOLW\ RI WHVWLQJ ZKHWKHU
WKHUH LV UREXVW LPSURYHPHQW LQ IXQFWLRQ DQG SDLQ ZLWK
+),7WUHDWPHQWLQDIXOOVFDOHUDQGRPL]HGFRQWUROOHGWULDO
$OWKRXJKVWXGLHVKDYHVKRZQWKDWRSLRLGVFDQEHHIIHF
WLYH LQ SDLQ UHGXFWLRQ LQGLYLGXDO DGYHUVH HYHQWV VXFK DV
QDXVHD YRPLWLQJ GL]]LQHVV DQG FRQVWLSDWLRQ DUH PRUH
IUHTXHQWLQRSLRLGXVHUV ,QDPHWDDQDO\VLVRIUDQGR
PL]HG DQG TXDVLUDQGRPL]HG FRQWUROOHG WULDOV WKDW FRP
SDUHG RUDO RU WUDQVGHUPDO RSLRLGV ZLWK QR WUHDWPHQW LQ
SDWLHQWV ZLWK KLS RU NQHH RVWHRDUWKULWLV WKHUH ZDV
DGLIIHUHQFHLQLPSURYHPHQWRIEHWZHHQRSLRLGVDQG
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SODFHEREXWSDWLHQWVUHFHLYLQJRSLRLGVKDGWLPHVWKH
ULVNRIGURSSLQJRXWGXHWRDGYHUVHHYHQWVFRPSDUHGZLWK
SDWLHQWV ZKR ZHUH QRW 5HVXOWV IURP FRQWUROOHG FOLQLFDO
WULDOV VKRZ DSSUR[LPDWHO\ ± RI SDWLHQWV ZLWK
FKURQLF QRQFDQFHU SDLQ IDLO RSLRLG WKHUDS\ DQG WKRVH
ZKR GR UHVSRQG UHSRUW PLOG RU PRGHUDWH UHGXFWLRQ LQ
SDLQ IRU D VKRUW WHUP :KHQ LQWHUPLWWHQWO\ SUHVFULEHG
RSLRLGV SURYLGH D YHU\ ORZJUDGH FHUWDLQW\ RI HYLGHQFH
ZKHQLWFRPHVWRHYDOXDWLQJPHDQLQJIXOUHVSRQVHVWRWUHDW
PHQW )XUWKHUPRUH RSLRLGV DOVR FRPH ZLWK WKH ULVN RI
DGGLFWLRQPLVXVHDQGRYHUGRVH
,Q FRPSDULVRQ ZLWK 7(16 GHYLFHV +),7 DOVR VKRZV
SURPLVLQJ UHVXOWV $OWKRXJK 7(16 KDV EHHQ ZLGHO\ XVHG
IRU RYHU  \HDUV DV D WKHUDSHXWLF FRPSOHPHQW WR SDLQ
PDQDJHPHQW WKHUH LV FRQÀLFWLQJ HYLGHQFH LQ VKRZLQJ LWV
HIIHFWLYHQHVV IRU &/%3 ,Q D TXDOLWDWLYH V\QWKHVLV VWXG\
UHVXOWVIURPIRXUSODFHERFRQWUROOHGUDQGRPL]HGFRQWUROOHG
WULDOVIDLOHGWRFRQVLVWHQWO\GHPRQVWUDWHZKHWKHU7(16ZDV
EHQH¿FLDO LQ LPSURYLQJ &/%3 )XUWKHUPRUH D PHWD
DQDO\VLV RI WZHOYH UDQGRPL]HG 7(16 VWXGLHV LQ WUHDWLQJ
&/%3VXJJHVWHGWKDW7(16PD\RIIHUVKRUWWHUPLPSURYH
PHQWRIIXQFWLRQDOGLVDELOLW\EXWGLGQRWVKRZLPSURYHPHQW
RI /%3 ([HUFLVH WKHUDS\ KDV EHHQ VKRZQ WR SURYLGH
D FOLQLFDOO\ PHDQLQJIXO UHGXFWLRQ LQ SDLQ DQG KDV DOVR
EHHQ RQH RI WKH RQO\ LQWHUYHQWLRQV WKDW GHPRQVWUDWHV VXV
WDLQHGLPSURYHPHQWDQGUHOLHI %HFDXVHRIWKHHYLGHQFH
EHKLQGWKHVXFFHVVRIFRQVHUYDWLYHWKHUDSLHVVXFKDVH[HU
FLVH+),7VKRXOGQRWEHDVXEVWLWXWHIRUH[HUFLVHWKHUDS\
EXW FDQ LQVWHDG EH XVHG WR VXSSOHPHQW DQG VXSSRUW VXFK
DSSURDFKHV$VDFRPSOHPHQWWRH[HUFLVHWKHUDS\+),7FDQ
ZRUN LQ FRQMXQFWLRQ E\ SURGXFLQJ VKRUWWHUP SDLQ UHOLHI
ZKLFK PD\ DOORZ SDWLHQWV WR H[HUFLVH PRUH FRPIRUWDEO\
DQG PLQLPL]H SRVWH[HUFLVH SDLQ %\ XVLQJ ERWK WKHUDSLHV
WRJHWKHU SDWLHQWV PD\ EH DEOH WR ZRUN WRZDUGV DFKLHYLQJ
ERWKVKRUWWHUPDQGORQJWHUPSDLQUHOLHI
7KHUH DUH VHYHUDO LQKHUHQW DGYDQWDJHV WR +),7 WKHUDS\
7KH WKHUDS\ FDQ EH FRQWLQXHG RU GLVFRQWLQXHG TXLFNO\ DQG
GRHVQRW UHTXLUH VXUJLFDOLQWHUYHQWLRQ0RUHRYHU +),7 SUR
YLGHVSDWLHQWVZLWKDVROXWLRQWKDWGRHVQRWOLPLWIXQFWLRQDQG
SK\VLFDOWKHUDS\SURWRFROVZKHUHDVWUHDWPHQWVVXFKDVRSLRLGV
FDQ FDXVH GURZVLQHVV DQG UHGXFH RYHUDOO IXQFWLRQ 1RW RQO\
GRHV+),7DYRLGWKHSRWHQWLDODGYHUVHVLGHHIIHFWVEXWLWDOVR
SURYLGHVORFDOSDLQUHOLHI ZLWKRXWDIIHFWLQJDQ\RWKHUSDUWVRI
WKHERG\ WKDWLVERWKQRQGUXJEDVHGDQGQRQLQYDVLYH
5HVXOWV IURP WKLV VWXG\ DOVR GHPRQVWUDWHG WKDW GHYLFH
XWLOL]DWLRQ ZDV VLJQL¿FDQWO\ KLJKHU LQ WKH DFWLYH JURXS
WKURXJKRXW WKH FRXUVH RI WKH VWXG\ VXJJHVWLQJ QRW RQO\
SDWLHQWV GLG H[SHULHQFH D GLIIHUHQFH LQ SDLQ UHOLHI ZKHQ
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Abstract
Background: The evidence base for the impact of digital health on musculoskeletal (MSK) outcomes is growing, but
it is unclear how much digital MSK programs address pain and function in the intermediate and long term.
Methods: This observational study of digital MSK program participants versus nonparticipants (n = 2570) examined
pain, function, depression, and anxiety at 3, 6, and 12 months, and health care use at 12 months. The intervention
group engaged in a digital MSK program that included exercise, education, and coaching for at least 3 months. The
nonparticipant group registered, but never started the program. We collected data in app or by emailed survey at 3,
6, and 12 months after registering for the program. We conducted descriptive analyses and unadjusted and adjusted
regression modeling.
Results: The odds ratio of achieving a minimally clinically important difference (MCID) in pain improvement for the
intervention versus the nonparticipant group was 1.97 (95% CI: 1.28, 3.02; p = .002) at 3 months, 1.44 (95% CI: 0.91,
2.25; p = .11) at 6 months, and 2.06 (95% CI: 1.38, 3.08; p = .004) at 12 months in adjusted models. The odds ratio of
achieving a MCID in functional improvement for the intervention versus the nonparticipant group was 1.56 (95%
CI: 1.03, 2.38; p = .01) at 3 months, 1.55 (95% CI: 1.02, 2.37; p = .04) at 6 months, and 1.35 (95% CI: 0.89, 2.06, p = 0.16)
at 12 months in adjusted models. For those with moderate to severe depression or anxiety at baseline, we observed
statistically significant lower odds of moderate to severe depression or anxiety at 3 months, 6 months, and 12 months
for the intervention versus the nonparticipant group in adjusted models (p < .05). At 12 months, the percentage with
invasive, imaging, and conservative services was higher for the nonparticipant versus intervention group by 5.7, 8.1,
and 16.7 percentage points, respectively (p < 0.05).
Conclusions: A digital MSK program may offer participants sustained improvement in pain, depression, and anxiety
with concomitant decreases in health care use.
Keywords: Telemedicine, Musculoskeletal pain, Function, Depression, Anxiety
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Background
Chronic musculoskeletal (MSK) pain is a leading cause of
disability and health care cost in the United States. Rates
of osteoarthritis, back and neck pain, and other MSK
disorders in the United States are among the highest in
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the world, with 134.5 million adults in the United States
reporting MSK conditions in 2018 [1, 2].
Chronic MSK pain lasts or recurs for more than 3
months and may fluctuate in intensity over time [3]. Pain
may be an aching and throbbing sensation in the background; or, pain may be intermittent, sharp, and stabbing
[4]. Chronic MSK pain may hinder activities of daily living, including walking, getting up from sitting, opening
a jar, or reaching overhead. Furthermore, chronic MSK
pain often occurs with and exacerbates depression and
anxiety [5]. Depression and anxiety can also influence
pain severity and duration [6–9].
To improve MSK function, and reduce pain and associated comorbidities, evidence-based clinical guidelines
typically recommend conservative therapies before invasive treatments [10]. First line, conservative therapies
include exercise and education because of their safety
and impact on outcomes [4, 11–14]. For example, a metaanalysis of 3514 trial participants found that exercise
reduced lower back pain an average of 10.7 points out
of 100 and reduced functional limitations by 10.2 points
out of 100 versus control groups [11]. Studies have also
demonstrated the effectiveness of pain neuroscience education with exercise on significantly decreasing pain, disability, kinesiophobia, and pain catastrophizing among
persons with chronic MSK pain [13].
Digital health approaches are now used to deliver conservative therapies via interactive tools. These approaches
may help to facilitate care access because of the convenience of digital health (e.g., members can access services
at all hours and locations and during periods with severe
pain symptoms) [15]. In addition, participants of digital
health programs have seen significant improvements in
knee and back pain [16, 17]. For example, Du et al’s systematic review found moderate-quality evidence that
digital MSK programs resulted in statistically significant
back pain improvements at immediate and short-term
follow-ups and functional improvement at immediate
follow-ups when compared to waiting-list, usual care, or
active controls (e.g., health education) [17].
Although the evidence base for the impact of digital
health on MSK outcomes is growing, previous research
is limited in the following ways. It is still unclear how
much digital MSK programs address pain and function in the intermediate and long term. The impact on
depression and anxiety is not yet well established. Many
previous digital MSK program evaluations are small randomized controlled trials with high internal validity, but
questions remain about how engagement in real world
settings affects program outcomes. Finally, researchers
have not examined how participation in digital MSK programs influences use of traditional, in-person health care
services.
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To address these gaps, our study focused on three
objectives. The primary objective was to examine pain
improvement at 3, 6, and 12 months for digital MSK program participants versus nonparticipants. The secondary
objective was to examine functional and mental health
outcomes at 3, 6, and 12 months for digital MSK program participants versus nonparticipants. For both these
objectives, we hypothesized that digital MSK program
participants would have better outcomes versus nonparticipants at 3, 6, and 12 months. Finally, we explored
self-reported health care use for digital MSK program
participants versus nonparticipants at 12 months. Results
from this study provide evidence about whether a digital
MSK program offers participants sustained improvement
in pain, function, and mental health with concomitant
decreases in health care use.

Methods
Study design

We conducted an observational, longitudinal cohort
study design comparing digital MSK program participants versus nonparticipants.
Digital MSK program description

Employers offered the digital MSK program to employees
and dependents as a health or wellness benefit. Recruitment was conducted through email, workplace posters or
presentations, and mailings. Registration involved creating a member profile and completing a baseline application online. After registering, participants had access to
the program for 1 year. They could renew after 1 year if
their employer continued to offer the program as a health
benefit.
The digital MSK program’s goal was to help participants manage chronic MSK pain by offering exercise
therapy, education, and personal health coaching. Materials provided to registrants included tablet computers
with a program app and wearable motion sensors (InvenSense MPU-6050, TDK Electronics, Tokyo, Japan).
The program delivered exercise therapy and education through “playlists” accessed in the app. Each playlist presented three to five exercises that were specific to
back, knee, shoulder, hip, or neck pain. The curriculum
included more than 60 distinct stretching, strengthening,
balance and mobility exercises. Each playlist included
stretching, strengthening, balance and mobility activities.
The playlist presented 1 to 2 sets of 3 to 10 repetitions
depending on the difficulty and type of exercise, and we
recommended completing playlists at least 3 times per
week. Animations and videos within the app demonstrated how to perform exercises, the number of repetitions, and how long to hold positions. By pairing with the
sensors, the app displayed body position during exercises
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in real-time and provided feedback about the appropriate
range of movement. As participants progressed through
the program, the playlists presented more challenging exercises and/or added more repetitions. Progression was individualized based on how often a member
engaged and completed an exercise playlist. For example,
the app introduced new playlists after the member completed an earlier playlist three times.
After the exercises, the playlist delivered educational
resources about MSK pain-related topics, such as pain
neuroscience, movement, treatment options, coping, lifestyle changes, relaxation, social support, and habit creation. Each playlist was designed to take less than 15 min,
and health coaches (described next) actively encouraged
participants to complete at least three playlists per week
for the first 3 months. Our program retains between 67
to 83% of members through month 3 depending on age
group, with members of different age groups averaging
26 to 45 exercise sessions through month 3 [18]. Participants then had access to the program for the remainder
of the year with decreased coaching. As a wholly virtual
program, participants could choose when and where to
complete playlists.
In addition to exercise and education, the digital
MSK program provided personal support to adhere to
the program. Each participant was matched to a personal, certified health coach. Coaches initiated contact
with participants via text message and communicated
with members asynchronously over time via text message, email, or in-app messaging. In addition, participants could schedule up to three phone calls with health
coaches. The coach acted as a supportive accountability partner to help participants build an exercise habit.
Coaches worked with participants to set goals, identify
challenges to performing exercises, and implement strategies to overcome challenges. Coaches also answered
questions about the technology, playlists, and educational resources. Coaches provided support for the duration of a participant’s engagement with the program. The
intervention group members in the sample sent a total
of 88,565 messages to coaches by month 3, averaging 22
messages per person. This is consistent with our previous
reports [18]. Members could also take part in virtual discussion forums with 20 to 30 others.
Study participants

Study participants met the following criteria: created an
account; provided informed research consent; age 18 or
older; pain in the low back, knee, shoulder, hip, or neck;
baseline visual analog scale (VAS) pain score greater
than 0; pain lasted for at least 12 weeks; and member
covered by employer’s health plan. Exclusion criteria
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were signs of fracture, joint instability, infection, cancer, and cauda equina syndrome. We used the information provided in the baseline application to determine
whether participants met these criteria. We did not
require formal diagnoses from medical providers.
At the time of program registration, we provided an
information sheet about the program and our research.
Only participants who acknowledged reviewing the
information sheet and agreed to the research provisions were included in this study. The study (reference
number #20160949) was reviewed and approved by
WIRB-Copernicus Group® Institutional Review Board
(OHRP/FDA IRB registration number IRB00000533) at
WIRB-Copernicus Group® (1019 39th Avenue SE Suite
120, Puyallup, Washington 98,374–2115). Study subjects acknowledged online that they provided informed
consent before study inclusion. The ethics committee approved the waiver of written documentation
of informed consent because the program is entirely
digital.
This study was designed to include multiple followup time points with all final data collection occurring
in quarter (Q) 2–2021. Thus, we retrospectively identified three separate cohorts. Cohort 1 registered in
Q2–2020, Cohort 2 registered in Q4–2020, and Cohort
3 registered in Q1–2021. Within each of these cohorts,
nonparticipants registered for the program but did not
complete any exercise therapy sessions and did not
access any educational articles. The intervention group
completed exercise therapy sessions or accessed educational articles through month 3 (completer subgroup)
or completed exercise therapy sessions or accessed educational articles in months 3 to 6 (long term subgroup).
To sample, we stratified on body region (back, knee,
shoulder, hip, neck), cohort (cohort 1, cohort 2, cohort
3), and group (nonparticipants, completer, long term).
Then we randomly sampled n = 114 per region-cohortgroup. After excluding individuals who did not provide
informed consent, Cohorts 1 included n = n = 570 nonparticipants and n = 1140 digital MSK program participants. Cohort 2 included n = n = 535 nonparticipants
and n = 1057 digital MSK program participants. Cohort
3 included n = 545 nonparticipants and n = 523 digital
MSK program participants.
Table 1 shows each cohort’s progression from registration through final data collection. For example,
Cohort 1 registered for the program in Q2–2020 and
completed 3, 6, and 12 month data collection in app
in Q3–2020, Q4–2020, and Q2–2021, respectively. In
Q2–2021, we also emailed surveys to all nonparticipants and intervention group members who did not
enter 12-month follow-up data in app.
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Table 1 Cohort activities over time
Q2_2020
Cohort 1 Registers; intervention group completes
program
Cohort 2

Q3_2020

Q4_2020

Q1_2021

Completes
Completes
3 month follow-up 6 month followin app
up in app
Registers; intervention group
completes
program

Q2_2021
Completes 12 month follow-up in app or email survey

Completes
3 month followup in app

Completes 6 month follow-up in app or email survey

Cohort 3

Registers; intervention group
completes
program

Completes 3 month follow-up in app or email survey

Variables

responses to the Patient Health Questionnaire 2-item
scale (PHQ-2). Those who screened positive (i.e., score of
3 or higher) on the PHQ-2 received the PHQ 8-item scale
(PHQ-8). Moderate or severe depression was a score of
10 or higher on the PHQ-8. The last secondary outcome
was moderate or severe anxiety (no/yes). To create this
dichotomous variable, we first gathered baseline and follow-up responses to the Generalized Anxiety Disorder
2-item scale (GAD-2). Those who screened positive (i.e.,
score of 3 or higher) on the GAD-2 received the GAD
7-item scale (GAD-7). Moderate or severe anxiety was a
score of 10 or higher on the GAD-7. Cutoffs at 10 points
have been shown to have acceptable performance for
identifying anxiety and depression [32–34].
We explored health care utilization among emailed
survey respondents at 12 months. We asked: Since signing up for [the digital MSK program] about 12 months
ago, have you had any of the following for your <back/
knee/shoulder/hip/neck> pain? Respondents indicated
whether or not they had any of the following services:
conservative care (e.g., office visit with a doctor or a
physical therapist), invasive procedures (e.g., emergency
department or urgent care center visit, overnight stay in
a hospital, injections, or surgery), or imaging (e.g., MRI,
scan, X-ray).

The following section describes outcomes, exposures,
and covariates.
Outcomes

The primary outcome was achieving a minimally clinical
important difference (MCID) in pain improvement (no/
yes). To create this dichotomous variable, we gathered
baseline and follow-up responses to the question “Over
the past 24 hours, how bad was your [back/knee/shoulder/hip/neck] pain?” from 0 (none) to 100 (worst imaginable). Next, we calculated the change from baseline to
follow-up. A person achieved MCID in pain improvement if they showed at least a 20 point decrease or 30%
improvement [19].
We included three secondary outcomes. One secondary outcome was achieving a MCID in functional
improvement (no/yes). To create this dichotomous variable, we gathered baseline and follow-up responses to
the 11-item Roland Morris Disability Questionnaire
(RMDQ-11, back only), Knee injury and Osteoarthritis
Outcome Score Physical Function Short form (KOOS-PS,
knee only), Hip Disability and Osteoarthritis Outcome
Score Physical Function Short form (HOOS-PS, hip
only), Shoulder Pain and Disability Index (SPADI, shoulder only), Neck Pain and Disability Scale short form (sfNPAD, neck only). Next, we calculated the change from
baseline to follow-up. A person achieved MCID in functional improvement if they showed at least: 30% improvement on the RMDQ-11 [20, 21]; or 8 point improvement
on the KOOS-PS [22–24]; or 9.3 point improvement
on the HOOS-PS [25, 26]; or 13 point improvement on
the SPADI [27–29]; or 12 point improvement on the sfNPAD [30, 31]; or no limitations at follow-up.
Another secondary outcome was moderate or severe
depression at follow-up (no/yes). To create this dichotomous variable, we first gathered baseline and follow-up

Exposures

The nonparticipant group registered, but did not complete exercise therapy sessions and did not access educational articles. The intervention group completed
exercise therapy sessions or accessed educational articles
through month 3 (completer subgroup) or completed
exercise therapy sessions or accessed educational articles
in months 3 to 6 (long term subgroup). Exercise completion and educational article access were recorded when
participants used the app. Therefore, we did not record
information about exercises completed outside the app.
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Confounders

Model covariates included cohort, gender, age, exercise
frequency per week at baseline (less than 1 h, 1 to 2.5 h,
more than 2.5 h), BMI at baseline, pain region (back,
knee, shoulder, hip, neck), baseline anxiety, baseline
depression, and state of residence.

Data sources

Baseline data were collected via an online survey that
the nonparticipant and intervention groups completed
at program registration.
The intervention group took part in the digital MSK
program and entered data in app at follow-up time
points. If intervention group members did not enter
data in app, trained data collectors from a data collection firm representing the digital MSK program emailed
the intervention group members surveys about current
pain, function, and mental health status at the final
follow-up time point for their cohort (e.g., 12 months
for cohort 1). For example, cohort 1 may have entered
data in app at 3 months, in app at 6 months, and then
by emailed survey at 12 months. The data collection
firm emailed and called nonresponders with reminders to complete the emailed survey. Intervention group
members also had the option to complete the survey by
phone.
The data collection firm also emailed the nonparticipant group surveys about their current pain, function,
and mental health status at the final follow-up time point
for their cohort. That is, the cohort 1 nonparticipants
completed emailed surveys at 12 months, cohort 2 nonparticipants completed emailed surveys at 6 months, and
cohort 3 nonparticipants completed emailed surveys at
3 months. The data collection firm emailed and called
nonresponders with reminders to complete the emailed
survey, and the nonparticipant group could choose to
complete the survey by phone. Upon completion of
emailed surveys, nonparticipant and intervention group
members received $25 gift cards.

Study size

We estimated a sample size that enabled pairwise comparisons among the groups at each follow-up time
point. The minimally clinically important difference
for VAS pain is 20 points on a scale of 0 to 100 [19].
Based on previous results from RCTs, we assumed a
standard deviation of 22 for the VAS scores within each
group for power calculation [35]. Bonferroni correction
was used to account for multiple comparisons among
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groups. To achieve 80% statistical power, we needed at
least 47 participants in each group to detect a 15-point
difference in VAS (Cohen’s d = 0.68), given an overall
Type I error rate of 0.05.
Statistical methods

Summary statistics were estimated for gender, age,
exercise frequency per week at baseline, BMI at baseline, baseline anxiety, and baseline depression. Descriptive statistics were reported at 3, 6 and 12 months for
the percentage of patients who achieved a MCID in
pain improvement, a MCID in functional improvement, moderate to severe depression, and moderate to
severe anxiety. For these dichotomous outcomes, we
used a two-proportions z-test to compare the intervention group versus the nonparticipant group at each
timepoint.
We conducted unadjusted and adjusted regression
analyses. For the primary outcome of achieving MCID
in pain, we conducted multivariable-adjusted logistic
regression at 3, 6 and 12 months controlling for gender,
age, state of residence, exercise frequency per week at
baseline (less than 1 h, 1 to 2.5 h, more than 2.5 h), pain
region (back, knee, shoulder, hip, neck), cohort, baseline BMI, baseline anxiety, and baseline depression.
For the secondary outcome of achieving MCID in
function, multivariable-adjusted logistic regression
at 3, 6 and 12 months controlled for gender, age, state
of residence, exercise frequency per week at baseline,
cohort, baseline pain, baseline BMI, baseline anxiety,
and baseline depression. We examined moderate to
severe depression or anxiety at follow-up among the
subset with moderate to severe depression/anxiety at
baseline. The multivariable-adjusted logistic regression
models at 3, 6 and 12 months controlled for gender, age,
state of residence, exercise frequency per week at baseline, baseline pain, and baseline BMI.
We conducted a subgroup analysis examining
descriptive statistics for program completers versus
long term engagers. For dichotomous MCID in pain
improvement, two-proportions z-tests were used to
compare the program completers versus the long term
users group at 3, 6 and 12 months.
The primary analysis employed complete case analysis, i.e., excluded missing values. To address missing
data, sensitivity analysis for MCID in pain improvement was performed using multiple imputation by
chained equations (n = 10 imputations) assuming data
were missing at random. All variables from the regression model were included in the imputation model.
All analyses were performed in R version 4.0.5 (R
Core Team, Vienna, Austria).
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Fig. 1 Flowchart, by cohort

Results
Flowchart

Figure 1 reports on the number of intervention group
members and nonparticipants at each study stage, by
cohort. Overall, we achieved a 70% response rate at
3 months (2277/3265), a 52% response rate at 6 months
(1422/2732), and a 50% response rate at 12 months
(859/1710).
Sample characteristics

Table 2 shows the characteristics of sampled nonparticipant and intervention groups at baseline. About 63% of
the intervention group is female versus 59% in the nonparticipant group. The intervention group has a mean

age of 49.3 years old versus 45.8 years in the nonparticipant group. Over 70% of the intervention group was
overweight or obese compared to 79% of the nonparticipant group. Compared to the intervention group, a
larger percentage of the nonparticipant group exercised
less than 1 h per week, experienced moderate to severe
anxiety, and experienced moderate to severe depression.
Characteristics of the analytic sample who responded
to follow-up surveys are similar to the study sample
(Additional File 1).
Descriptive results

The percentage achieving MCID in pain improvement
was significantly higher for the intervention group
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Table 2 Study sample characteristics at baseline
Comparison (N = 1650)

Intervention (N = 2720)

Total (N = 4370)

Gender
Female

975 (59.1%)

1704 (62.7%)

2679 (61.3%)

Male

662 (40.1%)

995 (36.6%)

1657 (37.9%)

Other

3 (0.2%)

6 (0.2%)

9 (0.2%)

Prefer Not to Answer

10 (0.6%)

15 (0.6%)

25 (0.6%)

Age*
Mean (SD)

45.8 (12.4)

49.3 (12.1)

48.0 (12.3)

Median [Min, Max]

45.8 [18.3, 87.5]

50.4 [18.1, 86.2]

48.8 [18.1, 87.5]

BMI*
Underweight (< 18.5)

16 (1.0%)

36 (1.3%)

52 (1.2%)

Normal (18.5–24.9)

326 (19.8%)

772 (28.4%)

1098 (25.1%)

Overweight (25.0–29.9)

502 (30.4%)

865 (31.8%)

1367 (31.3%)

Obese (> 30.0)

806 (48.8%)

1047 (38.5%)

1853 (42.4%)

Exercise Frequency*
Less than 1 h

630 (38.2%)

729 (26.8%)

1359 (31.1%)

1 to 2.5 h

647 (39.2%)

1158 (42.6%)

1805 (41.3%)

373 (22.6%)

833 (30.6%)

1206 (27.6%)

Percent with Moderate/Severe Anxiety*

More than 2.5 h

421 (25.5%)

461 (17.0%)

882 (20.2%)

Percent with Moderate/Severe Depression*

291 (17.6%)

282 (10.4%)

573 (13.1%)

* p < 0.05 comparing groups for chi-square test of independence for categorical variables and two-sample t-test for continuous variables

Fig. 2 Percent achieving MCID in pain, by follow-up time point. Nonparticipant group denominator was n = 154 at 3 months, n = 140 at 6 months,
and n = 153 at 12 months. Intervention group denominator was n = 2123 at 3 months, n = 1282 at 6 months, and n = 706 at 12 months. Differences
between comparison and intervention group were statistically significant at * p < =.01 and ** p < =.001

versus the nonparticipant group by 11.3 percentage
points at 3 months, 8.8 percentage points at 6 months,
and 16.0 percentage points at 12 months (p < .05, Fig. 2).

In addition, pain scores decreased from 48.7 points
(SD 22.7) at baseline to 24.4 (SD 25.5) at 3 months, 26.3
(SD 26.3) at 6 months, and 32.7 (SD 28.9) at 12 months
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among the nonparticipant group (data not shown). The
intervention group’s pain decreased from 45.0 (SD 22.0)
at baseline to 18.2 (SD 19.6) at 3 months, 14.3 (SD 17.8)
at 6 months, and 22.1 (SD 23.3) at 12 months (data not
shown).
On secondary outcomes, the percentage achieving a
MCID in functional improvement was higher for the
intervention group versus the nonparticipant group
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by 12.6 percentage points at 3 months, 15.2 percentage points at 6 months, and 2.2 percentage points at
12 months (Fig. 3).
Among those with moderate to severe depression at
baseline, the percentage with moderate to severe depression at followup was significantly higher for the nonparticipant group versus the intervention group by 34.7
percentage points at 3 months, 43.5 percentage points

Fig. 3 Percent achieving MCID in function, by follow-up time point. Nonparticipant group denominator was n = 154 at 3 months, n = 140 at
6 months, and n = 153 at 12 months. Intervention group denominator was n = 2123 at 3 months, n = 1282 at 6 months, and n = 706 at 12 months.
Differences between comparison and intervention group were statistically significant at * p < =.01 and ** p < =.001

Fig. 4 Percent with moderate to severe depression, among those with moderate to severe depression at baseline, by follow-up time point.
Nonparticipant group denominator was n = 21 at 3 months, n = 19 at 6 months, and n = 26 at 12 months. Intervention group denominator was
n = 175 at 3 months, n = 118 at 6 months, and n = 89 at 12 months. Differences between comparison and intervention group were statistically
significant at * p < =.01 and ** p < =.001
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at 6 months, and 35.7 percentage points at 12 months
(p < =0.001, Fig. 4).
Among those with moderate to severe anxiety at baseline, the percentage with moderate to severe anxiety at
followup was significantly higher for the nonparticipant
group versus the intervention group by 26.8 percentage
points at 3 months, 40.5 percentage points at 6 months,
and 19.8 percentage points at 12 months (p < =0.01, Fig. 5).
Figure 6 shows descriptive results for self-reported
health care use. At 12 months, the percentage with conservative (e.g., office or therapy visit), invasive (e.g., surgery, injections, emergency room), and imaging services
was higher for the nonparticipant group versus the intervention group by 16.7 percentage points, 5.7 percentage
points, and 8.1 percentage points, respectively (p < 0.05).
Main results

Table 3 shows results from unadjusted and adjusted models for primary and secondary outcomes. In adjusted models, we observed higher odds of achieving a MCID in pain
improvement at 3 months (OR: 1.97; 95% CI: 1.28, 3.02;
p = .002), at 6 months (OR: 1.44; 95% CI: 0.91, 2.25; p = .11),
and 12 months (OR: 2.06; 95% CI: 1.38, 3.08; p = .004) for
the intervention versus the nonparticipant group.
In adjusted models, we observed higher odds of achieving MCID in functional improvement at 3 months (OR:
1.56; 95% CI: 1.03, 2.38; p = .01), 6 months (OR: 1.55; 95%
CI: 1.02, 2.37; p = .04), and 12 months (OR: 1.35; 95% CI:
0.89, 2.06; p = 0.16) for the intervention versus the nonparticipant group.
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For the subgroup with moderate or severe depression at baseline, we observed lower odds of moderate or
severe depression at 3 months (OR: 0.27; 95% CI: 0.12, 0.60;
p = .002), 6 months (OR: 0.41; 95% CI: 0.18, 0.91; p = 0.026),
and 12 months (OR: 0.35; 95% CI: 0.19, 0.65; p = 0.001)
for the intervention versus the nonparticipant group in
adjusted models. For the subgroup with moderate or severe
anxiety at baseline, we observed lower odds of moderate
or severe anxiety at 3 months (OR: 0.21; 95% CI: 0.09, 0.43;
p < .001), 6 months (OR: 0.15; 95% CI: 0.07, 0.31; p < .001), and
12 months (OR: 0.34; 95% CI: 0.19, 0.61; p < .001) for the intervention versus the nonparticipant group in adjusted models.
Subgroup analyses

We examined intervention subgroups defined by engagement duration. The completer subgroup was defined as
those completing exercise sessions only through month
3, while the long term subgroup also completed exercise sessions in months 4 through 6. We did not detect
significantly different percentages in the two subgroups
achieving a MCID in pain improvement at 3 months. But,
the percentage achieving a MCID in pain improvement
was higher for the long term group versus the completer
group by 10 percentage points at 6 months, and 9 percentage points at 12 months (p < =.004) (Additional File 2).
Sensitivity analyses

We conducted a sensitivity analysis applying a multiple imputation by chained equations approach for

Fig. 5 Percent with moderate to severe anxiety, among those with moderate to severe anxiety at baseline, by follow-up time point. Nonparticipant
group denominator was n = 38 at 3 months, n = 37 at 6 months, and n = 45 at 12 months. Intervention group denominator was n = 297 at 3 months,
n = 205 at 6 months, and n = 166 at 12 months. Differences between comparison and intervention group were statistically significant at * p < =.01
and ** p < =.001
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Fig. 6 Descriptive results for self reported health care use at 12 months

Table 3 3, 6, and 12 month results in unadjusted and adjusted models comparing the intervention group to the nonparticipant group
(reference)
Primary Outcome
Pain (MCID)

Timepoint

Unadjusted OR (95% CI)

Adjusted OR (95% CI)

p-value
0.002

3 months

1.72 (1.21, 2.42)

1.97 (1.28, 3.02)

6 months

1.62 (1.08, 2.38)

1.44 (0.91, 2.25)

0.113

12 months

1.97 (1.37, 2.82)

2.06 (1.38, 3.08)

0.004

Secondary Outcome
Function (MCID)

Moderate or severe depression

Moderate or severe anxiety

3 months

1.67 (1.20, 2.33)

1.56 (1.03, 2.38)

0.010

6 months

1.84 (1.30, 2.63)

1.55 (1.02, 2.37)

0.041

12 months

1.14 (0.80, 1.61)

1.35 (0.89, 2.06)

0.160

3 months

0.41 (0.25, 1.43)

0.27 (0.12, 0.60)

0.002

6 months

0.33 (0.19, 0.62)

0.41 (0.18, 0.91)

0.026

12 months

0.40 (0.24, 0.70)

0.35 (0.19, 0.65)

0.001

3 months

0.34 (0.21, 1.80)

0.21 (0.09, 0.43)

< 0.001

6 months

0.22 (0.13, 0.37)

0.15 (0.07, 0.31)

< 0.001

12 months

0.48 (0.29, 0.80)

0.34 (0.19, 0.61)

< 0.001

MCID in pain improvement. The odds ratios for the
intervention versus the nonparticipant group was
1.37 at 3 months (95% CI: 1.08, 1.73; p = 0.008), 0.96
at 6 months (95% CI:0.78, 1.19; p = 0.12), and 1.38 at
12 months (95% CI: 1.12, 1.69; p = .002) in adjusted
models.

Discussion
This observational study examined pain, function,
depression, and anxiety at 3, 6, and 12 months and health
care use during the 12 months after starting a digital MSK
program versus a nonparticipant group. We found significant associations between the intervention and clinically
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meaningful pain improvement at 3 and 12 months and
functional improvement at 3 and 6 months. Among the
subset of persons with moderate or severe depression or
anxiety at baseline, the intervention group was significantly associated with symptom improvement at all timepoints. Finally, a smaller percent of intervention group
members used invasive, imaging, or conservative services
at 12 months versus the nonparticipant group.
Participation in a digital MSK program was significantly associated with a MCID in pain improvement in
the short and long term. Based on adjusted models, the
percentage that achieved a MCID in pain improvement
was higher for the intervention versus the nonparticipant group by 14 percentage points at 3 months, 14 percentage points at 6 months, and 12 percentage points at
12 months. Over half of the intervention and nonparticipant groups experienced meaningful pain improvements
over time. We propose that people with chronic pain
likely registered for the digital MSK program while experiencing elevated pain. By 12 months, the nonparticipant
group achieved pain improvement with the help of traditional health care services, but still did not experience the
same results as the intervention group.
Our pain improvement findings were consistent with
previous research about the effectiveness of exercise
training on decreasing chronic MSK pain [36–40]. For
low back pain, Quentin et al’s meta analysis of 13 studies reported that home-based exercise training decreased
low back pain versus control groups (effect size = − 0.97,
95% CI − 1.14 to − 0.79) [36]. Skelly et al’s meta analysis reported that exercise was associated with decreased
back pain versus control groups at short-term (11 trials,
pooled difference − 1.21 on a 0 to 10 scale, 95% CI − 1.77
to − 0.65), intermediate-term (5 trials, − 0.85, 95% CI
− 1.67 to − 0.07), and long-term (1 trial, difference − 1.55,
95% CI − 2.76 to − 0.34). For knee osteoarthritis, the
same report showed pain improvement for intervention
versus control groups in the short term (8 trials, − 0.47,
95% CI − 0.86 to − 0.10); intermediate term (11 trials,
− 1.34, 95% CI − 2.12 to − 0.54), and long term (4 trials, − 0.30, 95% CI − 0.49 to 0.00). For hip osteoarthritis,
exercise showed a small improvement in only short-term
pain compared with usual care (3 trials, − 0.30, 95% CI
− 0.70 to − 0.02) [40]. Narrative systematic reviews have
also found that exercise is associated with pain improvement for hip osteoarthritis, subacromial shoulder pain,
and chronic pain from multiple diagnoses [37–39].
Participation in a digital MSK program was significantly associated with functional improvement in the
short and medium term. A significantly larger percentage of digital MSK program participants showed meaningful functional improvement versus a nonparticipant
group at 3 and 6 months. Other studies have examined
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the benefits of multidisciplinary and exercise programs
on function for people with chronic pain conditions
[39–41]. A review of Cochrane reviews found that function was significantly improved for persons with chronic
pain after exercise interventions in 14 reviews (small
to moderate effect sizes) [39]. For low back pain, Skelly
et al’s meta analysis found that exercise showed improvement in only short-term function compared with control
groups (10 trials, pooled standardized mean difference
(SMD) − 0.31, 95% CI − 0.50 to − 0.13). For knee osteoarthritis, exercise was associated with improved function
compared with control groups in the short term (8 trials,
pooled SMD − 0.29, 95% CI − 0.46 to − 0.11), intermediate term (11 trials, pooled SMD − 0.63, 95% CI − 1.17
to − 0.10), and long term (4 trials, pooled SMD − 0.22,
95% CI − 0.34 to − 0.08). In hip osteoarthritis, exercise
was associated with functional improvement versus
control groups in the short term (3 trials, pooled SMD
− 0.33, 95% CI − 0.58 to − 0.11), intermediate term (2
trials, pooled SMD − 0.28, 95% CI − 0.55 to 0.02), and
long term (1 trial, SMD − 0.37, 95% CI − 0.74 to − 0.01)
[40]. However, in our study, the odds ratios for MCID in
function for the intervention versus the nonparticipant
group declined over time. One reason may be related to
ongoing participation in the digital MSK program. To
sustain functional improvement, we hypothesize that
participants may need to regularly complete exercise sessions over time. To continue to show improvements over
time, the digital MSK program may need to include more
motor skill training in addition to strength and flexibility exercises. For example, van Dillen et al. successfully
used motor skill training to target how people performed
functional activities, and this approach resulted in functional improvements that endured [42].
Participation in a digital MSK program was significantly associated with improvements in depression and
anxiety at all timepoints among persons with moderate
to severe depression and anxiety at baseline. In contrast
to our findings, previous research estimates about exercise and depression have been unclear [43]. One reason
may be that exercise may be less effective for people with
depression in the absence of chronic MSK pain. A digital
MSK program may address MSK pain through exercise
and engagement and thus reduce depressive symptoms
exacerbated by MSK pain. Our study’s results on anxiety
were consistent with research showing the positive and
lasting effect of exercise on anxiety [44]. The program’s
low intensity exercises and educational articles may have
helped participants to experience less fear of movement,
more self-efficacy about managing pain, and “time out”
away from anxious thoughts.
Significantly fewer participants of a digital MSK program reported health care use at 12 months versus a
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nonparticipant group. One possible reason for this result
was that a digital MSK program prevented the need for
health care services, especially invasive services, because
of improved pain and function outcomes over time. A
digital MSK program may have also acted as a substitute
for usual care, especially conservative care. That is, participants may have practiced the exercises and stretches
through the program instead of going to in-person therapy. Because these cohorts registered for the program
during the COVID-19 pandemic, the percent using inperson health care was likely lower than usual in both
groups, but it is unclear whether the pandemic influenced health care use differently in the nonparticipant
versus the intervention group.
As an observational study, we propose that findings
were generalizable to a population of people with MSK
pain with expressed interest in a digital MSK program.
Similar to U.S. national estimates, our study included
more females than males with chronic pain and more
people who were overweight or obese than normal
weight [45]. The study included people willing to participate in a digital health program and may not be generalizable to later adopters of health technology. We analyzed
data collected from people who responded to surveys
administered in app, by email, and by phone, and the
results may not apply to non-respondents. However, we
found that the baseline characteristics of the respondents
was similar to that of the study sample (Table 1 and Additional File 1).
The study had the following limitations. First, this was
an observational study and not a RCT. Thus, we cannot
establish causality of the intervention’s effect on outcome
improvement. In addition, the intervention group and
nonparticipant group differed on baseline characteristics.
But, we controlled for these measured variables in the
adjusted models. Furthermore, results about improvement in depression and anxiety were among only those
with moderate to severe symptoms at baseline.
Second, we may have omitted important confounding variables that attenuate outcomes estimates. For
example, we did not collect data about medications
that patients used before, during, or after the digital
MSK program. Medication use may have influenced
both program engagement as well as pain, function,
and mental health outcomes. We cannot account for
unmeasured factors like motivation. The intervention
group may include people more motivated to manage
pain and report pain improvement, thereby biasing
our results upwards. We also did not collect medical
diagnoses from study participants, and patients with
different diagnoses may have pain with different attributes. As a result, we are unable to adjust for diagnosis
as a confounding variable or use diagnosis in stratified
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analyses (e.g., analyze results for members with only
inflammatory arthritis).
Third, our response rate for the nonparticipant group
was lower than for the intervention group. The lower
response rate in the nonparticipant group may have
biased our estimates upwards if there were more nonrespondents in the nonparticipant group who also had
improved outcomes. Finally, as a wholly digital health
program, we include patient reported outcomes in this
study and have not included any physician reported or
objective assessments.
We propose the following research to build on the
findings from this study. First, future studies can examine intermediate and long term follow-up for each care
pathway (i.e., back, knee, shoulder, hip, neck) separately.
Second, we recommend additional study of the interplay
between pain and function and a digital MSK program.
In the current study, improvements in pain at 12 month
were not accompanied by the same magnitude of functional improvements. Third, we recommend studying the
influence of engagement with a digital MSK program on
clinical outcomes. Compared to those who engaged for
only 3 months, people who engaged in the digital MSK
program for 6 months were more likely to experience
better pain outcomes in the long term. But engagement
duration did not capture different aspects of engagement,
including affective and cognitive investment, and how
engagement may change over time [46].

Conclusions
This study examined multiple clinical outcomes at three
time points over a 12 month period. More participants
of a digital MSK program experienced meaningful pain
and functional improvement versus a nonparticipant
group that never took part in the program. These results
were demonstrated in the short, medium, and long term.
We evaluated the program in real world settings so that
results were more generalizable than results from tightly
controlled clinical trials. We provided preliminary evidence about how a digital MSK program influenced use
of traditional, in-person health care services. In conclusion, this study provided evidence that a digital MSK
program may have had a lasting impact on improved
pain, depression, and anxiety alongside decreased health
care use.
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Abstract
Background: Telerehabilitation for musculoskeletal (MSK) conditions may produce similar or better outcomes than usual care,
but most telerehabilitation studies address only chronic or postsurgical pain.
Objective: We aimed to examine pain and function at 3, 6, and 12 weeks for individuals with acute and subacute MSK pain
who took part in a digital MSK program versus a nonparticipant comparison group.
Methods: We conducted an observational, longitudinal study with a nonparticipant comparison group. The intervention group
had video visits with physical therapists who recommended exercise therapies and educational articles delivered via an app.
Nonparticipants were those who were registered but unable to participate because their benefit coverage had not yet begun. We
collected pain and function outcomes through surveys delivered at 3-, 6-, and 12-week follow-ups. We conducted descriptive
analyses, unadjusted regression, and mixed effects regression adjusting for baseline characteristics, time as fixed effects, and a
time*group interaction term.
Results: The analysis included data from 675 nonparticipants and 262 intervention group participants. Compared to baseline,
the intervention group showed significantly more pain improvement at 3, 6, and 12 weeks versus nonparticipants after adjusting
for baseline factors. Specifically, the intervention group’s pain scores decreased by 55.8% at 3 weeks versus baseline, 69.1% at
6 weeks, and 73% at 12 weeks. The intervention group’s adjusted pain scores decreased from 43.7 (95% CI 41.1-46.2) at baseline
to 19.3 (95% CI 16.8-21.8) at 3 weeks to 13.5 (95% CI 10.8-16.2) at 6 weeks to 11.8 (95% CI 9-14.6) at 12 weeks. In contrast,
nonparticipants’ pain scores decreased by 30.8% at 3 weeks versus baseline, 45.8% at 6 weeks, and 46.7% at 12 weeks.
Nonparticipants’ adjusted pain scores decreased from 43.8 (95% CI 42-45.5) at baseline to 30.3 (95% CI 27.1-33.5) at 3 weeks
to 23.7 (95% CI 20-27.5) at 6 weeks to 23.3 (95% CI 19.6-27) at 12 weeks. After adjustments, the percentage of participants
reporting that pain was better or much better at follow-up was significantly higher by 40.6% at 3 weeks, 31.4% at 6 weeks, and
31.2% at 12 weeks for intervention group participants versus nonparticipants. After adjustments, the percentage of participants
with meaningful functional improvement at follow-up was significantly higher by 15.2% at 3 weeks and 24.6% at 12 weeks for
intervention group participants versus nonparticipants.
Conclusions: A digital MSK program may help to improve pain and function in the short term among those with acute and
subacute MSK pain.
(JMIR Rehabil Assist Technol 2022;9(2):e38214) doi: 10.2196/38214
KEYWORDS
telemedicine; acute; subacute; musculoskeletal; pain; function; clinical; quality of life; intervention; longitudinal study; physical
therapy; physiotherapy; physical therapist; physiotherapist; exercise; physical activity; telehealth; eHealth; digital health; patient
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Introduction
Acute, subacute, and chronic musculoskeletal (MSK) conditions
are a leading cause of disability and cost in the United States
[1]. The rates of back pain, neck pain, and other MSK disorders
in the United States are among the highest in the world [1]. In
2019, 39% of American adults reported back pain, 37% reported
lower limb pain (eg, hips, knees, and feet), and 31% reported
upper limb pain (eg, hands, arms, and shoulders) in the 3 months
prior [2].
MSK conditions include injuries or pain in joints, ligaments,
muscles, nerves, tendons, and structures that support limbs,
neck, and back. They may be a result of exertion, repetitive
motions, strain, or exposure to force, vibration, or awkward
posture [3]. Acute pain is often defined as lasting 4 weeks or
less. Subacute pain duration is from 4 to 12 weeks, and chronic
pain duration is more than 12 weeks [4,5].
MSK conditions are a common cause of health care use in the
United States. For example, 72.4 million office visits and 9.9
million emergency department visits were for MSK conditions
in 2018 [6,7]. Of these, more than 4 million emergency
department visits were for sprains and strains alone. Although
providers and patients may pursue different pain management
approaches for acute and subacute needs, numerous studies and
clinical guidelines recommend education and exercise [8,9].
Telerehabilitation, a branch of telehealth that uses
telecommunications technologies to control or monitor remote
rehabilitation, is increasingly used to deliver MSK care [10].
Telerehabilitation for MSK conditions may produce similar or
even better pain-, functional-, and health-related quality of life
outcomes than usual care, but most telerehabilitation studies
address only chronic or postsurgical pain [10-12]. Therefore,
we aimed to determine whether telerehabilitation was associated
with improved clinical outcomes in acute and subacute MSK
conditions. Our primary objective was to examine pain and
function at 3, 6, and 12 weeks for participants of a digital acute
MSK program versus a nonparticipant comparison group. A
secondary objective was to examine engagement among the
intervention group. The findings contribute to a growing
evidence base about the role of digital health for managing a
range of MSK needs.

Methods
Study Design

We conducted an observational, prospective cohort study
comparing digital MSK acute program participants (herein,
intervention group) to nonparticipants at 3, 6, and 12 weeks.

Acute Program

Employers offered the acute program to employees and adult
dependents as a health benefit. Recruitment was conducted
through post and email. Registration involved creating a member
profile and completing an application over the internet.

Developed by physical therapists (PTs), the acute program’s
goal was to help participants address acute or subacute MSK
pain through digital physical therapy consultation, exercise
therapy, and education. Participants had access to an acute
program app for use on personal tablets or smartphones.
The acute program began with a video visit with a licensed PT.
The PT conducted a subjective interview to learn more about
the participant’s history and goals and guided them through a
series of movement tests to assess their current level of function.
After the video visit, the PT provided a plan with recommended
exercises and education that were available to participants
through the app. The app provided this information through
“sessions.”
Each session presented a set of exercises that were specific to
acute back, knee, shoulder, hip, neck/upper back,
elbow/wrist/hand, or ankle/foot pain. Each session included
stretching, strengthening, balancing, and mobility activities,
based on the participant’s functional limitations and goals
determined during the consultation. The session presented 1 to
2 sets of 3 to 10 repetitions of each exercise (depending on the
difficulty and type of exercise), with each session’s duration
ranging from 5 to 20 minutes. Graphics along with written and
audio cues demonstrated how to perform the exercises, the
number of repetitions for each exercise, and how long to hold
the positions. As participants progressed through the program,
their exercises were adjusted by the PT to gradually advance
them toward their goals. This included adjusting the exercise
variation, number of repetitions, hold time, and use of resistance
with resistance bands (if applicable).
After participants completed the exercises for that session, the
app presented educational resources about acute and subacute
MSK pain–related topics, such as pain neuroscience, movement,
treatment options, coping techniques, healthy lifestyle practices,
relaxation tools, social support, and habit formation. Lastly, the
participant was able to leave a note for their PT, rate their pain,
or record any additional activity they had completed recently.
As a wholly digital program, participants could choose when
and where to meet with PTs via video and complete sessions.

Study Participants

First, for each week between July and October 2021, we
identified individuals meeting the inclusion and exclusion
criteria based on information provided in the application.
Inclusion criteria were aged ≥18 years; back, knee, shoulder,
hip, or neck pain; visual analog scale (VAS) pain score >0; pain
for less than 12 weeks; and covered by employer’s health plan.
Exclusion criteria were signs of fracture, joint instability,
infection, cancer, and cauda equina syndrome.
Second, we categorized the individuals as part of the
intervention or nonparticipant group. The intervention group
had a first video visit with a PT in the past week and a published
care plan. Nonparticipants were those who applied to the acute
program but were declined because their employers did not yet
offer the acute program as a benefit. Everyone in the intervention
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group and a sample of the nonparticipants were invited to the
study. To sample nonparticipants, we stratified them by pain
region (ie, back, knee, shoulder, hip, and neck) and conducted
a propensity score match based on baseline pain and function.
Between August and November 2021, we invited participants
to complete an email survey 3 weeks after registration
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(nonparticipants) or video visit (intervention). We excluded
individuals who did not provide informed consent or those who
had pain for more than 12 weeks. Between August 2021 and
January 2022, we sent surveys at 6 and 12 weeks after
registration (nonparticipants) or video visit (intervention) to
those who completed the 3-week follow-up survey and agreed
to be recontacted (Table 1).

Table 1. Timeline for an example cohort who registered or had video visits between July 7, 2021, and July 13, 2021.
Date
July 7-13

Event
•
•

Nonparticipant group registers
Intervention group has a physical therapist video visit

July 14

Apply inclusion and exclusion criteria and sample

August 4-11

Complete 3-week follow-up by email survey

August 25 to September 1

Complete 6-week follow-up by email survey

October 6-13

Complete 12-week follow-up by email survey

Ethics Approval

Study subjects acknowledged via the internet that they provided
informed consent. The WIRB-Copernicus Group Institutional
Review Board (Office of Human Research Protections/Food
and Drug Administration Institutional Review Board registration
number IRB00000533) at the WIRB-Copernicus Group
reviewed and approved this study.

Outcomes

The primary outcome was pain improvement based on the
response to the following question: “Over the past 24 hours,
how bad was your [back/knee/shoulder/hip/neck] pain?” with
a score from 0 (none) to 100 (worst imaginable).
A secondary outcome was the patient’s global impression of
change (PGIC) based on the response to the following question:
“Compared to when you first registered for Hinge Health, how
would you rate your [back/knee/shoulder/hip/neck] pain now?”
Pain rated as better or much better was coded as 1; pain rated
as much worse, worse, a little worse, unchanged, or a little better
was coded as 0.
Another secondary outcome was minimal clinically important
difference (MCID) in functional improvement (herein, functional
improvement). To create this dichotomous variable (no/yes),
we gathered responses to the 11-item Roland Morris Disability
Questionnaire (RMDQ-11, back only), Knee injury and
Osteoarthritis Outcome Score Physical Function Short form
(KOOS-PS, knee only), Hip disability and Osteoarthritis
Outcome Score Physical Function Short form (HOOS-PS, hip
only), Shoulder Pain and Disability Index (SPADI, shoulder
only), and Neck Pain and Disability Scale short form (sf-NPAD,
neck only). Next, we calculated the change from baseline to
follow-up. MCID in functional improvement is defined as either
at least 30% improvement on the RMDQ-11 [13,14]; 8-point
improvement on the KOOS-PS [15-17]; 9.3-point improvement
on the HOOS-PS [18,19]; 13-point improvement on the SPADI
[20-22]; 12-point improvement on the sf-NPAD [23,24]; or no
limitations at follow-up.

For the intervention group’s engagement, we collected the
number of video visits and app-based exercise therapy sessions
completed by 12 weeks. Exercise completion was recorded
when participants used the app. We did not record exercises
completed outside the app.

Exposures

Nonparticipants were those who were registered but did not
take part in the acute program. The intervention group had one
or more PT video visits, a published care plan, and access to
exercise guidance and education via the acute program app.

Confounders

Model covariates included registration month (July, August,
September, or October), age at baseline, pain region (back, knee,
shoulder, hip, or neck), and the use of health care services at 12
weeks (no/yes). The health care services were conservative care
(eg, office visit with a doctor or physical therapist),
over-the-counter medications, prescription pain medications,
and invasive procedures (eg, emergency department or urgent
care center visit, overnight stay in a hospital, injections, or
surgery).

Data Sources

The web-based application completed at program registration
provided baseline data. We emailed follow-up surveys and up
to 2 reminders at 3, 6, and 12 weeks after registration
(nonparticipants) or the first PT video visit (intervention).
Respondents received gift cards for US $20 at 3 weeks, US $25
at 6 weeks, and US $35 at 12 weeks.

Study Size

Sample size was based on detecting noninferiority of the
intervention versus nonparticipants at 6 weeks after registering
or video visit. For VAS pain scores, we chose a noninferiority
margin of 10 points because this is less than the 20-point
reduction for MCID in pain improvement [25]. Assuming SDs
of 21.4 for pain [26], 80% power, and a 1-sided 2.5%
significance level, we needed 57 participants per arm (N=114).
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Statistical Methods

Summary statistics were estimated for baseline characteristics
of age, pain region, registration month, and baseline pain. We
conducted 2-tailed t tests (for continuous variables) and
chi-square tests (for categorical variables) to show whether there
were significant differences between the intervention group and
nonparticipants at baseline. Descriptive statistics reported at 3,
6, and 12 weeks were mean (SD) VAS pain scores, the number
and percentage of participants who perceived better or much
better pain (PGIC) at follow-up compared to registration, and
the number and percentage of participants who achieved an
MCID in functional improvement.
Unadjusted and adjusted linear mixed effects regression models
were used to model pain improvement, and generalized linear
mixed effects models were used for PGIC and functional
improvement. Covariates were baseline age, pain region,
registration month, and health care service use at 12 weeks.
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PGIC and functional improvement models also included baseline
pain. Time was treated as a categorical predictor to allow the
modeling of nonlinear change trends over time. A 2-way
time*group interaction term captured the treatment effect at
each time point. Estimated predicted probabilities and marginal
effects are presented below.
The primary analysis used all available data. The maximum
likelihood estimation method was used, assuming data were
missing at random. Analyses were performed in Stata (version
17.0; StataCorp) and R statistical software (version 4.0.5; R
Foundation for Statistical Computing).

Results
Flowchart

Figure 1 reports the intervention and nonparticipant groups at
each study stage.

Figure 1. Flowchart, by group.

Sample Characteristics

Table 2 shows the baseline characteristics for the nonparticipant
and intervention groups. We detected no significant differences
between the 2 groups at baseline. The mean age of the total

sample was 44.1 (SD 11.9) years. At registration, mean pain
was 43.0 (SD 22.3) out of 100. The largest (31.9%, 299/937)
percentage of the sample registered for back pain and the
smallest (13.8%, 129/937) registered for hip pain.
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Table 2. Baseline characteristics.
Characteristic

Nonparticipant group (n=675)

Intervention group (n=262)

All participants (N=937)

Age (year), mean (SD)

44.0 (12.1)

44.4 (11.3)

44.1 (11.9)

Baseline pain, mean (SD)

42.9 (22.5)

43.2 (21.7)

43.0 (22.3)

Back

225 (33.3)

74 (28.2)

299 (31.9)

Hip

87 (12.9)

42 (16)

129 (13.8)

Knee

119 (17.6)

53 (20.2)

172 (18.4)

Neck

140 (20.7)

49 (18.7)

189 (20.2)

Shoulder

104 (15.4)

44 (16.8)

148 (15.8)

July

124 (18.4)

54 (20.6)

178 (19)

August

170 (25.2)

60 (22.9)

230 (24.5)

September

236 (35)

77 (29.4)

313 (33.4)

October

145 (21.5)

71 (27.1)

216 (23.1)

Pain region, n (%)

Registration month, n (%)

Descriptive Results

Nonparticipants’ absolute decrease in pain from baseline was
11.5 points at 3 weeks, 17.9 points at 6 weeks, and 18.2 points
at 12 weeks. The intervention group’s absolute decrease in pain
from baseline was 24.0 points at 3 weeks, 29.0 points at 6 weeks,
and 30.5 points at 12 weeks (Table 3).
The percentage of participants reporting that pain as better or
much better (PGIC) was 69.3% (104/150) at 3 weeks, 73.9%
(85/115) at 6 weeks, and 78.5% (95/121) at 12 weeks in the
intervention group. For nonparticipants, the percentages were
26% (51/196) at 3 weeks, 38.5% (50/130) at 6 weeks, and 43.1%
(53/123) at 12 weeks. PGIC was higher for the intervention

group than the nonparticipant group by 43.3 percentage points
at 3 weeks, 35.4 percentage points at 6 weeks, and 35.5
percentage points at 12 weeks.
The percentage of participants reporting meaningful functional
improvement was 56.5% (105/186) at 3 weeks, 67.9% (91/134)
at 6 weeks, and 77.7% (94/121) at 12 weeks in the intervention
group. For nonparticipants, the percentages were 39.3% (77/196)
at 3 weeks, 51.6% (66/128) at 6 weeks, and 50.8% (62/122) at
12 weeks. The percentage reporting functional improvement
was higher for the intervention group than the nonparticipant
group by 17.2 percentage points at 3 weeks, 16.3 percentage
points at 6 weeks, and 26.9 percentage points at 12 weeks (Table
3).

Table 3. Descriptive results: outcomes over time for nonparticipant and intervention groups.
Outcome, timepoint

Nonparticipant group

Intervention group

Baseline

42.9 (22.5)

43.2 (21.7)

3 weeks

31.4 (22.8)

19.2 (17.9)

6 weeks

25.0 (21.6)

14.2 (16.0)

12 weeks

24.7 (20.5)

12.7 (14.2)

3 weeks (nonparticipant group: n=196; intervention group: n=150)

51 (26)

104 (69.3)

6 weeks (nonparticipant group: n=130; intervention group: n=115)

50 (38.5)

85 (73.9)

12 weeks (nonparticipant group: n=123; intervention group: n=121)

53 (43.1)

95 (78.5)

3 weeks (nonparticipant group: n=196; intervention group: n=150)

77 (39.3)

105 (56.5)

6 weeks (nonparticipant group: n=130; intervention group: n=115)

66 (51.6)

91 (67.9)

12 weeks (nonparticipant group: n=123; intervention group: n=121)

62 (50.8)

94 (77.7)

Pain score, mean (SD)

Patient’s global impression of change, n (%)

Functional improvement, n (%)
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Main Results

The intervention group showed significantly lower adjusted
pain scores at follow-up compared to nonparticipants (Figure
2). For nonparticipants, adjusted pain scores decreased from
43.8 (95% CI 42-45.5) at baseline to 30.3 (95% CI 27.1-33.5)

Wang et al
at 3 weeks to 23.7 (95% CI 20-27.5) at 6 weeks to 23.3 (95%
CI 19.6-27) at 12 weeks. For the intervention group, adjusted
pain scores decreased from 43.7 (95% CI 41.1-46.2) at baseline
to 19.3 (95% CI 16.8-21.8) at 3 weeks to 13.5 (95% CI
10.8-16.2) at 6 weeks to 11.8 (95% CI 9-14.6) at 12 weeks.

Figure 2. Adjusted VAS score over time. Results adjusted for age, pain region, registration month, health care service use, and time as fixed effects.
VAS: visual analog scale.

After adjustments, the intervention group showed a significantly
higher percentage of people reporting pain was better or much
better (PGIC) at follow-up versus nonparticipants. The adjusted
percentage of nonparticipants who reported better or much better
pain increased from 26.5% (95% CI 20.7%-32.4%) at 3 weeks
to 40.9% (95% CI 32.7%-49.1%) at 6 weeks to 46.3% (95% CI
38%-54.6%) at 12 weeks. The adjusted percentage of
intervention group who reported better or much better pain
increased from 67.1% (95% CI 59.4%-74.9%) at 3 weeks to
72.3% (95% CI 64.1%-80.5%) at 6 weeks to 77.5% (95% CI
69.7%-85.3%) at 12 weeks (Figure 3).
The intervention group showed a significantly higher percentage
of people reporting functional improvement at 3 weeks and 12

weeks compared to nonparticipants. The adjusted percentage
of nonparticipants reporting functional improvement increased
from 39.1% (95% CI 32.6%-45.5%) at 3 weeks to 53.2% (95%
CI 44.9%-61.6%) at 6 weeks to 53.2% (95% CI 44.4%-61.9%)
at 12 weeks. The adjusted percentage of intervention group
reporting functional improvement increased from 54.3% (95%
CI 48%-60.5%) at 3 weeks to 67.2% (95% CI 60%-74.3%) at
6 weeks to 77.8% (95% CI 70.7%-84.9%) at 12 weeks (Figure
4).
Multimedia Appendix 1 shows the unadjusted and adjusted
regression model results.
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Figure 3. Adjusted proportion of participants reporting pain is better or much better over time. Results adjusted for age, baseline pain, pain region,
registration month, health care service use, and time as fixed effects.

Figure 4. Adjusted proportion of participants with MCID in functional improvement over time. Results adjusted for age, baseline pain, pain region,
registration month, health care service use, and time as fixed effects. MCID: minimal clinically important difference.

Engagement

By 12 weeks, the intervention group averaged 1.8 (SD 1.1;
range 1-6) video visits and 17.7 (SD 21.2; median 10; range
0-103) exercise therapy sessions.

Discussion
Principal Results and Generalizability

This observational study examined pain and function at 3, 6,
and 12 weeks after starting a digital MSK program for acute
and subacute MSK conditions versus nonparticipants. We found
significant associations between the intervention and both pain
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improvement and PGIC at 3, 6, and 12 weeks. A significantly
larger percentage of the intervention group also reported
clinically meaningful functional improvement versus the
nonparticipant group at 3 and 12 weeks.
As an observational study, we propose that findings are
generalizable to the population of people with acute and
subacute MSK pain with expressed interest in a digital acute
MSK program. However, the study may not be generalizable
to later adopters of health technology or all people with MSK
pain.

Comparison to Prior Work

VAS pain scores improved from baseline to follow-up for
nonparticipants and intervention group members. However, the
magnitude of pain improvement was significantly greater for
the intervention group. The intervention group’s pain score
improved from baseline by more than 10.9 points at 3 weeks,
10.1 points at 6 weeks, and 11.5 points at 12 weeks versus
nonparticipants. This 10.1 to 11.5 point difference is similar to
pain improvement shown in meta-analyses of spinal
manipulative therapy (mean difference: 10; 95% CI 4-16) and
exceeds that of nonsteroidal anti-inflammatory drugs for acute
back pain (mean difference: 7; 95% CI 4-11) [27,28]. Our results
are also consistent with recent meta-analyses reporting that
exercise is an efficacious treatment for acute and subacute low
back pain in the immediate term [9].
We detected statistically significant associations between the
digital MSK program and meaningful functional improvement.
In contrast, the effect of traditional services and medications
on functional improvement have not been consistently
demonstrated in acute MSK injuries [5]. Our study found that
a significantly greater percentage of the intervention group
reported meaningful functional improvement versus
nonparticipants at 3 and 12 weeks, but not at 6 weeks. This may
be due to the small sample size. We also suggest that
nonparticipants’ function improved over time but at a slower
rate than the intervention group. Furthermore, the intervention
group continued to make progress in function beyond the 6-week
mark, whereas nonparticipants’ functional improvement
plateaued between 6 and 12 weeks. The ways that a digital acute
MSK program changes the trajectory of functional improvement
over time and in the long term are an area for additional research
in the future.
We found that the intervention group averaged 1.8 video visits
and 17.7 exercise therapy sessions by week 12. Although we
did not collect self-reported information about exercises
conducted without the app, this engagement data about
completed exercise sessions demonstrated the feasibility of
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using app-based data to monitor member adherence to
recommended exercises. This objective measure of adherence
may supplement self-reports about efficacy and confidence in
doing exercises. Adherence to exercises delivered through digital
health programs has been shown to match or exceed that of
in-person programs, and improved adherence is associated with
better treatment outcomes for MSK needs [29-32].

Strengths and Limitations

Study strengths include the use of data from 2 prospective
cohorts who were similar in age, pain, and pain region at
baseline. As a result, the study resulted in the longitudinal
monitoring of a digital acute MSK program versus a
nonparticipant group. Further, to our knowledge, our study is
the first to evaluate a digital MSK program for acute and
subacute needs against a nonparticipant group. The comparison
group is essential given the natural history of acute and subacute
MSK conditions. Improvement was assessed using 3 different
outcomes, and we evaluated the program in real-world settings.
First, a study limitation is that this observational study cannot
establish the causality of the intervention’s effect on outcomes.
Second, we may have omitted important confounding variables
(eg, motivation) that attenuate outcome estimates. Furthermore,
we did not document the types of medications that study
participants took to address pain and function. To build on
current findings, we recommend a randomized controlled trial
to establish causality and account for the effect of unmeasured
factors. Third, more granular follow-up timepoints (eg, weekly)
could provide more insight into the longitudinal course of pain
and function in an acute digital MSK program. Future studies
could use daily diaries to document exercise adherence and
changes in daily pain to show time to pain resolution in days
or weeks. Fourth, the study examines acute and subacute needs
as a whole, and we do not report on outcomes for each region
(ie, back, knee, shoulder, hip, or neck) separately. It is possible
that the outcomes vary from region to region, and positive
outcomes in one region might mask neutral or even negative
outcomes in another region. To address this concern, we
controlled for region in the regression models. Future studies
could examine outcomes for specific regions or present stratified
results.

Conclusions

This study provided evidence that a digital acute MSK program
may help improve pain and function in the short term among
those with acute and subacute MSK needs. Future studies can
build upon these results to further evaluate the extent to which
digital health effectively manages a range of MSK needs,
including acute and subacute needs.
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