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Abstract
Background: Anterior cervical discectomy and fusion (ACDF) is a common treatment for degenerative cervical spine disease,
yet its frequent postoperative follow-up places substantial demands on both patients and health care systems. A digital program
integrating computer-vision–guided exercise, wearable posture monitoring, and cognitive behavioral therapy (CBT) could
provide remote monitoring and rehabilitation to alleviate this burden.
Objective: This study aims to evaluate the clinical effectiveness and compliance of a 12-week digital rehabilitation program
after ACDF compared with conventional in-person therapy.
Methods: In this prospective cohort study, 336 postoperative patients self-selected either a 12-week mobile-based program
incorporating computer-vision–guided exercises, wearable posture sensors, and cognitive behavioral therapy (n=270), or
in-person rehabilitation group (IRG, n=66) involving weekly therapist-supervised sessions and paper-based home exercises.
Digital users were stratified into a digital rehabilitation completion group (DCG, n=192) and a digital rehabilitation noncom-
pletion group (DNG, n=78). All participants were recruited at a single tertiary hospital and returned to the clinic for outcome
assessments at 0, 12, and 24 weeks postoperatively. Outcomes—primarily pain (visual analog scale [VAS]) and disability
(neck disability index [NDI]), as well as 36-item short form survey mental component summary (SF-36 MCS), 3-plane cervical
range of motion (ROM), muscle endurance, and patient satisfaction—were recorded at 0, 12, and 24 weeks postoperatively.
All statistical analyses were performed using SPSS (version 29.0; IBM Corporation). Results were reported as means, SDs, and
95% CIs.
Results: Both the DCG (n=192, who completed all digital sessions) and IRG (who completed 12 weeks of weekly in-person
sessions and home exercises) demonstrated significant improvements in pain and disability at weeks 12 and 24, with no
significant differences between groups (P>.05). At Week 12, VAS decreased by −2.5 (95% CI −3.0 to −2.0) in the DCG and
−2.8 (−3.7 to −1.9) in the IRG; NDI decreased by −6.8 (−10.3 to −3.3) and −8.1 (−14.3 to −1.9), respectively. At Week 24,
VAS and NDI reductions reached −4.0 (−4.5 to −3.5) and −13.3 (−17.4 to −9.2) in the DCG, and −4.1 (−5.0 to −3.2) and −14.2
(−21.3 to −7.1) in the IRG. In contrast, the DNG showed minimal improvements: VAS changes were −0.8 (−1.6 to 0.0) at
week 12 and −1.3 (−2.1 to −0.5) at week 24; NDI changes were −2.2 (−8.2 to 3.8) and −6.4 (−13.0 to 0.2), respectively (P<.05
compared to DCG and IRG).
Conclusions: The digital rehab program led to comparable improvements in pain, function, and mental health as conventional
in-person rehab. Higher adherence was linked to better outcomes, supporting digital rehab as an effective, patient-centered
approach after ACDF.
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Introduction
Background
With the rapid global aging of the population, degenerative
cervical spine disease has become a major public health
challenge affecting older adults. Approximately 85% of
individuals above 60 years old show radiographic evidence of
cervical degeneration, and the number of people living with
neck pain reached 203 million—an increase of 77.3% since
1990—placing neck pain among the leading contributors to
musculoskeletal disability [1]. Also, the global age-standar-
dized prevalence of neck pain is 27 per 1000 in 2019, causing
substantial health care expenditure and productivity loss [2].

For degenerative cervical spine disease accompanied
by spinal cord or nerve root compression, anterior cervi-
cal discectomy and fusion (ACDF) remains the surgical
gold standard [3]. However, shorter inpatient stays indicate
that most functional recovery occurs after discharge, and
traditional outpatient physiotherapy often lacks continuous
monitoring, real-time feedback, and psychological support
[4]. It is further revealed that postoperative patients and their
caregivers widely seek support to close these postdischarge
guidance gaps [4].

Digital rehabilitation has the potential to address these
shortcomings and provide remote, real-time, and individual-
ized exercise guidance. In previous studies involving chronic
low back pain, AI-assisted tele-rehabilitation significantly
reduced pain and improved function within 4‐8 weeks [5,
6], while systematic reviews confirmed that digital health
interventions lessen neck and back pain and enhance quality
of life [7,8]. Other studies further indicate that spine-surgery
patients using digital platforms experience lower rates of
postoperative emergency visits and readmissions, highlighting
their potential in postoperative care [9].

However, evidence for digital rehabilitation specifically
designed for ACDF postoperative patients remains limited
[9]. Thus, this study evaluates the effectiveness and safety
of an AI-driven digital rehabilitation program in promot-
ing functional recovery and improving compliance follow-
ing ACDF, thereby providing evidence-based postoperative
digital rehabilitation strategies.
Objective
This study aims to evaluate the clinical efficacy of a digital
rehabilitation program that combines computer-vision–guided

exercise coaching, real-time inertial-sensor monitoring,
and cognitive behavioral interventions for patients recover-
ing from ACDF. By systematically comparing neck-pain
intensity, quality of life, and functional recovery before and
after the intervention, we will assess the program’s effective-
ness in relieving symptoms, enhancing quality of life, and
promoting functional recovery.

Methods
Study Design
This single-centered, prospective cohort study was carried
out at Peking Union Medical College Hospital to com-
pare a 12-week digital rehabilitation program with standard
in-person physiotherapy after ACDF [10-15]. A total of 336
eligible patients were enrolled.

Postoperatively, participants selected their rehabilitation
modality based on personal preference and logistical
convenience, forming the digital rehabilitation group and
the in-person rehabilitation group (IRG). Within the digital
rehabilitation group, compliance criteria further divided
patients into a digital rehabilitation completion group (DCG)
and a digital rehabilitation noncompletion group (DNG).

All groups followed an identical evidence-based rehabili-
tation protocol. Digital groups (DCG and DNG) used the
healbone rehabilitation system (HRS), a remote rehabilita-
tion platform developed by Jiakangzhongzhi Technology
Co, paired with inertial measurement unit (IMU) wearables,
completing three 30-minute sessions per week. IRG attended
one 45-minute, in-person session with a physical therapist
each week and performed the remaining exercises independ-
ently at home using a printed manual. Pain, functional status,
health-related quality of life, and cervical range of motion
were assessed at baseline (Week 0), Week 12, and Week 24,
whereas patient satisfaction was measured only at Week 24.
Inclusion and Exclusion Criteria
All participants were recruited at Peking Union Medical
College Hospital. Two licensed physicians enrolled post-
operative ACDF candidates according to the inclusion
and exclusion criteria. Each participant received detailed
information about the study’s objectives, procedures, and
potential risks. Enrollment proceeded only after written
informed consent was obtained. The inclusion and exclusion
criteria were as follows:
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Textbox 1. Inclusion and exclusion criteria for participant selection.
Inclusion criteria:

1. Less than 70 years old.
2. Signed informed consent.
3. Diagnosis of cervical pathology Grade III or IV.
4. Experiencing cervical spine disease for longer than 2 months.
5. ≤3 segments requiring cervical fusion.

Exclusion criteria
1. Severe spinal canal stenosis.
2. Presence of diseases preventing exercise.
3. History of cervical or other spinal surgeries.
4. History of spinal infection or tumors.

Blinding
Because of the distinct modes of intervention, conventional
double‐blinding was not feasible. To minimize bias, we
implemented several safeguards. Follow-up assessments were
conducted by clinicians blinded to group allocation. Group
identifiers were replaced with coded labels during data
analysis, and data analysis was completed without knowledge
of group allocation.
Intervention
The digital and in-person groups followed an identical
rehabilitation protocol, designed by licensed physicians and
physical therapists with reference to clinical guidelines.
The program included cervical range-of-motion exercises,

cervical-muscle strengthening exercises, scapular-stability
exercises, and functional exercises. Full details are provided
in Multimedia Appendix 1. All patients underwent follow-up
assessments at baseline, Week 12, and Week 24.

Digital Rehabilitation Group
Participants used a mobile rehabilitation app paired with
wearable IMU sensors for training and monitoring. They were
instructed to complete 3 30-minute sessions per week for
12 weeks, totaling 36 sessions according to clinical proto-
cols [16-18]. The app comprises three modules: (1) computer-
vision exercise coaching, (2) cognitive behavioral therapy
(CBT), and (3) posture monitoring. Figures 1 and 2 depict
the implementation of these modules.

Figure 1. Computer vision–guided exercise and cognitive behavioral therapy modules. During each session, the front-facing cellphone camera works
with a computer-vision-based software application to capture head-and-neck angles in real time for guided exercises. The cognitive behavioral
therapy (CBT) module allows patients to access lessons and complete interactive homework assignments.
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Figure 2. Patient monitoring module and software module. The posture-monitoring module uses a 9-axis inertial measurement unit (IMU) paired
with a notification alert system. Patients wear the IMU during daily activities; when abnormal cervical posture is detected, the system sends a warning
message, encouraging proper postoperative posture.

In-Person Rehabilitation Group
Participants attended one 45-minute, therapist-supervised
session per week and received a printed home-exercise
booklet identical to the digital protocol for self-directed
practice in between visits. Two licensed physical therapists
delivering the sessions completed 3 training workshops (≥1
hour each) before the beginning of this study to ensure
protocol fidelity.
Computer-Vision Exercise Coaching
Before discharge from the hospital, participants installed the
training app on their smartphones and logged in with their
registered accounts. Patients then followed the software app,
which provided tutorials on how to complete each exercise.
The cell phone’s front-facing camera captured cervical angles
in real time, and the software provided verbal and audi-
tory feedback to patients when they were completing their
exercises in real time [19-22]. Each session lasted about 30
minutes, 3 times per week, for a total of 36 sessions over 12
weeks according to clinical guidelines [23-27].
Cognitive Behavioral Therapy (CBT)
The digital rehabilitation app delivers eight micro-lessons
designed to reduce postoperative chronic pain and psycholog-
ical stress. Each lesson lasts 15‐20 minutes and is completed
once per week during the first 8 weeks of training. Licensed
therapists created the curriculum with reference to clinical
protocols. The lessons progress through the following topics:

– Pain education: explaining that pain is not always
proportional to tissue damage

– Cognitive restructuring: recognizing and correcting
negative thought patterns

– Daily routine planning: helping patients establish
balanced activity and rest schedules

– Sleep management: addressing postoperative insomnia
or poor sleep quality

– Stress regulation: mitigating anxiety, fear, and feelings
of helplessness

– Goal maintenance: reinforcing intrinsic motivation for
long-term recovery.

After completing each lesson, patients complete an interac-
tive homework assignment and write an electronic diary.
Licensed therapists review submissions online each week and
provide feedback within 24 hours, thereby fostering patients’
self-management skills.
Posture Monitoring
Patients in the digital rehabilitation group were instructed to
wear a 9-axis IMU on the forehead for real-time tracking
of cervical flexion and rotation. The device had to be worn
for more than 4 hours per day during waking activities. If
forward flexion exceeded or axial rotation surpassed a preset
range, the app sent an alert. Each day, the software generated
a posture-monitoring report and uploaded it to the cloud for
therapist review. If no data were received for 48 hours, the
system issued an automatic reminder to the patient, followed
by a therapist phone check-in to improve engagement [28-
31].
Completion Criteria
Within the digital rehabilitation arm, patients were classified
as either the DCG or the DNG according to the following
criteria:

Exercise compliance: all 36 scheduled sessions had to be
completed. Each session required every prescribed exercise to
be completed.
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CBT compliance: all 8 CBT micro-lessons had to be
viewed, with the associated homework submitted.

Posture-monitoring compliance: the IMU had to be worn
for ≥4 hours per day, on ≥70% of the total days for the
12-week digital program [32-34].

Every DCG patient completed the full set of 36 sessions
and met the CBT and posture-monitoring requirements. By
contrast, most DNG participants discontinued the program
early and did not meet completion criteria.
Outcome Measures

Primary Outcomes
Primary outcomes included pain intensity, assessed with
a visual analog scale (VAS), and neck-specific disabil-
ity, assessed with the neck disability index (NDI). These
measures are well validated in cervical spine disease
populations [35]. We measured both outcomes at 0, 12, and
24 weeks postoperatively to capture the longitudinal course of
pain relief and functional recovery.

Secondary Outcomes
Psychological Health
Psychological health was assessed with the mental component
summary (MCS) of the 36-item short form survey (SF-36)
[36]. Higher MCS values indicate better mental well-being.
Participants complete the SF-36 at 0, 12, and 24 weeks after
surgery, allowing us to track the trajectory of postoperative
psychological adjustment alongside physical recovery.

Objective Kinematics
Cervical mobility was quantified as active range of motion
(ROM) in 3 anatomical planes—flexion, extension, lat-
eral bending, and axial rotation—using a handheld digital
inclinometer. After a standardized warm-up, each participant
performs 3 maximal pain-free movements per plane; the mean
of the 3 trials is recorded at 0, 12, and 24 weeks to document
changes in kinematics over time.

Muscle Endurance
Cervical flexor and extensor endurance was measured with
standardized supine and prone hold tests as described by
Harris et al [37]. For the flexor assessment, the participant
was in a supine position, lifted their heads upwards, and
maintained this posture until they felt fatigued. The dura-
tion of the test was measured in seconds. For the exten-
sor assessment, positioned in a prone posture, participants
suspended their necks in the air with a weight attached (2 kg
for males, 1 kg for females) and maintained the neck parallel
to the ground until they felt fatigued. The assessments were
performed 3 times, and the mean of the 3 trials is recorded
at 0, 12, and 24 weeks, providing an objective measure of
muscular performance during rehabilitation.

Patient Experience
Overall patient experience was evaluated once, at 24 weeks,
using the Chinese Patient Satisfaction Questionnaire–Revised
(PSQ-R) [38]. Each item is rated on a 5-point Likert scale,
with higher scores indicating greater satisfaction. Adminis-
tering the PSQ-R after the full intervention period captures
patients’ comprehensive impressions of care quality and
rehabilitation effectiveness.
Statistical Analysis
All statistical analyses were performed using SPSS software
(version 29.0; IBM Corp). Descriptive statistics for baseline
characteristics were reported as mean (SD) for continuous
variables or number (%) for categorical variables. Between-
group comparisons for continuous variables were conducted
using independent-sample 2-tailed t tests under the assump-
tion of normality. Categorical variables were compared using
χ2 tests. Primary outcomes (VAS and NDI) and secondary
outcomes (SF-36 MCS, cervical ROM, muscle endurance)
were assessed at baseline (0 week), 12 weeks, and 24 weeks
postoperatively. Results were presented as means, SDs, and
95% CIs. Pairwise group comparisons between the DCG,
DNG, and IRG were conducted at each time point using
independent-sample 2-tailed t tests. A P value less than .05
was considered statistically significant.
Ethical Considerations
This study was supported by CAMS Innovation Fund
for Medical Sciences (CIFMS; Grant No. 2023-I2M-C&T-
B-002) and the National High-Level Hospital Clinical
Research Funding (Grant No. 2022-PUMCH-A-123). The
protocol adhered to the principles of the Declaration of
Helsinki and was reviewed and approved by the Eth-
ics Committee of Peking Union Medical College Hospi-
tal, Chinese Academy of Medical Sciences (approval No.
I-25PJ0581). Written informed consent was obtained from
all participants prior to enrollment. All personal data were
coded and deidentified to ensure participant privacy and data
security. No financial or other compensation was offered to
participants.

Results
Participant Characteristics
Between January and December 2023, we screened 368
candidates for the study. Fifteen were excluded because of
severe spinal-canal stenosis, 9 because of comorbid condi-
tions that limited exercise, and 8 declined participation. The
remaining 336 patients met all criteria and completed the
baseline assessment (Figure 3). All were followed longitudi-
nally and allocated to one of 3 cohorts according to actual
rehabilitation uptake: 192 in the DCG, 78 in the DNG, and 66
in the IRG.

JMIR REHABILITATION AND ASSISTIVE TECHNOLOGIES Liu et al

https://rehab.jmir.org/2025/1/e60717 JMIR Rehabil Assist Technol2025 | vol. 12 | e60717 | p. 5
(page number not for citation purposes)

https://rehab.jmir.org/2025/1/e60717


Figure 3. Experimental protocol.

Baseline demographic and neurological profiles were well
matched. Mean age was 54.3 (10.1) years in the DCG, 54.1
(9.7) years in the DNG, and 53.4 (9.5) years in the IRG.
Women accounted for 50%, 52%, and 51% of each group,
respectively. On preoperative neurological examination, the
prevalence of unilateral radicular pain was similar (56%,

59%, and 57%, respectively), as was bilateral radicular pain
(13%, 14%, and 15%). Rates of muscle weakness (57%,
55%, and 56%), sensory deficit (43%, 45%, and 44%), and
a positive upper-limb traction test (80%, 77%, and 78%) also
showed no meaningful differences. These findings confirm
baseline comparability among the 3 groups (Table 1).

Table 1. Baseline patient characteristics for the 3 groups.

Description
DCGa

(n=192)
DNGb

(n=78)
IRGc

(n=66)
Age (years), mean (SD) 54.3 (10.1) 54.1 (9.7) 53.4 (9.5)
Patient sex, n (%)
  Male 96 (50) 37 (48) 32 (49)
  Female 96 (50) 41 (52) 34 (51)
Neurological examination, n (%)
  Unilateral nerve root pain 107 (56) 46 (59) 38 (57)
  Bilateral nerve root pain 25 (13) 11 (14) 10 (15)
  Motor dysfunction 109 (57) 43 (55) 37 (56)
  Sensory disturbance 82 (43) 35 (45) 29 (44)
  Upper limb tension test 154 (80) 60 (77) 52 (78)

aDCG: digital rehabilitation completion group.
bDNG: digital rehabilitation noncompletion group.
cIRG: in-person rehabilitation group.
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Primary Outcomes

Pain Intensity (Visual Analog Scale [VAS])
At 12 weeks postoperation, mean VAS scores changed by
−2.5 points in the DCG (95% CI −3.0 to −2.0) and by −2.9
points in the IRG (95% CI −3.8 to −2.0). In contrast, the
DNG showed only a −0.8 point change (95% CI −1.6 to

0.0). By 24 weeks, the pain had decreased in both completion
groups, −4.0 points in the DCG (95% CI −4.5 to −3.5) and
−4.1 points in the IRG (95% CI −5.0 to −3.2). The difference
between these 2 groups was not significant (P=.82), yet both
outperformed the DNG, which changed by just −1.3 points
(95% CI −2.1 to −0.5) (Table 2).

Table 2. Pain and functional outcomes.
Outcomes and
groups

Baseline (0-
wk) P valuea

12-wk,
mean (SD) Δ12-wkb (95% CI) P valuea

24-wk,
mean (SD) Δ24-wkc (95% CI) P valuea

VAS (0‐10)
  DCGd 6.1 (3.1) DCGd/I

RGe: .83
3.6 (1.3) –2.5 (–3.0 to –2.0) DCGd/I

RGe: .56
2.1 (2.2) –4.0 (–4.5 to –3.5) DCGd/IR

Ge: .46
  DNGf 6.2 (2.9) DCGd/D

NGf: .80
5.4 (2.1) –0.8 (–1.6 to 0.0) DCGd/D

NGf:
<.001

4.9 (2.2) –1.3 (–2.1 to –0.5) DCGd/DN
Gf: <.001

  IRGe 6.0 (3.3) IRGe/D
NGf: .70

3.2 (1.9) –2.8 (–3.7 to –1.9) IRGe/D
NGf:
<.001

1.9 (1.8) –4.1 (–5.0 to –3.2) IRGe/DN
Gf: <.001

NDI (0‐100)
  DCGd 38.2 (22.1) DCGd/I

RGe: .95
31.4 (11.3) –6.8 (–10.3 to –3.3) DCGd/I

RGe: .54
24.9 (18.2) –13.3 (–17.4 to –9.2) DCGd/IR

Ge: .80
  DNGf 37.5 (22.3) DCGd/D

NGf: .81
35.3 (14.6) –2.2 (–8.2 to 3.8) DCGd/D

NGf: .04
31.1 (19.1) –6.4 (–13.0 to 0.2) DCGd/DN

Gf: .02
  IRGe 38.4 (21.8) IRGe/D

NGf: .80
30.3 (13.1) –8.1 (–14.3 to –1.9) IRGe/D

NGf: .03
24.2 (19.3) –14.2 (–21.3 to –7.1) IRGe/DN

Gf: .03
SF-36 MCS
  DCGd 37.3 (23.8) DCGd/I

RGe: .84
46.3 (25.8) 9.0 (4-14) DCGd/I

RGe:
<.001

58.7 (14.9) +21.4 (17.4 to 25.4) DCGd/IR
Ge: <.001

  DNGf 36.8 (23.9) DCGd/D
NGf: .88

37.9 (23.4) +1.1 (–6.4 to 8.6) DCGd/D
NGf:
.001

44.6 (18.7) +7.8 (–1.0 to 14.6) DCGd/DN
Gf: <.001

  IRGe 36.6 (24.2) IRGe/D
NGf: .96

41.7 (24.4) +5.1 (–3.3 to 13.5) IRGe/D
NGf: .34

49.5 (16.4) +12.9 (5.8 to 20.0) IRGe/DN
Gf: .09

aP value: the significance level was set at P<.05
bΔ12wk: difference of change between baseline and the 12th week’s outcome
cΔ24wk: difference of change between baseline and the 24th week’s outcome
dDCG: digital rehabilitation completion group.
eIRG: in-person rehabilitation group.
fDNG: digital rehabilitation noncompletion group.

Neck-Specific Disability (Neck Disability Index
[NDI])
At the 12-week assessment, NDI scores changed by −6.8
points in the DCG (95% CI −10.3 to −3.3) and by −8.1
points in the IRG (95% CI −14.3 to −1.9), whereas the DNG
changed by only −2.2 points. By week 24, the changes were
even greater, −13.3 points in the DCG (95% CI −17.4 to −9.2)
and −14.2 points in the IRG (95% CI −21.3 to −7.1). These
two groups did not differ significantly (P=.46), but both had
greater changes than DNG’s −6.4 points (95% CI −13.0 to
0.2) (Table 2).

Secondary Outcomes

Psychological Health (SF-36 Mental
Component Summary [MCS])
At Week 12, the DCG showed a 9-point rise in MCS (95%
CI 4.0‐14.0), whereas the IIRG improved by 5.1 points (95%
CI –3.3 to 13.5). The DNG gained only 1.1 points (95% CI
–6.4 to 8.6). By Week 24, the DCG’s benefit widened to
21.4 points (95% CI 17.4‐25.4), significantly surpassing the
IRG’s 12.9-point increase (95% CI 5.8‐20.0; between-group
P<.05) and the DNG’s 7.8-point change (95% CI –1.0 to
14.6; between-group P<.05) (Table 2).
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Cervical Range of Motion (ROM)

Sagittal Plane (Flexion–Extension)
At postoperative 0 week, sagittal plane ROM was similar
across groups with no statistically significant differences. At
12 weeks, sagittal ROM improved from 78.7° to 94.4° in the
DCG, from 77.3° to 83.4° in the DNG, and from 77.9° to
93.2° in the IRG. The corresponding gains were 15.7° (95%
CI 14.1-17.3), 6.1° (95% CI 3.6-8.6), and 15.3° (95% CI
12.7-17.9), respectively. By Week 24, DCG and IRG further
improved to 102.4° and 104.5°, while DNG reached 89.2°.
Between-group differences were statistically significant for

DCG versus DNG and IRG versus DNG at both time points
(P<.001).

Coronal Plane (Lateral Bending)
At postoperative 0 weeks, coronal plane ROM was similar
across groups with no statistically significant differences.
Coronal ROM increased from 56.7° to 69.8° in DCG, 57.4°
to 63.8° in DNG, and 55.9° to 68.2° in IRG at 12 weeks,
with corresponding gains of 13.1°, 6.4°, and 12.3°. By Week
24, DCG reached 76.1°, IRG 77.5°, and DNG 67.2°, with
continued between-group significance favoring DCG and IRG
over DNG (P<.001) (Table 3).

Table 3. Cervical spine range-of-motion and neck-muscle endurance outcomes.

Outcomes and groups Baseline P valuea

12-
week,
mean
(SD)

Δ12-weekb (95%
CI) P valuea

24-week,
mean (SD)

Δ24-weekc (95%
CI) P valuea

Sagittal ROMd (°)
  DCGe 78.7 (6.1) DCGe/I

RGf: .32
94.4
(9.4)

15.7 (14.1-17.3) DCGe/IRGf:
.36

102.4 (8.4) 23.7 (22.3-25.3) DCGe/IRGf: .11

  DNGg 77.3 (6.4) DCGe/D
NGg: .10

83.4
(9.1)

6.1 (3.6-8.6) DCGe/
DNGg:<.001

89.2 (12.7) 11.9 (8.7-15.1) DCGe/
DNGg:<.001

  IRGf 77.9 (5.5) IRGf/D
NGg: .54

93.2
(9.3)

15.3 (12.7-17.9) IRGf/
DNGg:<.001

104.5 (9.6) 26.6 (23.9-29.3) IRGf/
DNGg:<.001

Coronal ROM (°)
  DCGe 56.7 (6.5) DCGe/I

RGf: .38
69.8
(7.1)

13.1 (11.7-14.5) DCGe/IRGf:
.36

76.1 (4.3) 19.4 (18.3-20.5) DCGe/IRGf: .21

  DNGg 57.4 (7.1) DCGe/D
NGg: .45

63.8
(5.9)

6.4 (4.3-8.5) DCGe/
DNGg:<.001

67.2 (5.3) 9.8 (7.8-11.8) DCGe/
DNGg:<.001

  IRGf 55.9 (6.3) IRGf/D
NGg: .18

68.2
(6.7)

12.3 (10.1-14.5) IRGf/
DNGg:<.001

77.5 (8.6) 21.6 (19-24.2) IRGf/
DNGg:<.001

Horizontal ROM (°)
  DCGe 108.5 (5.3) DCGe/I

RGf: .22
123.2
(9.5)

14.7 (13.2-16.2) DCGe/IRGf:
.10

128.2
(12.4)

19.7 (17.8-21.6) DCGe/IRGf: .34

  DNGg 109.7 (5.9) DCGe/D
NGg: .12

115.4
(12.2)

5.7 (2.7-8.7) DCGe/
DNGg:<.001

118.9
(15.3)

9.2 (5.5-12.9) DCGe/
DNGg:<.001

  IRGf 109.4 (5.0) IRGf/D
NGg: .74

126.3
(14.1)

16.9 (13.3-20.5) IRGf/
DNGg:<.001

130.1
(14.3)

20.7 (17-24.4) IRGf/
DNGg:<.001

Ventral endurance
  DCGe 43.4 (9.3) DCGe/I

RGf: .52
48.1
(5.1)

4.7 (3.2-6.2) DCGe/IRGf:
.08

55.2(4.2) 11.8 (10.4-13.2) DCGe/IRGf: .62

  DNGg 42.4 (8.8) DCGe/D
NGg: .41

45.3
(5.0)

2.9 (0.6-5.2) DCGe/
DNGg:<.001

48.4 (3.8) 6.0 (3.9-8.1) DCGe/
DNGg:<.001

  IRGf 44.2 (8.4) IRGf/D
NGg: .21

49.5
(5.8)

5.3 (2.8-7.8) IRGf/
DNGg:<.001

55.6 (6.1) 11.4 (8.9-13.9) IRGf/
DNGg:<.001

Dorsal endurance (s)
  DCGe 75.8 (3.9) DCGe/I

RGf: .48
85.2
(4.2)

9.4 (8.6-10.2) DCGe/IRGf:
.71

90.6 (6.3) 14.8 (13.7 to 15.9) DCGe/IRGf: .75

  DNGg 76.8 (6.3) DCGe/D
NGg: .20

79.4
(6.9)

2.6 (0.5-4.7) DCGe/
DNGg:<.001

80.4 (6.7) 3.6 (1.5 to 5.7) DCGe/
DNGg:<.001

  IRGf 75.2 (6.6) IRGf/D
NGg: .14

84.8
(8.4)

9.6 (7-12.2) IRGf/
DNGg:<.001

90.3 (6.7) 15.1 (12.8-17.4) IRGf/
DNGg:<.001

aP value: the significance level was set at P<.05.
bΔ12 week: difference of change between baseline and the 12th week’s outcome.
cΔ24 week: difference of change between baseline and the 24th week’s outcome.
dROM: range of motion.
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eDCG: digital rehabilitation completion group.
fIRG: in-person rehabilitation group.
gDNG: digital rehabilitation noncompletion group.

Horizontal Plane (Axial Rotation)
At postoperative 0 week, horizontal plane ROM was similar
across groups with no statistically significant differences.
Horizontal ROM improved from 108.5° to 123.2° in DCG,
109.7° to 115.4° in DNG, and 109.4° to 126.3° in IRG by
week 12, and further to 128.2° (DCG), 118.9° (DNG), and
130.1° (IRG) by Week 24. Between-group comparisons at
both time points showed significant advantages for DCG and
IRG over DNG (P<.001) (Table 3).
Cervical Flexor and Extensor Endurance

Ventral Endurance (Deep Flexor Muscles)
At baseline, deep-flexor endurance was similar across
groups: DCG 43.4 (9.3)s, DNG 42.4 (8.8)s, and IRG 44.2
(8.4)s (all P>.40). By Week 12, endurance improved to
48.1 (5.1)s in the DCG, 45.3 (5.0)s in the DNG, and 49.5
(5.8)s in the IRG. The increases from baseline were 4.7s
(95% CI 3.2-6.2), 2.9 (95% CI 0.6-5.2), and 5.3 (95% CI
2.8-7.8), respectively. Between-group comparisons showed
significant differences between DCG and DNG (P<.001)
and IRG and DNG (P<.001), but not between DCG and
IRG (P=.08).

At Week 24, endurance further increased to 55.2 (4.2)s
in the DCG and 55.6 (6.1)s in the IRG, compared to 48.4
(3.8)s in the DNG. Improvements were 11.8s (95% CI 10.4-

13.2), 11.4s (95% CI 8.9-13.9), and 6.0s (95% CI 3.9-8.1),
respectively, with sustained significance for DCG versus
DNG and IRG versus DNG (both P<.001) (Table 3).

Dorsal Endurance (Extensor Muscles)
At baseline, extensor endurance was also comparable: DCG
75.8 (3.9)s, DNG 76.8 (6.3)s, IRG 75.2 (6.6)s (P >.10). At
Week 12, the values increased to 85.2 (4.2)s (DCG), 79.4s
(6.9)s (DNG), and 84.8s (8.4)s (IRG), with corresponding
gains of 9.4, 2.6, and 9.6.

At Week 24, endurance rose to 90.6 (6.3)s (DCG), 80.4
(6.7)s (DNG), and 90.3 (6.7)s (IRG). The improvements
from baseline were 14.8s (95% CI 13.7-15.9s), 3.6s (95% CI
1.5-5.7s), and 15.1s (95% CI 12.8-17.4s), respectively. DCG
and IRG both significantly outperformed DNG (P<.001),
while DCG and IRG remained comparable (P=.75) (Table
3).
Patient Satisfaction (PSQ-R)
At Week 24, patient-reported satisfaction was high and
comparable between the DCG and the IRG: DCG, 95.7
(6.1) (95% CI 94.8‐96.6) versus IRG, 95.9 (6.5) (95% CI
94.3‐97.5); P=.83. The DNG averaged 84.3 (7.9) (95%
CI 82.5‐86.1). Satisfaction in the DNG was lower than in
the DCG (P<.001) and IRG (P<.001), reaching statistical
significance (Table 4).

Table 4. Patient satisfaction at 24 weeks (PSQ-R).
Group 24-week, mean (SD) 95% CI P valuea

DCGb (n=192) 95.7 (6.1) 94.8‐96.6 DCGb/IRGc: .83
DNGd (n=78) 84.3 (12.9) 82.5‐86.1 DCGb/DNGd:

<.001
IRGc (n=66) 95.9 (6.5) 94.3‐97.5 IRGc/DNG: <.001

aP value: the significance level was set at P<.05.
bDCG: digital rehabilitation completion group.
cIRG: in-person rehabilitation group.
dDNG: digital rehabilitation noncompletion group.

Discussion
Principal Findings
We enrolled 336 patients who underwent ACDF and
compared 3 rehabilitation strategies—a complete digital
program, conventional in-person physiotherapy, and an
incomplete digital program—at 12 and 24 weeks. Patients
who finished the digital program (DCG) achieved pain (VAS)
and neck-specific disability (NDI) reductions comparable to
those in the in-person group (IRG) and superior to those
in the digital group who did not complete the program
(DNG). Changes in 3-plane cervical range of motion and
in flexor/extensor muscle endurance were greater in both
DCG and IRG than in the DNG. The DCG also reported the

largest improvement in mental health (SF-36 MCS). Patient
satisfaction remained high and similar between the DCG
and IRG groups, whereas inadequate compliance in DNG
substantially weakened treatment benefits.
Digital Rehabilitation for Functional
Recovery
This study validated the effectiveness of a digital rehabili-
tation program in facilitating functional recovery following
ACDF surgery. At 24 weeks postsurgery, the DCG dem-
onstrated superior improvements in cervical spine mobility
across sagittal, coronal, and horizontal planes compared to
the DNG, with a range of motion improved reaching 23.7
degrees, 19.4 degrees, and 19.7 degrees for DCG versus 11.9
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degrees, 9.8 degrees, and 9.2 degrees for DNG, respec-
tively. Moreover, significant improvements in neck muscle
endurance were observed in the DCG, for anterior and
posterior muscle groups at 11.8 seconds and 14.8 seconds,
respectively, compared to 6 seconds and 3.6 seconds in the
DNG. A notable reduction in the NDI of 13.3 for DCG
and 6.4 for DNG was also documented, further showing the
digital rehabilitation program’s effect in promoting cervical
spine functional recovery.

This study highlighted the effectiveness of combin-
ing computer vision-guided exercises with sensor-based
monitoring to deliver precise rehabilitation guidance
postsurgery. The computer vision-guided approach allowed
the physician to monitor whether patients completed the
exercises correctly and detected when there was difficulty
performing an exercise. By providing precise and real-time
feedback via computer vision, the digital program allows
the physician to monitor the patient remotely and to
adjust the intensity of the exercise, ensuring that patients
are engaged in suitable exercises, therefore improving the
effectiveness of the rehabilitation process. The wearable
sensor further monitored patient behavior to correct postures,
which could facilitate recovery. These findings are consistent
with previous studies that showed digital rehabilitation is
comparable to traditional rehabilitation methods in terms of
effectiveness [39]. This is further supported by DCG and
IRG demonstrating similar outcomes, both superior to DNG,
showcasing the potential of technology-enhanced programs
to offer more customized and flexible patient management
solutions [40].
Cognitive Behavioral Therapy for Pain
Management
Additionally, this study evaluated the impact of integrating
CBT into a digital rehabilitation program to improve pain
management and psychological health. The usage of a digital
platform for CBT delivery allowed the patients to have
continuous access to pain management content and strategies,
irrespective of physical location or mobility restrictions. The
digital program taught patients how to manage postsurgical
pain and educated patients to focus on breathing exercises
and guided exercises to decrease pain. The results showed
that a notable reduction in the VAS pain score of 4.1 for
DCG by the 24th week, compared to 1.3 for the DNG.
This finding is consistent with previous studies that dem-
onstrated CBT techniques, such as cognitive restructuring
and coping strategy enhancement, significantly reduce pain
intensity and distress associated with pain conditions [36].
This is consistent with the gate control theory of pain, which
proposes that when non-nociceptive input predominates,
such as tactile stimulation or other sensory modalities, the
perception of pain is reduced [40]. Moreover, the empha-
sis on behavior modification strategies, encouraging active
engagement in exercise and social activities, resonates with
previous work that found lifestyle modifications play a vital
role in mitigating the influence of pain on daily functioning
and overall quality of life [41]. These findings demonstrate

the importance of the cognitive-behavioral component of pain
management.

Improved Patient Satisfaction
This study’s findings showed that patients in the DCG
reported high satisfaction scores comparable to those in the
IRG, with scores of 95.7 and 95.9, respectively. In contrast,
the DNG reported a significantly lower satisfaction score of
84.3 points. The higher patient satisfaction observed in both
the DCG and IRG for cervical spine rehabilitation post-ACDF
was potentially caused by several key factors. The digital
rehabilitation program tailored the rehabilitation plans to
individual needs and introduced the convenience of undergo-
ing therapy at home, the ease of access, and personalization
potentially improved patient satisfaction. This is supported by
previous studies that highlighted digital health programs in
promoting patient engagement and satisfaction by leveraging
the convenience and flexibility of technology-based solutions
[42].

Moreover, the interactive software used in the digital
rehabilitation program made rehabilitation exercises more
engaging and interactive, similar to gameplay. The incorpora-
tion of interactive experiences within the digital rehabilitation
program introduces patient satisfaction in the rehabilitation
process, a factor that not only aids in maintaining high levels
of patient compliance but also enriches the psychological
well-being of patients undergoing treatment [43,44]. This
finding is similar to previous research, which asserts that the
interactive components of digital health programs contribute
to positive patient experiences and outcomes [45]. These
elements together contribute to the overall increase in patient
satisfaction.

Mental Health
The SF-36 MCS results highlight the impact of the rehabil-
itation types on mental health post-ACDF cervical spine
rehabilitation. Over the 24 weeks, the DCG and IRG saw
significant mental health improvements, with scores rising
of 21.4 and 12.9 points, respectively. The DNG showed
a moderate improvement of 7.8 points. This is consistent
with previous studies that showed digital rehabilitation
platforms, particularly those incorporating cognitive-behavio-
ral strategies, have a significant positive impact on mental
health [46]. The improved mental health score could be due to
the comprehensive approach of these systems. Particularly in
digital rehabilitation, the inclusion of CBT provides essential
psychological support, directly contributing to mental health
improvements. Also, software increases the patient education
frequency, which could have a more profound impact on the
patient’s mental health improvement. This is in contrast with
the standard of care patient education, which solely focused
on postoperative wound care and joint function training,
which did not address the mental well-being of the patient.

Clinical Implications of Digital
Rehabilitation
Our study shows that patients who completed the 12-
week digital rehabilitation program experienced pain relief,
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functional gains, and improvements in three-plane cervical
range of motion and muscle endurance that matched those
achieved through conventional, clinic-based therapy at both
12 and 24 weeks after ACDF. In addition, the digital group
reported better mental health scores and higher satisfac-
tion, whereas participants with poor adherence realized
only modest improvements. These findings reinforce earlier
telerehabilitation research indicating that smartphone- and
wearable-based interventions can equal in-person physiother-
apy in clinical effectiveness while offering greater accessibil-
ity and adherence [5,47].

The platform we evaluated combines computer-vision
motion analysis, inertial-sensor posture monitoring, and brief
CBT modules within a single mobile app. This training-
and-feedback loop provides patients with real-time correc-
tive cues and allows licensed clinicians to remotely review
performance data and provide feedback to the patients. The
CBT component addresses postoperative mood and motiva-
tion, thereby supporting sustained engagement [48]. High
satisfaction and completion rates in the DRG further attest to
the platform’s ability to keep users actively involved [6,49].

From a health services perspective, digital rehabilita-
tion offers several advantages. First, clinicians can mon-
itor recovery more frequently without requiring patients
to make repeated clinic visits, reducing travel time and
associated costs. Second, continuous data captured by the
software enables providers to identify early signs of nonad-
herence or postoperative psychological distress and intervene
promptly. Finally, because its underlying technologies are
disease-agnostic, a similar framework can be applied to other
musculoskeletal diseases, providing a scalable template for
modernizing postoperative rehabilitation care.
Limitations
This investigation was conducted at a single, high-volume
tertiary medical center, which may limit geographic and

institutional generalizability; however, the center’s stand-
ardized surgical pathways and comprehensive follow-up
enhance internal validity and provide a benchmark for
future multicenter studies. Second, rehabilitation modality
was determined by participant preference rather than random
allocation, introducing the possibility of selection bias.
Third, although patients who underwent multilevel fusion
were excluded to ensure surgical homogeneity, the result-
ing cohort offers a clear view of single-level ACDF recov-
ery and establishes a foundation for subsequent work in
more complex cases. These considerations suggest that in
the future, randomized and multicenter clinical trials can
extend the present findings to broader patient populations and
surgical scenarios.
Conclusions
This investigation demonstrates that a 12-week digital
rehabilitation program delivers postoperative pain relief and
functional recovery comparable to conventional, clinic-based
therapy following ACDF. Beyond matching these core
outcomes, the digital pathway confers additional advantages
in psychological well-being and maintains high levels of
patient-reported satisfaction. By combining computer-vision–
guided exercise, wearable sensor monitoring, and embedded
cognitive-behavioral support, the platform enables effective
remote rehabilitation for ACDF patients. High compliance
translates directly into greater clinical benefit, underscoring
engagement as a pivotal determinant of success in remote
care models. These findings support digital rehabilitation
as a clinically effective, resource-efficient, and patient-cen-
tered option for postoperative rehabilitation, with potential for
broader applications in musculoskeletal care.
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