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ABSTRACT

Introduction Low back pain is a significant burden

to society and the lack of reliable outcome measures,
combined with a prevailing inability to quantify the
biopsychosocial elements implicated in the disease,
impedes clinical decision-making and distorts treatment
efficacy. This paper aims to validate the utility of a
biopsychosocial spine platform to provide standardized
wearable sensor-derived functional motion assessments
to assess spine function and differentiate between
healthy controls and patients. Secondarily, we explored
the correlation between these motion features and
subjective biopsychosocial measures.

Methods An observational study was conducted on
healthy controls (n=50) and patients with low back
pain (n=50) to validate platform utility. The platform
was used to conduct functional assessments along with
patient-reported outcome assessments to holistically
document cohort differences. Our primary outcomes
were motion features; and our secondary outcomes were
biopsychosocial measures (pain, function, etc).

Results Our results demonstrated statistically
significant differences in motion features between
healthy and patient cohorts across anatomical planes.
Importantly, we found velocity and acceleration in

the axial plane showed the largest difference, with
healthy controls having 49.7% and 55.7% higher
values, respectively, than patients. In addition, we found
significant correlations between motion features and
biopsychosocial measures for pain, physical function and
social role only.

Conclusions Our study validated the use of

wearable sensor-derived functional motion metrics in
differentiating healthy controls and patients. Collectively,
this technology has the potential to facilitate holistic
biopsychosocial evaluations to enhance spine care and
improve patient outcomes.

Trial registration number NCT05776771.

INTRODUCTION

Low back disorders (LBDs) that lead to low back
pain (LBP) continue to be one of the most preva-
lent and complex musculoskeletal disorders facing
society.'” They represent the most disabling condi-
tion in the world® and afflict up to 80%t of the
population at some point during one’s lifetime.” !
Current treatment strategies are often ineffective
and produce poor outcomes, increased addiction
to opioids,'*™" unnecessary patient suffering, and
inflated medical costs of over US$134 billion.® 7

1 Tristan Weaver "> William S Marras'

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Low back disorders are a significant burden
to society and the lack of reliable measures,
combined with a prevailing inability to quantify
the biopsychosocial elements implicated in the
disease, impedes clinical decision-making and
distorts treatment efficacy.

WHAT THIS STUDY ADDS

= This research highlights the innovative use of
a spine health platform that leverages modern
wearable motion sensors and cloud-based
computing to provide rapid access to reliable
functional motion metrics to support clinical
decision-making in spine care.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= The use of functional motion metrics has the
potential to shift clinical paradigms and provide
objective information to better assess treatment
effect and disease trajectory over time.

Meaningful outcome measures for LBD have
proven difficult to develop due to the complex
interplay between physical, psychological, and
social elements. The lack of reliable measures,
combined with a prevailing inability to quantify the
biopsychosocial elements implicated in the disease,
impedes clinical decision-making and distorts treat-
ment efficacy. This absence of objective metrics
has often propagated a trial-and-error approach
to treatment, culminating in escalating costs and
suboptimal patient outcomes in spine care. Conse-
quently, the development and validation of objec-
tive metrics could be instrumental in improving
treatment strategies and outcomes.

While it remains a challenge to quantify many
of the biopsychosocial elements that influence
LBDs, an often underexplored component that
has the capacity to serve as an indirect measure of
biomechanical function is spine kinematics. Access
to spine kinematics may offer an objective means
to measure disease burden and assess treatment
response. Indirect measurements of biomechanical
or physiological function are commonly used as
objective metrics in other chronic health conditions
such as heart disease (heart rate, blood pressure)
and diabetes (A1C), yet none exist for LBDs. There
is evidence to suggest that spine kinematics can
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provide a ‘window’ into the biomechanical functioning of the
spine and has the potential to provide objective information to
better assess treatment effect and disease trajectory over time.'®
Previous research has shown that kinematic profiles of LBD
sufferers are different from asymptomatic counterparts' 2° 2=
and these differences can be leveraged to inform clinical decision-
making® %° and treatment evaluation.

Over multiple decades, our team has helped lay the ground-
work for leveraging spine kinematics as quantitative metrics
for spine health outcome assessment.”” 2! 733 These efforts led
to the development of the first wearable spine motion sensing
system called the clinical lumbar motion monitor (cLMM),
which uses measures of three-dimensional (3D) spine motion
obtained via a functional spine assessment to provide biome-
chanically meaningful metrics of spine health,?0 2426 30 31 3435
This functional motion test provides a rapid, non-invasive, cost-
effective solution to objectively benchmark a patient’s spine
function, and monitor functional improvement or decline with
treatment over time. Since then, with emerging technologies in
cloud-computing and inertial measurement unit (IMU) systems,
the cLMM has evolved into a comprehensive spine health plat-
form (Conity) designed to collect data at scale, integrating func-
tional motion from IMU sensors to provide centralized access to
functional metrics and a holistic array of biopsychosocial metrics
to facilitate deep phenotyping of patients and enhance clinical
decision-making for spine care.** 337

This paper’s primary aim was to validate the utility of a
biopsychosocial spine platform to provide standardized wear-
able sensor-derived functional motion features to assess spine
function and identify kinematic differences between healthy
controls and patients with LBP. Our secondary aim was to inves-
tigate the correlation between these functional motion features
and subjective measures that target pain, function and other crit-
ical biopsychosocial domains.

METHODS
Study design and population
This is a single-center, observational study that compared the
functional motion profiles of participants seeking medical care
for chronic LBP (n=50) to healthy controls (n=50). A wearable
spine health platform (Conity) was used to administer a 10 min
standardized functional motion assessment of the lumbotho-
racic (trunk) spine to document motion performance differences
between the two cohorts. All participants (healthy controls and
patients with LBP) were recruited based on eligibility criteria and
medical history. Prior to participant enrolment, a research team
member explained the study in detail, confirmed eligibility per
study protocol, and obtained informed consent. The clinical trial
registration details are as follows:

Name: The Spine Phenome Project.

Registration Date: February 6, 2023.

Clinical Trials Registration #: NCT05776771.

Study Start (Participant Accrual): December 18, 2020.

Healthy controls

Our healthy control participants were adults without known
history of LBDs from Columbus and surrounding communities
in Ohio. The inclusion criteria were (a) age of 18 years or older;
(b) able to stand for 10 min; (c) able to speak, read and under-
stand English. The exclusion criteria were: (a) currently seeing or
planning to see a medical provider for LBP; (b) history of chronic
LBP lasting longer than 3 months; (c) neoplasia including history
of brain or spine cancer; (d) spinal deformity requiring medical

treatment, (e) history of spinal fractures; (f) known pregnancy;
(g) spinal infection; (h) current condition requiring immobili-
zation or bracing of the spine; (i) history of spine surgery; (j)
known osteoporosis; (k) current open wounds in the back; and
() any reason that a researcher or participant determines it is
unsafe to participate in the study.

LBP patient sample

Our patient participants were adults with LBD that sought a
medical consult at the Ohio State University Wexner Medical
Center (OSUWMC). The inclusion criteria were: (a) age of
18years or older; (b) currently seeking medical consult with
primary compliant of LBP; (c) able to stand for 10min; and
(d) able to speak, read and understand English. The exclusion
criteria were: (a) known pregnancy; (b) current LBP is the
result of a traumatic injury or is positive for spine instability
with imaging; (c) neoplasia including history of brain or spine
cancer; (d) spinal deformity requiring medical treatment, (e)
known spinal fractures in the last 6 months; (f) spinal infection;
(g) current condition requiring immobilization or bracing of the
spine; (h) spinal fusion across four or more lumbar disc levels;
(i) known osteoporosis; (j) current open wounds in the back;
(k) known unstable spondylolisthesis; and (I) any reason that
a treating physician, researcher or participant determines it is
unsafe to participate in the study.

Study procedure
Enrolled participants completed a series of Patient-Reported
Outcome (PRO) questionnaires that spanned across critical
biopsychosocial domains, prior to performing a 10min func-
tional motion assessment administered using a spine health plat-
form (Conity). Details on the spine health platform are presented
in online supplemental section . All data were collected in the
Conity platform, which is depicted in figure 1.

A general overview of the functional assessment is presented
below:

Functional spine motion assessment (Conity test)

The concept behind the functional spine motion assessment is to
have participants perform a standardized dynamic motion test
in a controlled manner to document the 3D kinematic perfor-
mance capabilities of the spine. The standardized test is designed
to take approximately 10 min from start to finish. Participants
perform these dynamic trunk motions in each of three anatom-
ical planes (flexing and extending back to neutral posture for
sagittal movements, bending right to left for lateral movements,
and twisting right to left for axial movements). Our instruc-
tions ask participants to perform the motions as fast or as far
as they can comfortably. All motions are recorded directly into
the Conity platform. Custom IMU motion sensors are mounted
on harnesses (figure 2) worn on the chest and pelvis (for testing
spine function). The harnesses are worn over clothing and take
approximately 30s to don and doff. One advantage of this hard-
ware setup is that there is no need for the participant to disrobe.
Another advantage is that there is no risk of adverse reactions
from adhesives applied to the skin. The system has been designed
to accommodate a broad range of participant body types ranging
between the 1st and 99th percentile in height and weight.

The platform software was designed to enhance standard-
ized testing among both participants and evaluators. The soft-
ware contains embedded audio, video, and graphic instructions
for participants and evaluators to walk them through the data
collection protocol (figure 3). It also contains a standardized
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B

Spine Motion
Physical function,
Physical exposures
Questionnaires
Sleep, mental health
social support, age, etc.

(80+ Available)

Biomedicallmaging
MRI, CT

Health Records
D\agnoses, freatments

Occupational Exposures
Weights handled, efc.

Outcomes
Pain, disability, opicid use, healthcare
utilization, injuries, claims, lost time from work

Figure 1

Proprietary Custom
— Databases Models
Raw Data From historical Statistics, Al ML

Web Application

S 7

observations Mechanistic

Actionable Biomarkers

Occupational

Injury
Prevention

Research Patient Care

Insight as a Service (laaS)

Digital spine platform indicating biopsychosocial data inputs, cloud-based web application for data storage, processing and providing

insights for researchers, providers during patient care and occupational injury prevention. Al, artifical inteligence; ML, machine learning.

online training program to teach new evaluators how to perform
the evaluation and will prevent users from collecting data if
they have not completed their training. Furthermore, collected
data are automatically processed, analyzed, and available for
reporting immediately after collection. Standardized question-
naires are scored, and motion assessment data are summarized
for intuitive interpretation of motion performance results.** The
relevant kinematic components of interest extracted from the
functional assessment and presented in this study consist of rota-
tional position, maximum velocity, and acceleration measures
across axial, lateral and sagittal anatomical planes. In general,
these software features make the test easy to perform quickly,
accurately, reliably, and safely.

Outcome measures

Primary outcomes: functional motion features

Our primary outcomes were functional motion features
extracted from the lumbothoracic spine (trunk) and summarized
as total range of motion (ROM), maximum velocity and accel-
eration ranges across the three anatomical planes (axial, lateral
and sagittal).

Figure 2 Motion kit, harnesses and IMU sensor configuration for low
back assessment. IMU, inertial measurement unit.

Secondary outcomes: PROMIS physical, mental and social domains
In order to capture a holistic biopsychosocial picture of the
variations between healthy controls and LBP patient partici-
pants, our secondary outcomes included: PROMIS item banks
to assess average pain intensity (over 7 days) using a scale of 0
(no pain) to 10 (worst pain imaginable) as well as pain inter-
ference, physical function, depression, anxiety, fatigue, sleep
disturbance, and social role domains.**™* These domains are
scored on a T-score metric, with a mean of 50 normalized
to the general US population and an SD of 10. For Patient-
Reported Outcomes Measurement Information System
(PROMIS) physical function, and social role, higher scores
indicate better health, while for the other PROMIS domains
lower scores indicate better health. PROMIS was developed
through an National Institutes of Health (NIH) initiative to
improve outcome assessment and effectiveness. They provide
a set of reliable, well-established, and validated self-reported
psychometric measures that evaluate and monitor the physical,
mental and social health from a participant’s perspective. It has
been tested on a wide range of populations with chronic condi-
tions, including LBDs.

3. Move continuously through
the starting position.

Figure 3  Example screenshot of patient-facing Instructions for motion
assessment.
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Covariates

Finally, we also collected at baseline, relevant information on
demographics, smoking status, employment, medical and social
history.

Statistical analysis

Data were described using descriptive statistics such as frequency
(per cent) for categorical variables and mean (SD) for continuous
variables. Pearson correlation (r) was used to evaluate the asso-
ciation between motion features and PROMIS measures for the
two cohorts. The strengths of these associations were interpreted
as follows: 0.1<r<0.3, 0.3<r<0.5, and r=0.5 indicated weak,
moderate and strong correlations.** ** In addition, t-tests were
used to compare between the motion performances of healthy
controls to patients with LBP. Finally, multiple regression anal-
ysis was used to assess whether motion differences between
cohorts were influence by other factors. All statistical analyses
were conducted using JMP V.16.0 (SAS Institute) A p<0.05 was
considered statistically significant.

RESULTS

Baseline cohort characteristics

A total of 50 healthy controls (24 males and 26 females) and 50
patients with LBP (24 males and 26 females) were assessed for
eligibility and enrolled into the study. Mean age with SD was
51.6+10.6years for healthy controls and 50.7+9.3years for
patients with LB, respectively. Mean pain intensity with SD for
patients with LBP was 6.2+2.6.

The majority of participants in the healthy cohort were
married or in a domestic partnership compared with partic-
ipants in the patient cohort (72% vs 56%). Similarly, 82% of
the healthy cohort were employed compared with 54% in the
patient cohort. In addition, approximately 92% of the healthy
controls were non-smokers compared with 74% in the patient
cohort. We found that the mean body mass index (BMI) was
significantly lower for healthy controls compared with patients
(26.6%4.3 vs 32.5+7.9, p<0.05). However, we found that BMI
did not significantly (p>0.05) influence differences in motion
between cohorts across the different planes. Finally, across all
the PROs, we found significant differences between the cohorts.
Table 1 shows general baseline characteristics of healthy control
and patient cohorts.

Functional motion characteristics
In general, patients with LBP exhibited significantly decreased
(p<0.05) functional motions compared with healthy controls.
For this data, no difference was observed in the functional
motion of males versus female. Table 2 highlights the differ-
ences in motion features between the two cohorts following
the functional motion test. Significant differences were
found in axial ROM (healthy controls: mean=59.4°+13.2°,
and LBP patients: mean=48.3°+12.4°, p<0.0001), lateral
ROM (healthy controls: mean=62.5°+14.8°, and LBP
patients: mean=44.9°+12.8°, p<0.0001), and sagittal ROM
(healthy controls: mean=41.6°+14.0°, and LBP patients:
mean=34.7°£12.0°, p=0.01), respectively. Overall, we found
that lateral ROM showed the highest difference, with a 28%
reduction for patients compared with healthy cohort. Figure 4
highlights the mean ROM across axial, lateral and sagittal planes
for males and females within the cohorts.

For dynamic motion features (velocities and accelerations), we
found significantly higher mean values for healthy controls than
LBP patients across all planes. Specifically, we found significant

Table 1  Cohort characteristics
Patients with
Controls low back pain
Mean (SD); Mean (SD);
count (%)  count (%) P valuet
Age (years) 51.6 (10.6)  50.7 (9.3) 0.66
Sex
Male 24 (48%) 24 (48%)
Female 26 (52%) 26 (52%)
Race and ethnicity
Non-Hispanic white 45 (90%) 33 (66%)
Non-Hispanic black 2 (4%) 13 (26%)
Marital status
Single/divorced/never married 14 (28%) 22 (44%)
Married/domestic partnership 36 (72%) 28 (56%)
Employment status
Employed 41 (82%) 27 (54%)
Not employed 9 (18%) 23 (46%)
Body mass index 26.6 (4.3) 32.5(7.9) <0.0001
Non-smokers 46 (92%) 37 (74%)
Patient-Reported Outcomes
Pain intensity 0.24 (0.5) 6.2 (2.6) <0.0001
Pain interference 43.8 (5.0) 64.8 (8.0) <0.0001
Physical function® 56.2 (5.5) 40.0 (7.9) <0.0001
Anxiety 47.1 (8.8) 54.4 (12.5) 0.0012
Depression 45.1 (6.9) 51.0 (10.8) 0.0016
Social roles* 58.6 (7.6) 43.6 (10.2) <0.0001
Fatigue 44.5 (8.8) 58.1 (11.8) <0.0001
Sleep disturbance 44.6 (7.0) 59.3 (9.6) <0.0001

*PROMIS physical function, and social role, higher scores indicate better health,
while for the other PROMIS domains (pain intensity, pain interference, anxiety,
depression, fatigue and sleep disturbance) lower scores indicate better health.
tt-test was used to compare controls to patients.

PROMIS, Patient-Reported Outcomes Measurement Information System.

differences in axial velocity (healthy controls: mean=294.8°
s+113.4°%s, vs LBP patients: mean=148.1°s%=59.1%s,
p<0.0001), lateral velocity (healthy controls: mean=203.7°/s=
14.8°/s vs LBP patients: mean=117.1°s+48.1%s, p<0.0001),
and sagittal velocity (healthy controls: mean=211.5%s+73.1%s
vs LBP patients: mean=126.9°/s=62.5%s, p<0.0001), respec-
tively. Figure 5 shows mean velocity across planes for both sexes
in healthy controls and patients with LBR. Unlike for ROM,
we found that axial velocity of healthy controls was 49.7%
higher than patients. In examining accelerations, we also found
similar trends with significant differences in axial acceleration
(healthy controls: mean=2095.60.8%s>+1022.8%s* vs LBP
patients: mean=928.9°/s>+475.3%s* p<0.0001), lateral accel-
eration (healthy controls: mean=1182.5°/s>+545.4%s* vs LBP
patients: mean=534.9%s’+307.5%s% p<0.0001), and sagittal
acceleration (healthy controls: mean=1455.2°/s*+602.3°/s> vs:
mean=872.3°/s>+514.2%s* p<0.0001), respectively. Figure 6
shows mean acceleration across axial, lateral and sagittal planes
for healthy controls and patients. Similar to velocity, we found
that axial acceleration for healthy controls was 55.7% higher
than patients with LBP. Overall, the magnitude of the difference
between healthy controls and patients were considerably higher
for velocity and accelerations than ROM.

Correlations between motion features and PROs
In examining the association between motion features and PROs,
we found statistically significant weak to moderate correlation
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Table 2 Motion characteristics summarized as mean ROM, velocity
and acceleration extracted from functional motion assessments

Patients with low
back pain

Controls Mean (SD); count
Motion features  Mean (SD); count (%) (%) P value*
Axial plane
ROM 59.44 (13.2) 48.30 (12.4) <0.0001
Velocity 294.83 (113.4) 148.10 (59.1) <0.0001
Acceleration 2095.61 (1022.8) 928.88 (475.3) <0.0001
Lateral plane
ROM 62.52 (14.8) 44.99 (12.8) <0.0001
Velocity 203.74 (65.2) 117.10 (48.1) <0.0001
Acceleration 1182.45 (545.4) 534.99 (307.5) <0.0001
Sagittal plane
ROM 41.56 (14.0) 34.72 (12.0) 0.01
Velocity 211.54 (73.1) 126.95 (62.5) <0.0001
Acceleration 1455.17 (602.3) 872.25 (514.2) <0.0001

*t-test was used to compare the motion features of controls to patients.
ROM, range of motion.

(p=0.05) between the following measures in the two cohorts.
For the healthy control cohort, in the axial plane, we found that
axial ROM significantly correlated with PROMIS Pain interfer-
ence (r=-0.4, p=0.012) and physical function (r=0.4, p=0.005).
In the lateral plane, lateral ROM showed positive correlation
with physical function (r=0.4, p=0.013) only. For higher-order
motion features, we found negative correlation between axial
velocity and PROMIS pain interference (r=-0.3, p=0.031). In
addition, axial velocity showed positive correlation with physical
function (r=0.4, p=0.014). Similarly, in the lateral plane, lateral
velocity significantly correlated with PROMIS pain interference
(r=-0.4, p=0.0035) and physical function (r=0.4, p=0.0016).
In the sagittal plane, we found moderate correlations between

sagittal velocity and PROMIS pain interference (r=-0.3,
p=0.03) only. In examining the correlation between PROs and
accelerations, we found that axial acceleration only correlated
with PROMIS physical function (r=0.3, p=0.025); lateral accel-
eration showed significant correlations with pain interference
(r=-0.3, p=0.026), and physical function (r=0.4, p=0.008);
and sagittal acceleration showed moderate positive correla-
tion with PROMIS social roles (r=0.4, p=0.007). No signifi-
cant correlations (p>0.05) were observed between any motion
feature and PROMIS domains for sleep disturbance, depression
and anxiety, respectively. Figure 7 shows correlations between
motion features and PROs for healthy controls.

In exploring associations in the LBP patient cohort, in the
axial plane, we found significant weak to moderate correla-
tion between axial ROM and PROMIS pain intensity (r=-0.4,
p=0.003), while no significant correlations were found between
other axial motion features and PROs. In the lateral plane, we
found significant correlation between lateral ROM and PROMIS
pain intensity (r=-0.4, p=0.009). In addition, we found that
lateral velocity was significantly correlated with PROMIS pain
intensity (r=-0.3, p=0.03), pain interference (r=-0.4, p=0.01),
physical function (r=0.4, p=0.002), fatigue (r=0.3, p=0.05),
and social roles (r=0.3, p=0.025); and lateral acceleration was
significantly correlated with PROMIS Pain interference (r=-0.4,
p=0.012), physical function (r=0.4, p=0.003), and fatigue
(r=0.3, p=0.048). Finally, in the sagittal plane, we found that
sagittal velocity showed significant correlations with PROMIS
pain interference (r=-0.3, p=0.0049), physical function (r=0.4,
p=0.004), and social roles (r=0.3, p=0.048); and sagittal
acceleration showed significant correlation with PROMIS pain
interference (r=-0.3, p=0.027), and physical function (r=0.4,
p=0.003). Similar to our control cohort, we observed no
significant correlations (p>0.05) between motion features and
PROMIS domains for sleep disturbance, depression and anxiety
respectively for patients with LBR. Figure 8 shows correlations
between motion features and PROs for patients.

Range of Motion

Axial
Subject Sex
70 =1 MALE
BN FEMALE
60
50

40
ROM (Degrees)

30

20

Control Low Back Pain Patient

Control

Lateral Sagittal
Subject Sex Subject Sex
[ MALE [ MALE
N FEMALE N FEMALE

Low Back Pain Patient Control Low Back Pain Patient

Cohorts

Figure 4 Mean rom across axial, lateral and sagittal planes for healthy controls and patients with LBP. LBP, low back pain; ROM; range of motion.
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Velocity
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Control Low Back Pain Patient Control Low Back Pain Patient Control Low Back Pain Patient
Cohorts

Figure 5 Mean velocity across axial, lateral and sagittal planes for healthy controls and patients with LBP. LBP, low back pain.

DISCUSSION pronounced in higher order motion features such as velocities
In this study, we examined the functional motion differences and accelerations than ROM. In addition, we found the BMI
between healthy controls and patients with LBP using a novel did not significantly influence the differences in motion between
spine health platform. The platform leverages the use of wearable the cohorts. Furthermore, we also found weak to moderate
motion sensors to provide an objective assessment of functional correlations between motion features and certain PROs. This
spine status. It facilitates collection and automated processing suggests that motion features and PROs might be measuring two
of both motion (kinematic) features and biopsychosocial metrics very different components of the LBP experience. Finally, given
in one centralized system. Our findings demonstrated statisti- the lack of objective metrics to better support clinical decision-
cally significant differences in motion features between healthy making in evaluating treatment effects, our study highlights the
and patient cohorts across anatomical planes. These results also potential use of a standardized functional motion assessment to
indicated that the magnitude of these differences were more quantify low back impairment and serve as potential endpoints
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Figure 6 Mean acceleration across axial, lateral and sagittal planes for healthy controls and patients with LBP. LBP, low back pain.
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Figure 7  Correlation map between Motion features and PROs for healthy controls. Correlations were classified as weak relationship (0.1<r<0.3),
moderate relationship (0.3<r<0.5), and strong relationship (r=0.5). Overall, we found statistically significant (p<0.05) weak to moderate correlations
between some motion features and the following PROMIS domains—pain intensity, pain interference, physical function and social role; while other
PROMIS domains—sleep disturbance, depression and anxiety, showed no significant correlation (p>0.05) with any motion feature. PROMIS, Patient-

Reported Outcomes Measurement Information System; PROs, Patient-Reported Outcomes; ROM, range of motion.

for chronic LBP treatments. Further prospective studies are
needed to fully demonstrate potential use of this platform for
decision support in spine care.

In general, the LBP patient cohort had diminished functional
motions (ROM, velocity and acceleration values) compared
with healthy controls (matched for age and sex). These findings
support those of Marras et al,?° and other comparable research
studies,*®™>® where differences were observed between healthy
controls and patients. However, in contrast to our results,
Marras et al observed lower magnitudes in acceleration values
across planes. This may be due to differing measurement tech-
niques. In our study, we found that trunk motion in the axial and
lateral planes for patients were significantly lower than healthy

controls. Furthermore, we found >50% reduction in both
axial and lateral accelerations compared with healthy controls.
Similarly, we found >40% reduction in both axial and lateral
velocity. The clinical implications of this are the potential ability
to further phenotype patients and identify novel endpoints to
inform treatment decisions.

Our study investigated the utility of wearable motion sensor-
derived trunk kinematics to evaluate function in a clinical setting.
Our results suggested that a weak to moderate correlation exists
between motion features and PRO scores. Specifically, we found
that motion features in the lateral plane had moderate correla-
tions with patient-reported pain intensity, pain interference,
physical function, fatigue, and social role scores. In the axial
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Figure 8 Correlation map between motion features and PROs for patient cohort. Correlations were classified as weak relationship (0.1<r<0.3),
moderate relationship (0.3<r<0.5), and strong relationship (r=0.5). We found statistically significant (p<0.05) weak to moderate correlations between
some motion features and the following PROMIS domains—pain intensity, pain interference, physical function and social role; while other PROMIS
domains—sleep disturbance, depression and anxiety, showed no significant correlation (p>0.05) with any motion feature. PROMIS, Patient-Reported
Outcomes Measurement Information System; PROs, Patient-Reported Outcomes; ROM, range of motion.

plane, only axial ROM had a moderate correlation with pain
intensity. In the sagittal plane, we found only sagittal velocity
and acceleration had significant correlations with some PROs.
These findings were comparable to other studies that explored
the association between spine kinematics especially ROM and
PROs.*?32%* For instance, Laird et al found that high pain inten-
sity was associated with low ROM.’? Similarly, Nattrass et al
also found ROM to be weakly correlated to Oswestry Disability
Index.** Overall, although, we found significant correlations
between motion features and PROs, it is important to note that
these results had <50% variance in common. The implication
of our results is that while motion features are associated with
dimensions of pain, function, fatigue and social roles, they are

also distinct and assesses a uniquely different dimension of
functional health compared with PROs. This is not surprizing
given the subjective nature of PRO measurements as compared
with the more objective kinematics metrics. Thus, the integra-
tion of quantitative measures of motion to augment PROs has
the potential to enhance our understanding of the disease, and
improve patient recovery assessment. However, further prospec-
tive studies with much larger databases are warranted to vali-
date these relationships, and determine whether these objective
endpoints can inform treatment effects and improve patient
outcomes.

Our study also has several limitations. First, our study popu-
lation was a convenience sample and not representative of a
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diverse population. Second, the cross-sectional study design
limited its ability to inform longitudinal changes. Third, while
unintentional, this study did not have older patients over the
age of 65 years. Finally, given that the study was conducted at a
single institution, the findings may not be generalizable to larger
population.

CONCLUSION

In conclusion, there has been a tremendous need for access to
objective and actionable biopsychosocial metrics to better under-
stand causal mechanisms that lead to LBDs, enhance clinical
decision-making and improve long-term outcomes. The spine
health platform described in this paper facilitates central access
to novel digital functional biomarkers from wearable motion
sensors along with a holistic array of biopsychosocial measures
from patient-reported outcomes in one unified environment. It
leverages modern technologies in cloud-computing, wearable
sensors, artificial intelligence, machine learning and web appli-
cations to reliably collect, analyze and visualize actionable data.
Our study demonstrated its utility in differentiating healthy
controls and patients. Access to this collective information
enables objective assessment of patients with chronic LBP that
are responders and non-responders to treatment, monitor disease
trajectories and treatment effectiveness, predict outcomes and
facilitate personalized medicine. Collectively, this technology has
the potential to shift clinical practice paradigms, improve patient
outcomes, enhance care efficiency, and reduce costs.
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