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Background: Low-cost motion analysis systems (LCMASs) have emerged as easy and practical
methods to measure the functional workspace (FWS). Thus, we ventured to apply an LCMAS, the Kin-
ect2 gaming camera, to evaluate the FWS in patients with shoulder osteoarthritis (OA) and patients who
underwent total shoulder arthroplasty (TSA) or reverse total shoulder arthroplasty (RTSA).

Methods: A cross-sectional study of participants with OA (n = 53), TSA (n = 70), and RTSA (n = 34)
was performed. The FWS as measured by an LCMAS, the American Shoulder and Elbow Surgeons
(ASES) Standardized Shoulder Assessment Form score, and the Patient-Reported Outcomes Measure-
ment Information System (PROMIS) score were collected. For participants who underwent TSA or
RTSA, the FWS was evaluated at 6, 12, and 24 months postoperatively. The correlation of the FWS
with the ASES score and PROMIS score was determined. Significance was set at P < .05.

Results: Patients who underwent TSA or RTSA had a significantly higher FWS than patients with
shoulder OA at almost all time points. Patients who underwent TSA had a significantly higher FWS
than patients who underwent RTSA at 24 months after surgery. PROMIS and ASES scores showed
strong correlations with the FWS in patients who underwent TSA (R = 0.75 [P < .001] and R =
0.83 [P < .001], respectively) and RTSA (R = 0.84 [P < .001] and R = 0.73 [P < .001], respectively).
Conclusion: The FWS measured by an LCMAS is an easy and low-cost method to quantify the reach-
able space of the hand in patients and shows strong correlations with patient-reported outcome measures.
This may be a useful tool to assess upper-extremity range of motion before and after shoulder
arthroplasty.
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Arthritis and musculoskeletal conditions are among the
most widespread diseases in America, affecting 1 in 3
adults."” Shoulder osteoarthritis (OA) is a debilitating dis-
order correlated with limited functional capacity and poor
quality-of-life scores. Presently, there are no known in-
terventions that alter the natural course of early OA, and
current treatments aim to minimize pain and maximize
function, often with joint replacement."”

For patients with severe shoulder OA, shoulder
replacement surgical procedures including total shoulder
arthroplasty (TSA) and reverse total shoulder arthroplasty
(RTSA) are reliable treatment options that improve patient-
reported pain, function, and quality of life.”’ To assess
these operative interventions, clinical tools including
patient-reported outcome (PRO) scores and evaluation of
shoulder motion are used.

PRO scores offer qualitative assessments that are
designed to improve patient-centered care by giving pa-
tients the opportunity to express their health status.'® The
National Institutes of Health started the Patient-Reported
Outcomes Measurement Information System (PROMIS)
initiative to establish a national standard for the measure of
these PRO scores. The PROMIS Physical Function Upper
Extremity score has been used to assess patient status in
shoulder diseases such as shoulder OA and rotator cuff
tears.'”" In addition, the American Shoulder and Elbow
Surgeons (ASES) Standardized Shoulder Assessment Form
is an evaluative and discriminative instrument for patients
with shoulder dysfunction. It has been shown to be reliable,
valid, and responsive to clinical change, corroborating its
use to assess functional limitations.'*

Clinical evaluation of motion of the shoulder is chal-
lenging because of its complex anatomy and range of mo-
tion. For evaluation of shoulder motion in clinical settings,
trained clinicians often use observational scores or perform
goniometric measurements. However, these measures are
restricted by their subjectivity, reproducibility, and user
dependency.” The functional workspace (FWS) of the upper
extremity has been defined as all points in space where the
hand can touch relative to the shoulder joint.” The current
gold standard to measure dynamic upper-extremity motion
uses 3-dimensional (3D) motion capture technology, which
incorporates multiple high-resolution cameras to track body
movements.'*** Such techniques may readily measure
upper-extremity motion and quantify the FWS but are
limited in practical clinical application because of high
costs, space, time, and labor 1requilrements.22

Low-cost motion analysis systems (LCMASs) are
inexpensive, accurate, easy-to-use, time-efficient methods
to measure upper-extremity motion in a clinical setting.””
The Microsoft Kinect2 system (Redmond, WA, USA) is a
commercially available LCMAS that uses an infrared
depth camera to detect human body position using pro-
prietary surface mapping technology. The use of the
Microsoft Kinect camera in the measurement of shoulder
positions has been extensively validated by comparison

with traditional multiplanar motion analysis sys-
tems.”'”'*?° Assessment of the validity and reproduc-
ibility of the Kinect system to measure the upper-extremity
FWS has also been performed."®** To date, there have
been studies applying the depth camera—measured FWS to
patient populations with neuromuscular conditions or ad-
hesive capsulitis, as well as patients undergoing rehabili-
tation.”' ' Across these groups, depth cameras showed
promise in establishing diagnoses and distinguishing in-
dividuals even with varying degrees of upper-limb impair-
ment. However, application of this technology to
degenerative conditions such as OA and to patients who
have undergone operative treatments has not been explored.
In addition, the FWS has not been compared with quali-
tative assessments such as PROMIS and ASES scores.

In this study, we evaluated the correlation of the FWS
with PROMIS and ASES scores in patients with OA, TSA,
and RTSA. In addition, we compared the FWS in patients
with shoulder OA and patients who have undergone surgery
for shoulder OA with either TSA or RTSA as a treatment
option after specific time intervals. We hypothesized that
the FWS would have moderate to strong correlations with
PROMIS and ASES scores across all patient cohorts. We
also hypothesized that the FWS would be significantly
greater in patients who have undergone TSA or RTSA
compared with that in patients with OA.

Materials and methods

We enrolled a convenience sample of 157 patients presenting for
either preoperative evaluation for glenohumeral arthritis (n = 53)
or routine postoperative follow-up after TSA (n = 70) or RTSA
(n = 34) at the University of California, San Francisco Mission
Bay Orthopaedic Institute of Sports Medicine in this study. After
informed consent was provided, standard demographic data
including age, sex, body mass index, surgical treatment, and time
since surgery were recorded in a privacy-protected electronic
database (Research Electronic Data Capture [REDCap] system).
Participants completed the ASES Standardized Shoulder Assess-
ment Form and PROMIS Physical Function Upper Extremity
survey in REDCap.

The Kinect2 LCMAS was used to capture participant motion.
The camera was positioned 1.5 m above the ground and 2.5 m
from the participant. The participant was instructed to perform a
series of standardized motions to map the estimated outer and
inner volume of points in space that his or her upper extremity
could reach. These motions—including elevation of the arm from
0°, 45°, 90°, and 135° relative to the coronal plane, as well as
maximal abduction to maximal adduction at the level of the head,
chest, abdomen, and waist (Video 1)—simulated activities of daily
living (touch top of head, touch mouth, touch contralateral
shoulder, touch contralateral hip). The average total time taken to
complete these movements was 55 seconds for each arm.

The Kinect system projects infrared light onto the surface of
the room and person facing the camera. Using a proprietary al-
gorithm, the camera identifies normal human morphology and
determines estimated joint center locations. The estimated joint
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center location raw data were collected at 30 Hz using custom
software and analyzed with custom MATLAB software (The
MathWorks, Natick, MA, USA). Data were filtered with a low-
bass Butterworth filter. The motion data were used to generate a
point cloud of the motion path of the hand relative to the shoulder.
Custom MATLAB software was then used to generate the 3D shell
enveloping these data points using Delaunay triangulation”
(Fig. 1). The volume of the points within the shell was interpo-
lated to calculate the FWS. The FWS for each participant was
normalized by arm length for comparison. In addition, patients
were able to instantly visualize their FWS as a 3D volumetric
sphere and receive feedback on the examination room laptop after
they completed their assigned motions.

All statistics were completed using JMP statistical software
(version 14; SAS Institute, Cary, NC, USA). A cross-sectional
study of participants with OA (n = 53), TSA (n = 70), and RTSA
(n = 34) was performed. One-way analysis of variance and the
paired Student 7 test were used to compare the FWS of patients
with OA with the FWS of patients who had undergone TSA or
RTSA at 6-, 12-, and 24-month time points, with significance set
at P < .05.

For comparative analysis of the FWS, ASES score, and
PROMIS score, a regression analysis of the FWS, ASES score,
and PROMIS score was performed for patients with OA, TSA, and
RTSA. Correlation coefficients (R) of 0.30 or less were considered
weak; between 0.31 and 0.39, moderate-weak; between 0.40 and
0.60, moderate; between 0.61 and 0.69, moderate-strong; and 0.70
or greater, strong—with significance set at P < .05.'°

Results

The mean age was 73.2 years in OA patients, 67.7 years in
TSA patients, and 70.4 years in RTSA patients. Regarding
sex, 38% of OA, 33% of TSA, and 60% of RTSA patients
were female patients. The average length of follow-up after
TSA and RTSA surgery was 34.0 months (range, 3-56.8
months) and 28.26 months (range, 3-90.2 months),
respectively.

The correlation of the FWS with the PROMIS score
yielded a moderate-strong correlation (R = 0.63, P <.001)
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in the combined cohort of all participants. Patients were
then categorized into specific cohorts to further demarcate
the effect of degenerative disease and operative
treatment and its influence on correlation.'> The PROMIS
score showed a weak correlation for patients with OA (R =
0.24, P < .05). For TSA and RTSA patients, there were
strong correlations with their respective PROMIS scores (R
= 0.75 [P < .001] and R = 0.84 [P < .001], respectively)
(Figs. 2 and 3).

The overall correlation of the FWS with the ASES score
in the combined cohort of all participants yielded a strong
correlation (R = 0.77, P < .001) (Fig. 4). When the patient
groups were separated, the FWS showed a moderate-weak
correlation in patients with OA (R = 0.39, P < .05). For
TSA and RTSA patients, the FWS showed strong correla-
tions with the ASES score (R = 0.83 [P < .001] and R =
0.73 [P < .001], respectively).

The FWS was significantly greater in TSA patients (2.21
+ 0.547 m®) than RTSA patients (1.97 + 0.499 m?) and OA
patients (1.61 + 0.602 m?), with P < .05 and P < .001,
respectively. The FWS was significantly greater in RTSA
participants than OA participants (P < .05).

When postsurgical follow-up intervals within the TSA
and RTSA populations were evaluated, patients with OA
without operative treatment had a significantly lower FWS
(1.61 m®) than postoperative patients who underwent TSA
6 months prior (2.03 + 0.452 m3), 12 months prior (2.35 £
0.636 m?), and 24 months prior (2.40 + 0.508 m’), with
P < .05, P <.001, and P < .001, respectively. Further-
more, patients with OA had a significantly lower FWS
(1.61 m® than postoperative patients who underwent
RTSA 6 months prior (2.33 £+ 0.405 m3) and 12 months
prior (2.05 £ 0.384 m3), with P < .05 and P < .05,
respectively. The mean FWS of patients with OA was not
significantly lower than that of patients who underwent
RTSA 24 months prior (1.61 m® vs. 1.85 4+ 0.703 m°),
with P = .334 (Table I).

In the comparison of the FWS in postoperative patients
who underwent TSA or RTSA 6, 12, and 24 months prior,
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Figure 1
arthritis (red cloud) participants.
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Frontal (A), lateral (B), and axial (C) views of functional workspace for total shoulder arthroplasty (blue cloud) and osteo-
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Figure 2 Comparison of functional workspace (FWS) in pa-

tients after total shoulder arthroplasty and Patient-Reported Out-
comes Measurement Information System Physical Function Upper
Extremity (PROMIS PFUE) score (R = 0.75).
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Figure 3  Comparison of functional workspace (FWS) of pa-

tients after reverse total shoulder arthroplasty and Patient-
Reported Outcomes Measurement Information System Physical
Function Upper Extremity (PROMIS PFUE) score (R = 0.84).

those who underwent TSA began to have a significantly
higher FWS at 12 months (2.35 m®) and 24 months (2.40
m?) postoperatively than that of patients who underwent
RTSA 24 months prior (1.85 m3), with P < .05 and P < .05,
respectively (Fig. 5).

Discussion

The ability to measure and evaluate upper-extremity
movements with a portable and inexpensive markerless
motion analysis system yields tremendous potential
research and clinical applications. As a low-cost motion
analysis instrument, the Kinect2 generates a depth image
by identifying a pattern of infrared waves emitted by its
projector; this depth image is then analyzed to provide
coordinates of predetermined body segments without the

Figure 4 Comparison of functional workspace (FWS) of all
patients with American Shoulder and Elbow Surgeons (ASES)
Standardized Shoulder Assessment Form score (R = 0.77).

attachment of markers or sensors and without any physical
contact with the participant.'” By offering a volumetric
measurement of the range of motion of the upper extremity,
it can help assess and improve the functional status of pa-
tients seeking treatment for shoulder conditions.’

The depth camera—measured FWS was easily procured
in the clinic, and the measurement system was portable,
capable of being shifted from 1 clinical examination room
to another. Studies took less than 4 minutes and could
incorporate functional range of motion as well as FWS
measurements. Furthermore, patients were able to visualize
their FWS on the computer after performing the shoulder
movements. On a repeated visit, they were able to visualize
a side-by-side comparison of their FWS before and after
operative treatment and learn which area had the most room
for improvement.

This is the first study correlating the quantitative
assessment, FWS, to qualitative measures, such as PROMIS
and ASES scores. In our analysis, the results demonstrate
that the FWS has a strong correlation with both PROMIS
and ASES scores for patients undergoing TSA or RTSA.
Furthermore, PROMIS scores have been shown to have a
strong correlation with ASES scores and widely accepted
PROs such as the Simple Shoulder Test.'®'”'” Thus, these
results substantiate that the FWS can be an accurate and
visual supplement to measuring functional outcome in pa-
tients who have undergone these operative treatments.
It should be noted that a study has indicated that im-
provements in range of motion follow the same trend as
clinically significant improvements in PROs up to 1 year
postoperatively.”’ In patients with OA, a weak correlation
with both PROMIS and ASES scores was obtained. This
could be because of the heterogeneity of the OA population
sample, as well as the multifaceted nature of preoperative
physical function and the associated PRO scores.”’

When we performed comparison of the FWS of TSA
and RTSA patients as separate cohorts, TSA patients had a
larger FWS than RTSA patients, suggesting that TSA may
produce better functional movement than RTSA in patients
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Table I  FWS, PROMIS scores, and ASES scores for 0OA, TSA, and RTSA patients
Assessment OA preop TSA RTSA
6 mo postop 12 mo postop 24 mo postop 6 mo postop 12 mo postop 24 mo postop
FWS, m*/m 1.61 + 0.60 2.03 £+ 0.45 2.35 £ 0.64 2.40 +0.51 2.33 £ 0.41 2.05 + 0.38 1.85 £ 0.70
ASES Standardized Shoulder 43.3 £+ 16.7 79.4 + 17.3 79.8 + 14.8
Assessment Form score
PROMIS PFUE score 33.0 £ 5.84 40.72 £ 3.00 37.25 £+ 2.72

FWS, functional workspace; PROMIS, Patient-Reported Outcomes Measurement Information System; ASES, American Shoulder and Elbow Surgeons; 0A,
osteoarthritis; TSA, total shoulder arthroplasty; RTSA, reverse total shoulder arthroplasty; preop, preoperatively; postop, postoperatively; PFUE, Physical

Function Upper Extremity.
Data are presented as mean + standard deviation.

The ASES and PROMIS scores are the mean values across all postsop time points.
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Figure 5 Box plot comparing functional workspace (FWS) of

patients 6, 12, and 24 months after total shoulder arthroplasty
(TSA) or reverse total shoulder arthroplasty (RTSA). A significant
difference (P < .05) was shown at 24 months (¥). © and  indicate
outliers.

with shoulder OA. This increased FWS for TSA is
consistent with the general impression that patients who
undergo TSA more commonly achieve improved range of
motion compared with patients who undergo RTSA.?' In
addition, another study reported that patients with OA and
an intact rotator cuff achieve the best results with TSA.
Nevertheless, this is a cross-sectional study with varying
degrees of OA in the population; thus, patients who un-
derwent TSA may previously have had better functional
mobility than patients who underwent RTSA, which is
often indicated for patients with OA in the setting of rotator
cuff deficiency.® Future investigations will conduct a lon-
gitudinal study comparing the FWS in patients with OA
before and after operative treatment.

When assessed at specific time intervals, the FWS for
TSA increased at each postoperative time interval, that is,
6, 12, and 24 months, demonstrating that the FWS increases
as time after surgery increases. These results are consistent

with those of studies demonstrating that the majority of
improvement is achieved in the first 6 months whereas full
improvement is expected by 24 months.”*' For RTSA,
there was a decrease in the FWS between 6 and 12 months.
There was also a decrease at 24 months, but it was not
statistically significant. Because the deltoid substitutes for
the nonfunctioning rotator cuff, which is a consequence of
RTSA, a decline in the FWS seen between 6 and 12 months
could indicate deltoid fatigue over time.'' Alternatively,
this cohort was relatively small and may represent the fact
that the study was not powered to detect differences in the
FWS at different time points.

The limitations of our study include its cross-sectional
nature and non-age- and sex-matched demographic char-
acteristics. The patients sampled were a convenience
sample of either those presenting for evaluation or those
returning for routine postoperative follow-up. Although the
procedures were standardized, heterogeneity remains
within these nonmatched cohorts at variable follow-up time
points. In addition, because the Kinect captures frontal
body motion, if a participant rotated his or her hips while
performing the shoulder movements, the FWS could have
been falsely increased as the participant could have
abducted more and increased the volumetric space that his
or her hand reached. If a participant was wearing a loose-
fitting shirt or jacket, the loose ends of the garment were
taped together to make it skintight. Nevertheless, it was
possible that the tape slackened during active range of
motion, which may have altered the estimated joint loca-
tion. Finally, this study was administered at a single aca-
demic institution; therefore, our results may not apply to all
patient populations or locations.

Conclusion

The depth camera used in the Kinect2 LCMAS was a
safe, time-efficient, and easy-to-use tool to assess a
clinically meaningful measurement of the FWS in pa-
tients after TSA or RTSA and in patients with OA. This
study also demonstrated a strong correlation between the
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FWS and the PROMIS and ASES scores, suggesting that
there is considerable clinical validity to the tool.
Because the FWS can provide real-time visual feedback
in the clinic, it may be a useful tool to assist patients and
providers in assessing the upper-extremity FWS in pa-
tients with shoulder pathology and before and after
shoulder arthroplasty.
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