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Continuously monitoring shoulder motion after
total shoulder arthroplasty: maximum elevation
and time spent above 90� of elevation are
critical metrics to monitor
Ryan M. Chapman, PhDa,*, Michael T. Torchia, MDb, John-Erik Bell, MDb,
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aThayer School of Engineering, Dartmouth College, Hanover, NH, USA
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Background: Traditional clinical shoulder range-of-motion (ROM) measurement methods (ie, goniom-
etry) have limitations assessing ROM in total shoulder arthroplasty (TSA) patients. Inertial measurement
units (IMUs) are superior; however, further work is needed using IMUs to longitudinally assess shoulder
ROM before TSA and throughout post-TSA rehabilitation. Accordingly, the study aims were to prospec-
tively capture shoulder elevation in TSA patients and to compare the results with healthy controls. We
hypothesized that patients would have reduced maximum elevation before TSA compared with controls
but would have improved ROM after TSA.
Methods: A validated IMU-based shoulder elevation quantification method was used to continuously
monitor 10 healthy individuals (4 men and 6 women; mean age, 69 � 20 years) without shoulder pathology
and 10 TSA patients (6men and 4 women; mean age, 70� 8 years). Controls wore IMUs for 1 week. Patients
wore IMUs for 1 week before TSA, for 6 weeks at 3 months after TSA, and for 1 week at 1 year after TSA.
Shoulder elevation was calculated continuously, broken into 5� angle ‘‘bins’’ (0�-5�, 5�-10�, and so on), and
converted to percentages. The main outcome measures were binned movement percentage, maximum eleva-
tion, and average elevation. Patient-reported outcome measures and goniometric ROM were also captured.
Results: No demographic differences were noted between the cohorts. Average elevation was not different
between the cohorts at any time. Control maximum elevation was greater than pre-TSA and post-TSAweek
1 and week 2 values. Time under 30� and time above 90� were equal between the cohorts before TSA.
After TSA, patients showed decreased time under 30� and increased time above 90�.
Discussion: This study demonstrates that acute and chronic recovery after TSA can be assessed via
maximum elevation and time above 90�, respectively. These results inform how healthy individuals and
patients use their shoulders before and after TSA.
Level of evidence: Basic Science Study; Kinesiology
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Total shoulder arthroplasty (TSA) is often the end-stage (approximately 170� of elevation), these individuals seldom

treatment for glenohumeral osteoarthritis. Although TSA
occurs less frequently than other joint replacement pro-
cedures (approximately 30,000 vs. approximately 1 million
total hip and knee arthroplasties),9 it is the fastest growing
total joint replacement procedure in the United States, with
a reported increase of 67% during a recent 5-year
period.11 Although TSA use is rapidly increasing, a dearth
of data exists regarding shoulder range of motion (ROM)
outside of well-controlled clinic and laboratory environ-
ments in patients undergoing TSA. Maximum ROM
captured by the operating surgeon at prescribed intervals in
the clinical setting is a standard and traditional metric used
to objectively assess shoulder function both before and after
surgical intervention.6,14,16,20,21,27,37 Although often used as
the ‘‘gold standard,’’ clinical maximum shoulder ROM
likely does not realistically encapsulate ROM use or
function during activities of daily living (ADLs) in patients’
home environments. In short, although clinical in-
terventions should attempt to restore normal motion
including high humeral elevation (>150�), a patient who
achieves a large ROM in the clinic may not use the full
range of that motion during typical daily activities. In
other words, we want to ensure that patients can both reach
above their head when necessary (eg, reaching a coffee cup
in a cabinet) and use the entire ROM as frequently as
desired.

Several groups have identified shoulder elevation as the
most critical metric for completing the majority of
ADLs.4,25 Not only is it critical for accomplishing ADLs,
increasing shoulder elevation ROM is one major focus of
post-TSA physical therapy.3 However, methods for
assessing shoulder elevation ROM before and after surgical
intervention remain cost prohibitive and time-consuming
and lack scalability (eg, optical motion capture or
fluoroscopy).5,15,22,33,40 As such, measurement methods for
capturing shoulder ROM that are lower cost, timely, and
scalable are necessary. A method that fulfills these goals is
inertial measurement units (IMUs). Specifically, IMUs
provide improved accuracy (approximately 1� vs. 5�), allow
continuous rich data capture (acceleration, velocity, and
joint angles vs. singular discrete maximum ROM), and cost
less to implement in the United States ($150 vs. $2100 for
entire postoperative measurement set)18,29 than traditional
ROM measures such as goniometry. IMUs capture linear
acceleration, angular velocity, and magnetic field strength
to facilitate computation of the 3-dimensional orientation of
each IMU and, in the case of multiple IMUs, the angles
between them. Using IMUs to capture shoulder ROM has
been attempted, yet the majority of work has focused on
increasing measurement precision.10,24 However, Chapman
et al8 developed, validated, and deployed an IMU-based
measurement method that captured shoulder ROM in
healthy elderly individuals continuously (8-12 h/d) for long
durations (weeks at a time). They found that although
healthy individuals can achieve high maximum ROM
use that ROM (97% with <90� of elevation). However,
their study did not explore arthroplasty patient populations.

Accordingly, the goals of this work were to complete a
prospective analysis of shoulder elevation in patients un-
dergoing TSA using the methods described by Chapman
et al8 and to compare the results with individuals with no
shoulder pathology. We hypothesized that patients would
have reduced maximum elevation (<150�) prior to surgery
compared with controls.7,30 In addition, we hypothesized
ROM would improve in patients after TSA and would equal
that of control subjects.23,30

Materials and methods

We performed a prospective nonrandomized study assessing
shoulder elevation recovery after TSA. The method used in this
study was described in detail by Chapman et al.8 In brief, IMUs
(APDM, Portland, OR, USA) were rigidly affixed to the sternum
(xiphoid process) and humerus (deltoid tuberosity) (Fig. 1, A).
Sensors were temporally synchronized throughout each day, both
sensor data streams were converted to independent 3-dimensional
vectors, and an angle (shoulder elevation) between the respective
sensors was computed (Fig. 1, B). Each day, subjects followed a
prescribed daily workflow (Fig. 2) wherein they awoke, removed
the IMUs from the charging dock, and donned the IMUs. Sensors
then automatically synced via a meshed local area network
through ‘‘sync packet’’ comparison of respective clocks. After
synchronization, continuous data capture (8-12 h/d) and local data
storage occurred on the respective IMUs. On-board 16-GB
microSD cards and high-capacity lithium-ion polymer batteries
allowed daily captures up to 18 hours for up to 60 days. At the end
of each day, subjects doffed the IMUs and re-docked them, ter-
minating the daily capture and allowing the IMUs to recharge.
This process was repeated daily for the duration of the study, and
sensors were returned to the study team for analyses. Finally, data
were downloaded and processed offline.

Statistical analyses performed a priori determined that the
minimum sample size requirement for each cohort (a ¼ .05,
power of 0.80) should be 9 subjects. As such, a prospective
analysis was conducted on 10 healthy individuals (4 men and 6
women; mean age, 69 � 20 years) with no known shoulder
dysfunction and 10 patients (6 men and 4 women; mean age, 70 �
8 years) undergoing TSA. Controls were enrolled from a local
retirement community (with the inclusion criterion being the
ability to clinically achieve full forward flexion [>150�], exten-
sion [>40�], abduction [>130�], external rotation [>90�], and
internal rotation [>60�]4; no neuromuscular or musculoskeletal
disease impacting the upper extremities; and no terminal illness
expected to result in death within 1 year of enrollment). After
consent and enrollment, control handedness was captured using
the Edinburgh Handedness Inventory28 to determine on what arm
the IMUs would be donned. Control subject clinical goniometric
ROM (forward flexion and external rotation) and patient-reported
outcome measures (PROMs) were then captured, including pain,
the American Shoulder and Elbow Surgeons (ASES) survey, and
the Patient-Reported Outcomes Measurement Information System
(PROMIS)–10 mental component summary (MCS) and physical
component summary (PCS).17,26 Patients were enrolled from a



Figure 1 Example of instrumentation including inertial measurement unit–donning locations on sternum and humerus (A) and angle
computation between gravity and acceleration data (B).

Figure 2 Data processing workflow including (1) raw accelerometer signal input; (2) processing accelerometer signals (bony segment
differentiation, low-pass filtration, offsetting anatomic/sensor misalignment, and distal-to-proximal coordinate transformation); (3)
continuous shoulder elevation calculation; (4) daily metric calculation (average [Avg], maximum [Max] bin > 10�, maximum elevation,
binned movement rate, binned percentage); (5) weekly metric averages; and (6) total subject averages. IMU, inertial measurement unit; SD,
standard deviation.
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single surgeon’s consecutive caseload (with the inclusion criterion
being presentation for unilateral TSA resulting from primary
osteoarthritis, no other neuromuscular or musculoskeletal disease
impacting the upper extremities, and no terminal illness expected
to result in death within 1 year of enrollment). After consent and
enrollment, handedness was captured for patients (Edinburgh
Handedness Inventory28) for correlation analyses. Clinical ROM
and PROMs listed earlier were then captured from pre-TSA
patients.

All subjects participated in a sensor-use tutorial (approxi-
mately 30 minutes); this included plugging charging docks into a
standard 60-Hz/120-V alternating-current wall outlet, placing
IMUs on charging docks, donning IMUs (where and how each
IMU was worn on each bony segment), and instructions on the
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duration of use. Subjects asked questions throughout the tutorial
and were given an instruction manual with contact information
for post-tutorial questions. Controls wore IMUs as noted
previously on their dominant arm (Edinburgh Handedness
Questionnaire28) and sternum for 1 week with no clinical
interventions (eg, injection or physical therapy) provided during
this period. Patients wore IMUs on their affected arm and sternum
for 1 week before TSA with no clinical interventions. The same
surgeon then performed TSA via the deltopectoral approach using
the same implant system (Bigliani/Flatow Complete Shoulder
Solution; Zimmer, Warsaw, IN) for all patients. Patients were
discharged home with motion restricted via a sling. Passive ROM
under clinician guidance was allowed from discharge to post-TSA
week 6, and active assisted ROM was allowed from post-TSA
weeks 6 through 9. Once patients were cleared to perform
active ROM at 3 months after TSA, clinical ROM metrics and
PROMs were captured from patients. Patients then wore the
sensors for 6 consecutive weeks. At 1 year after TSA, 1 week of
IMU data capture was completed.

Data were processed daily. Shoulder elevation was binned in
0.5-second and 5� increments (0�-5�, 5�-10�, and so on). Average
elevation during each time bin was computed, and a corresponding
count within each angle binwas incremented. The total countwithin
each angle bin was then converted to the percentage of the day spent
in each angle bin. Other IMU-based metrics were daily average and
maximum shoulder elevation. Daily metrics were averaged weekly,
which were subsequently averaged across subjects.

Appropriate statistical tests were used to compare subject
demographic data, IMU-based metrics, PROMs, and goniometric
ROM between the cohorts during each week. Specifically, 2-tailed
t tests were used for continuous variables, 2-tailed t tests of
proportions were used for non-numeric categorical variables, and
2-tailed Mann-Whitney U tests were used for numerical
categorical variables. In addition, correlations were conducted
comparing demographic data, IMU-based metrics, PROMs, and
clinical ROM. The a level was set at .05 for all statistical analyses.
Results

All subjects were well healed at 1 year after TSA as assessed
by the operating surgeon, with no revision surgical
procedures required. Subject demographic data are con-
tained in Table I. No significant demographic differences
were noted between the cohorts. PROMs and clinical ROM
are shown in Table II. The PROMIS PCS and MCS scores
for controls were greater than both pre- and post-TSAvalues.
The ASES score significantly improved in patients after
TSA but was significantly worse than that in control subjects
at all times. In contrast, patient pain significantly improved
after TSA and was equal to pain in controls. Critically,
clinical ROM metrics were well matched with previous
studies of healthy individuals1,4,35 and patients both before
and after TSA.3,38 An interesting finding was that clinical
flexion improved significantly after TSA and was equal to
that in controls. Clinical external rotation improved similarly
after surgery but was always less than that in controls.

Daily average elevation for controls and patients before
TSA and after TSA are displayed in Figure 3. Average
elevation was not significantly different between the
cohorts at any time. Daily maximum elevation for controls
and patients before TSA and after TSA are displayed as
box-and-whisker plots in Figure 4. Control subject
maximum elevation was greater than patient maximum
elevation during pre-TSA and post-TSA weeks 1 and 2.
However, maximum elevation was equal between the
cohorts thereafter.

Binned elevation for movements of less than 90� is
displayed in Figure 5, A, in 15� bins (0�-15�, 15�-30�, and
so on). Prior to TSA, patient performance and control
performance were equal, with 96.1% and 96.2% of the day,
respectively, spent below 90� of elevation. More
specifically, the percentage of the day spent under 30� was
50.2% before TSA and steadily decreased each week after
TSA to 42.1% at 1 year after TSA. Binned elevation for
movements above 90� of elevation is displayed in Figure 5,
B, in 45� bins (90�-135� and 135�-180�). As with
movements under 90� of elevation, control performance
and patient performance before TSAwere equal, with 3.9%
and 3.8% of the day, respectively, spent over 90�. After
surgical intervention, patients reduced the amount of time
spent above 90� during the first post-TSA week to 2.4%.
However, patients increased the percentage of the day spent
above 90� of elevation each week thereafter, with 6.1%
above 90� during post-TSA week 6 and 5.0% above 90�

during the 1-year follow-up week.
All correlations are contained in Table III. A

significant correlation was found between clinical flexion
and clinical external rotation. No significant correlations
were noted between either clinical ROM metric and any
IMU-based metric. Similarly, we found no significant
correlations between the PROMIS physical score and any
clinical ROM metric or any IMU-based ROM metric. In
addition, no significant correlations were noted between
the PROMIS mental score and any clinical ROM metric
or any IMU-based ROM metric. However, significant
correlations were noted between the ASES score and
clinical flexion (r ¼ 0.67, P ¼ .002), clinical external
rotation (r ¼ 0.78, P ¼ .0001), IMU average elevation
(r ¼ 0.53, P ¼ .02), IMU maximum elevation (r ¼ 0.62,
P ¼ .006), and IMU percentage above 90� of elevation
(r ¼ 0.71, P ¼ .0009).
Discussion

Previous work on shoulder ROM in patients undergoing
TSA has centered on data captured in the clinic or
laboratory. This type of assessment likely undervalues
patients’ experience in their home setting. As such, we used
a previously validated method8 to capture similar data in
patients both before and after TSA in their daily
environments.

Our prospective analysis comparing patients with
healthy individuals found no significant difference at any



Table I Subject demographic characteristics and associated P values for statistical comparisons between control subjects and patients
undergoing TSA

Metric Control TSA P value

Subjects, n 10 10 d
Sex, n 4 M and 6 F 6 M and 4 F .23
Age, yr 69 � 20 70 � 8 .92
Handedness (where 1.0 indicates R and –1.0 indicates L) 0.6 � 0.5 0.2 � 0.8 .20
Sensor side 9 R and 1 L 7 R and 3 L .47
Before TSA

Duration, d 7 � 0 7 � 0 >.99
Frequency, h/d 13.5 � 2.9 12.9 � 2.5 .64

After TSA
Duration, d d 42 � 0 d
Frequency, h/d d 10.4 � 4.1 d

1 yr after TSA
Duration, d d 7 � 0 d
Frequency, h/d d 9.2 � 2.6 d

TSA, total shoulder arthroplasty; M, male; F, female; R, right; L, left.

Table II Patient-reported outcome measures, clinical goniometric range of motion and associated P values

Control TSA P Values

Before After C vs. Pre C vs. Post Pre vs. Post

Flexion, � 158�19 97�33 148�25 0.0002* 0.33 0.002*

ER, � 73�20 14�10 40�13 <0.0001* 0.002* 0.0007*

Pain rating 2�1 4.5�1 1�1 0.007* 0.50 0.008*

PCS 57�7 45�10 48�7 0.01* 0.01* 0.50
MCS 57�7 51�4 48�5 0.02* 0.003* 0.18
ASES 92�9 44�16 73�18 <0.0001* 0.007* 0.02*

TSA, total shoulder arthroplasty; C, control; ER, external rotation; PROMIS, Patient-Reported Outcomes Measurement Information System; PCS, physical

component summary; MCS, mental component summary; ASES, American Shoulder and Elbow Surgeons; MAD, median absolute deviation.

Pain rating is listed as median � MAD. PROMIS PCS, PROMIS MCS, and ASES scores and clinical range of motion are listed as mean � standard deviation.
* Significant correlation.
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time between the cohorts with respect to IMU-based
average elevation. However, a significant correlation was
noted between IMU-based average elevation and the ASES
score. This was expected though because previous studies
have shown the connection between the ASES score and
physical function.41 However, because no differences were
found between the cohorts for this metric, we believe that
average shoulder elevation is not fruitful for establishing
function before or after TSA.

In contrast to average elevation, IMU-based maximum
elevation was significantly greater in controls than in
patients during the pre-TSA assessment and post-TSAweek
1 and week 2 time points. An interesting finding was that
patients were equal to controls with respect to IMU-based
maximum elevation beyond this time point. This matches
clinical information about deficiencies in clinical ROM
both before TSA and acutely after TSA.31 More critically,
this confirmed our first hypothesis that patients would have
reduced maximum elevation prior to surgical intervention.
In addition, we discovered that IMU maximum elevation
was strongly correlated with the ASES score. Again, this
was anticipated given previous work highlighting the
connection between the ASES score and physical
function.41 Given the significant improvement in patient
IMU-based maximum elevation and its correlation with the
ASES score, we believe that maximum elevation measured
by IMUs can be used to assess shoulder function before
TSA and during the acute post-TSA recovery phase.

In addition to notable improvements in IMU-based
maximum elevation after TSA, we found that patients
steadily decreased the amount of time spent under 30� of
elevation and correspondingly increased the amount of time
spent above 90� of elevation. In other words, after TSA,
patients were able to spend more time with their arms above
their heads. It is interesting that not only did patients
quantitatively improve after surgery but also subjective
patient performance improved as measured by the significant
correlation between the ASES score and time spent above
90�. Similarly to the correlation between the ASES score and
average or maximum elevation, this was expected.41 Thus,
we confirmed our second hypothesis. As a result of the
significant increases in time above 90� and corresponding



Figure 3 Average shoulder elevation for controls (C, solid bars) and total shoulder arthroplasty (TSA) patients (before TSA
[P Pre, striped bars] and after TSA [P Post, dotted bars]). W, week.

Figure 4 Maximum shoulder elevation for controls (C, solid bars) and total shoulder arthroplasty (TSA) patients (before TSA
[P Pre, striped bars] and after TSA [P Post, dotted bars]). Statistically significant differences between the cohorts are denoted by the
asterisk. W, week.
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Figure 5 Movement percentage less than 90� of elevation binned in 15� increments (A) and greater than 90� of elevation binned in 45�

increments (B). W, week.

Table III Patient Spearman (discrete variables) and Pearson (continuous variables) correlations including comparisons between IMU-
based metrics, clinical range of motion, and PROMs

Flexion ER PROMIS PCS score PROMIS MCS score ASES score Pain rating

Flexion
Correlation coefficient d 0.77 0.27 –0.04 0.67 –0.47
P value d <.0001* .28 .87 .002* .05

ER
Correlation coefficient d d 0.42 –0.08 0.78 –0.27
P value d d .08 .77 .0001* .28

IMU average
Correlation coefficient 0.23 0.44 0.21 0.45 0.53 –0.33
P value .37 .07 .40 .06 .02* .18

IMU maximum
Correlation coefficient 0.36 0.40 0.06 0.37 0.62 –0.20
P value .15 .10 .82 .13 .006* .42

IMU for 0�-30�

Correlation coefficient –0.24 –0.34 –0.05 –0.42 –0.38 0.36
P value .34 .16 .83 .08 .12 .15

IMU for 90�-180�

Correlation coefficient 0.05 0.44 0.27 0.32 0.71 –0.30
P value .84 .06 .27 .20 .0009* .23

IMU, inertial measurement unit; PROMs, patient-reported outcome measures; ER, external rotation; PROMIS, Patient-Reported Outcomes Measurement

Information System; PCS, physical component summary; MCS, mental component summary; ASES, American Shoulder and Elbow Surgeons.
* Significant correlation.

Continuously monitoring shoulder motion after TSA 1511
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decreases in time below 30� and the strong correlation with
the ASES score, we think that capturing the amount of time
an individual spends above 90� of elevation with IMUs is
critical for assessing chronic post-TSA shoulder function. It
may seem surprising that TSA patients outperformed control
subjects with respect to time spent above 90�. However,
despite the small sample size, this was unsurprising for
several reasons. First, it is common anecdotally for
individuals with newfound motion to repetitively test that
ability after intervention for a variety of reasons (eg,
pain-free motion or larger ROM). A second possible reason
TSA patients outperformed healthy subjects on this metric is
the patients’ post-TSA rehabilitation requirements. After
TSA, patients participate in a variety of rehabilitation
activities including outpatient, in-home, and self-guided
exercises that require frequent humeral elevation above 90�.
In contrast, healthy subjects are not required to do so and as a
result perform worse with respect to this metric.

Clinically, we found that both flexion and external
rotation improved compared with preoperative values after
TSA. However, patient external rotation remained reduced
below that of controls, whereas flexion was equal between
patients after surgery and controls. We did find a significant
correlation between clinical flexion and external rotation.
However, this was unsurprising given that the deltoid
muscle is in part responsible for both actions32,39 and could
also be dictated by capsular releases performed during
surgery. In addition, we found a significant correlation be-
tween clinical goniometric flexion and the ASES score. The
ASES score has been previously connected to maximum
goniometric ROM19,26,34; however, we found no connection
between goniometric ROM and any IMU-based ROM
metric. Although the small sample size of this study may
have contributed to this phenomenon, a more likely possi-
bility is that because we allowed patients to move as desired
without requirements to maximally elevate their arms, our
IMU-based maximum elevation may not represent the pa-
tients’ full ROM. Rather, IMU-based maximum elevation
likely represented maximum self-selected elevation and thus
had no connection to clinical goniometric maximum ROM.
Given the clear relationships between post-TSA recovery
and IMU-based measures discussed previously, we believe
that continuously monitoring shoulder elevation using IMUs
is a far superior approach for assessing pre- and post-TSA
shoulder function than clinically capturing goniometric
ROM. Specifically, IMUs offer improved accuracy and
continuous measures compared with goniometry. However,
we did not require subjects in this study to reach their
maximum ROM while wearing the IMUs. As such,
goniometric ROM likely represents true maximum ROM
while IMU-based maximum ROM represents each patient’s
self-selected peak ROM. Accordingly, IMU maximum in
this effort should be viewed as complementary to gonio-
metric maximum. Future efforts should require patients to
reach maximally while donning IMUs to more realistically
capture both maximum ROM and ROM use each day.
Additional metrics typically captured clinically that we
also collected in our study were the PROMIS physical and
mental scores. Previous work has established that PROMIS
tests are superior to other PROMs for assessing shoulder
function including the ASES score.2 Despite this fact, con-
trol PROMIS physical and mental scores were significantly
greater than patient scores before and after TSA. Moreover,
we found no correlations between PROMIS scores and any
IMU-based ROM metric. These findings indicate that other
PROMs (ie, ASES score) are better for subjectively
capturing shoulder function than PROMIS-10 physical and
mental assessments. However, it should be recognized that
the sample size of this study is relatively small for making
definitive conclusions about the superiority of specific
PROMs in this particular population. Future efforts will
require larger sample sizes to make stronger conclusions.

We acknowledge several limitations with our work. First,
we were chiefly interested in sagittal shoulder ROM recovery
after TSA. This choice was made because we were primarily
interested in monitoring how the impacted joint construct
functioned after intervention. This choice was warranted
given the body of previous work highlighting shoulder
elevation as a critical metric for accomplishing upper-
extremity ADLs.4,25 However, this choice neglects other
planes of motion, other joints, and hand elevation, all of
which are necessary to accomplish upper-extremity activities
using varying strategies. In particular, we are currently
unable to capture the paradoxical phenomenon wherein less
humeral elevation may be needed as external rotation im-
proves. As such, future work should include capture of other
planes of motion and other joint kinematics with multiple
IMUs attached as a network across multiple segments.

An additional limitation of our study is the discrete set
of post-TSA variables we assessed both clinically and via
IMUs. Specifically, we noted that maximum elevation
recovered acutely (by post-TSA week 2) and time spent
above 90� recovered chronically. However, it is possible
that there are additional metrics that may be critical for
recovery after TSA, including strength and coordination.
We also treated all metrics in isolation despite the
possibility that multiple metrics in combination better
define recovery. For example, an individual achieving
higher maximum elevation than another individual but
spending equal time above 90� is likely objectively per-
forming better. However, this study did not investigate
multifactorial recovery, and no such conclusions can be
drawn. Future studies should investigate developing metrics
that incorporate multiple potential ROM recovery variables.

Another limitation of this work is our decision to allow
patients to move as desired without guidelines from us.
Specifically, because we did not tell patients to intention-
ally move through their entire ROM including high
elevations, we do not know whether each patient’s daily
IMU-based maximum elevation is his or her maximum
possible ROM. As a result, in future iterations, it may be
useful to instruct patients to reach as high as possible once
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in the morning and once in the afternoon to ensure that we
are capturing not only ROM use but also maximum
intentional ROM.

A final limitation of our study is the inability to establish
the location of each subject’s visual gaze despite the
connection many studies have established between upper-
extremity performance and visual feedback.12,13,36 Many
individuals accomplish tasks with their upper extremities
by elevating their gaze (eg, 45� upward) and matching their
hand position to the location of their gaze. As a result, it is
often possible to complete many overhead tasks with
humeral elevations lower than 90�. As such, future studies
should investigate not only additional upper-extremity
segments but also the location of an individual’s visual arc.
This information will more wholly define each patient’s
upper-extremity task performance.
Conclusion
This study successfully used a validated method for
continuously capturing shoulder ROM in patients
undergoing TSA while in their own environments. Our
results indicate that maximum elevation as captured by
IMUs should be used to capture acute shoulder function
recovery, time spent above 90� should be leveraged to
assess chronic shoulder function recovery, and the ASES
score should be used as the preferred PROM adjuvant
data point to subjectively evaluate shoulder function.
Perhaps more critically, the results establish a recovery
curve for well-recovering patients after TSA. The
method and results are also a significant improvement on
the knowledge base regarding expected biomechanics
both before and after shoulder arthroplasty. Using this
approach facilitates continuous feedback to clinical
teams about the joint health of their patients.
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