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Abstract

Background: The effect of postoperative shoulder sling compliance on surgical outcomes is unknown. The goal
was to determine an accurate method to measure sling compliance. We compared volunteer recorded sling wear
time with temperature-based sensors to monitor sling compliance.

Methods: Data loggers sutured at three locations measured heat generated in 15-minute intervals. Slings wearers
logged sling wear to accurately cross-reference with temperature sensors. Secondary experiments analyzed whether
surrounding ambient temperature can be discerned from actual sling wear. We created an algorithm to describe
actual sling wear time as a function of heat recorded and calculated percent wear accuracy.

Results: The modified sling was worn for 172 h. The algorithm modeled sling on/off times by analyzing cutoff
temperatures. Diagnostic accuracy was >99 % for the three locations, with no statistically significant differences
among them. Compared with sling wear, ambient temperature took longer to reach critical temperature values
determined by the algorithm, helping distinguish compliance from false positives.

Conclusions: The described algorithm can effectively quantify shoulder sling wear time based on heat-generated
sensor readings. False positives from ambient temperature are minimal. This measurement method could be used
to study the relationship between postoperative sling use and functional outcomes after shoulder surgery.
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Background
Adherence to medical treatment can be defined as the
extent to which patients follow treatment protocols pre-
scribed by their physicians. Adherence rates are higher
for acute conditions than for chronic illnesses. Although
adherence rates are difficult to measure, higher adher-
ence rates usually correlate to better clinical outcomes
[1]. This trend is commonly noted in medication regi-
mens for diseases such as cancer, hypertension, schizo-
phrenia, and many others [2–4].

In orthopaedics, immobilization is prescribed following
closed reduction of fractures and either postoperatively
or as the primary intervention to manage idiopathic con-
ditions such as scoliosis and clubfoot [5, 6]. After rotator
cuff repair, a sling is used to prevent strain at the tendon
repair site. Excessive strain can lead to failure of the re-
pair [7–9]. It is unknown to what extent patient adher-
ence to the rehabilitation protocol affects functional
outcome. One study relied on patient surveys to evaluate
adherence to the postoperative protocol; however, that
method of collecting data is likely inaccurate [10].
Previous studies that have used temperature sensor

technology to objectively measure brace adherence
found that self-reported adherence is significantly higher
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than the temperature-recorded adherence rates [11, 12].
In those studies, the temperature sensors used in braces
were in close contact with patients’ bodies. However,
shoulder slings have a looser fit, and it has not been re-
ported whether temperature sensors can accurately
measure sling use. Therefore, the purpose of our study
was to investigate the accuracy of temperature sensors
placed in shoulder slings. We additionally evaluated
whether the temperature sensor could discern the differ-
ence between a hot environment and body temperature.
We hypothesized that the temperature sensors would ac-
curately measure sling wear and would accurately dis-
cern the difference between a hot environment and body
temperature.

Methods
Validation overview
The Onset series of data loggers (HOBO MX2201; On-
set Computer Corporation, Bourne, MA) were fitted
onto three locations on each of four DonJoy UltraSling
(DonJoy Performance, Dallas, TX) shoulder slings, which
are routinely provided to patients postoperatively. A trial
was then conducted with the retrofitted slings in which
they were worn throughout the day and at night by vol-
unteers to simulate the patient experience, including re-
moving and re-applying the sling to best emulate
exercise sessions and other instances in which a patient
might remove the sling (e.g., for personal hygiene). The
subjects were asked to wear the sling as much as pos-
sible but were free to remove the sling to perform daily
activities. This provided multiple sling wear sessions
throughout the day to illustrate temperature differences
when the sling was on or off the volunteer. We used
healthy volunteers in this validation study because of
concern that patients on pain medicine would not be re-
liable participants. Volunteers ranged between the ages
of 25 to 32 years (three males, one female), had no sig-
nificant past medical history, and had a body mass index
in the normal range. All participants had a body
temperature in the normal range and were not febrile
during the study period. The four participants kept de-
tailed timetables of actual sling wear time to compare
with the wear time detected by the temperature sensors.
The volunteers understood the study aims and were not
given a specific sling wear schedule to avoid bias when
they logged their time in the sling. We considered the
logged sling time the “actual wear time.” When the sling
was not in use, we asked volunteers to leave the sling in
an environment at room temperature. The sling was
worn in both winter and summer months.

Data loggers
The Onset HOBO MX2201 (Onset Computer Corpor-
ation, Bourne, MA) data loggers were used to track

shoulder sling wear. The data loggers are compact (di-
mensions, 3.35 × 5.64 × 1.8 cm; weight, 12.75 g), battery-
powered devices (battery life 1–2 years) that feature an
internal microprocessor, data storage, and sensors that
can measure contact temperature readings with up to
0.5° Celsius (C) of accuracy (Fig. 1). The device can be
configured to record temperature readings at different
time intervals. The data logger was set to record
temperature readings every 15 min to ensure that the
memory capacity of the device was not exceeded during
a period of >3 months. Data is transferred from the sen-
sors wirelessly via Bluetooth 4.0 technology.

Sensor locations
Data loggers were manually sutured into three locations
on each shoulder sling: (1) inner aspect of the bolster
that is in contact with the abdomen, (2) inner aspect of
the sling at the medial elbow, and (3) inner aspect of the
sling at the palmar surface of the carpometacarpal joint
(Fig. 2). These locations were chosen because they were
noted to have more continuous body contact when the
shoulder sling was worn. Continuous body contact with
the implanted data loggers allows for accurate
temperature readings and decreased fluctuations that
can occur if the data logger is not flush against the body.
Three locations were selected to help inform future
studies on the optimal location for sensor placement.

Ambient temperature control
The ability of the sensor to recognize between body heat
while the sling is being worn and ambient heat in an en-
vironment was also evaluated. Specifically, we investi-
gated whether the difference between wearing the
shoulder sling retrofitted with the temperature sensors
could be discerned from storing it in a hot environment.
To do this, the retrofitted sling was placed into the trunk
of a car during a hot day with the outside temperatures
ranging from 80 to 90 °Fahrenheit (F). Afterward, the
sensor data were evaluated for differences.

Algorithm
Based on the temperature sensor data output, an algo-
rithm was created to approximate actual shoulder sling
wear time logged by volunteers. The temperatures, time-
frames, and conditions in the algorithm were selected to
best match the temperature data to the actual sling wear
logged by the volunteers. Additional file 1 provides an
outline of the proposed algorithm for ease of use.
For a given time point to be considered the start of a

wear period, the following conditions must be met. First,
either the time point in question must be the first in a
consecutive pair of points with a temperature increase of
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at least 2 °F immediately followed by a temperature
≥83 °F or the time point in question must be the first in
a consecutive pair of points with a temperature increase
of at least 3 °F immediately followed by another con-
secutive pair of points with a temperature increase of at
least 3 °F followed by a temperature ≥83 °F within
30 min. Second, the temperature must remain ≥83 °F for
at least 30 min. Third, the temperature cannot exceed
100 °F.
For a given time point to be considered the end of a

wear period, the following conditions must be met. First,
the time point in question must be part of an established
wear period. Second, the time point in question must be
the first of a consecutive pair of time points with a
temperature decrease of at least 3 °F. Third, the
temperature must decrease below 83 °F within 30 min of
the 3 °F drop in temperature.
Additional file 2 provides example data to better illus-

trate how the algorithm works in practice. The algo-
rithm was then input into a formula on Microsoft Excel
to allow for automation of data analysis.

Statistical analysis
To evaluate for any statistically significant differences
in shoulder sling wear time approximation among the
three different locations, three unpaired two-sample t

tests (Microsoft Excel; Microsoft Corporation, Red-
mond, WA) were run to compare algorithm-
generated time approximations among groups. This
was done to analyze whether there was a statistically
significant difference (p < .05) in the time approxima-
tions registered by each sensor location on the arm.
The sample size of four volunteers is similar to previ-
ous studies validating temperature sensors to monitor
compliance with bracing for adolescent idiopathic
scoliosis, which used three patients [5]. An a priori
sample size calculation for the correlation between
actual and measured sling wear assumed a rho of
0.95, alpha of 0.05, and 80 % power, showing a sam-
ple of four patients was adequate.

Results
The sum of actual sling wear time (i.e., the time
logged by the volunteers) was a total of 171.63 h for
the four volunteers. The slings were monitored for
approximately 1101 h. Per the algorithm described
above, the data loggers installed on the bolster, elbow,
and wrist areas calculated a total estimated wear time
of 167.75, 171.00, and 172.25 h, respectively. The
diagnostic accuracies for the bolster, elbow, and wrist
areas of the data loggers were 99.5 %, 99.1 %, and
99.3 %, respectively (Table 1).

Fig. 1 Front (a), side (b), and back (c) views of the Onset Hobo MX2201 (Onset Computer Corporation, Bourne, MA)

Fig. 2 Arrows indicate the three sensor locations: (a) inner aspect of bolster at abdomen; (b) inner aspect of sling at medial elbow; (c) inner
aspect of sling at palmar surface of carpometacarpal joint
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True positive, true negative, false positive, false nega-
tive, sensitivity, specificity, positive predictive value, and
negative predictive value are presented in Table 1. No
statistically significant difference was shown in shoulder
sling wear time approximation among the three data
logger locations (p > .05).
When the sling was left in the trunk of a car with out-

side temperatures ranging between 80 and 90 °F, it took
4.17 h for the data logger to equilibrate to a temperature
of 85 °F before eventually peaking at 97 °F approximately
6.83 h later (Fig. 3a). In comparison, when the sling was
actually worn, the temperature reached 85 °F in <45 min
(Fig. 3b). The rate of temperature increase was 0.48°F

per minute for actual sling wear, while it was 0.06°F per
minute for the sling in a hot car. The rate of change was
eight times faster for actual sling wear.

Discussion
The results of the study support our hypothesis. The de-
scribed protocol is an accurate method to measure pa-
tient compliance with shoulder sling wear. Although the
placement of the data logger at the bolster location had
the highest diagnostic accuracy of 99.5 %, no significant
difference was shown among the three locations tested
and all locations had an accuracy >99 %.

Table 1 Temperature Sensor and Self-Reported Sling Wear Timesa

Locationb

Bolster Medial Elbow Palmar Aspect

Total actual wear time logged by volunteers, h 171.63 171.63 171.63

Total time sensor on, h 1101.5 1101.5 1101.25

Total estimated time (h) logged by sensor/algorithm 167.75 171.00 172.25

True positives, h 167.25 166.5 168.5

True negatives, h 928.75 924.75 924.75

False positives, h 0.5 4.5 3.75

False negatives, h 5 5.75 4.25

Sensitivity (TP) / (TP + FN), % 97.1 96.7 97.5

Specificity (TN) / (FP + TN), % 99.9 99.5 99.6

Positive predictive value (TP) / (TP + FP), % 99.7 97.4 97.8

Negative predictive value (TN) / (FN + TN), % 99.5 99.4 99.5

Diagnostic accuracy (TP + TN) / (TP + TN + FP + FN), % 99.5 99.1 99.3
aSling wear times are provided as the sum of the four volunteers included in the study.
bBolster, inner aspect of the bolster that is in contact with the abdomen; Medial Elbow, inner aspect of the sling at the medial elbow; Palmar Aspect, inner aspect
of the sling at the palmar aspect of the carpometacarpal joint.

Fig. 3 a Represents the temperature recording of actual sling wear. Note the steep change in temperature with the start of sling wear. b Shows
the temperature curve of a sling left in a car on a hot day. Note the gradual temperature increase over more than 6 h
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The World Health Organization has identified poor
adherence as one of the major causes of failure to re-
cover from long-term illnesses [13]. Cuff et al. [14] re-
ported that poor adherence might be connected to
worse functional outcomes in patients with rotator cuff
repairs but did not assess for possible indicators of poor
adherence beyond workers’ compensation status. Silverio
et al. [10] evaluated the effects of social and demo-
graphic factors with patients’ self-reported adherence
and functional outcomes by adherence measurement
questionnaire in the rotator cuff repair population. How-
ever, that study might have been limited by recall bias
and inaccurate responses. Morten et al. [10] showed that
when back brace wear is accurately monitored, wear
time as reported by the patient is unreliable.
An accurate measurement of recommended shoulder

sling wear is an important research tool. Patients are
instructed to wear a sling after rotator cuff surgery to
avoid excessive strain on the repair, which can possibly
decrease the incidence of re-tear. However, prolonged
shoulder sling immobilization has been linked to shoul-
der stiffness [15]. Slings are often prescribed for consist-
ent use for a six- to eight-week period, but no study to
date has measured optimal sling wear time after shoul-
der surgery. Jenssen et al. [16] recently found that post-
operative sling immobilization for three weeks was
noninferior to six weeks of immobilization. Thus, our
study validates a device that can be used to clarify the
ambiguity surrounding appropriate postoperative sling-
wearing time.
Previous studies in scoliosis and clubfoot research

have shown patients do not accurately report their brace
use [5, 11, 12]. Healthy volunteers with knowledge of the
study aims were used to provide accurate self-reported
logs (i.e., “actual wear time”) without fear of over- or
under-reporting sling use. If surgical patients were used
in this study, we would have asked them to wear their
slings as much as possible to protect their repairs and
prevent instability. Since no such concerns existed for
the healthy volunteers, they could safely remove their
slings to perform daily activities. This provided more
variability in the temperature data to enable the creation
of an algorithm to accurately detect the actual wear time
with temperature sensors.
It is important to address the debate of the importance

of sling wear postoperatively for rotator cuff tears. Tire-
fort et al. [17] recently showed no difference in out-
comes when comparing sling immobilization versus no
restrictions postoperatively for small-to-medium sized
tears. Compliance with sling immobilization was self-
reported, however, and may not reflect actual sling wear.
Additionally, this study did not include larger tears
where immobilization remains the recommendation in
the immediate postoperative period.

The ambient temperature control test indicated the ef-
fects of a hot environment on the data loggers. The log-
gers differentiated the ambient heat of the hot
environment from body temperature using our algo-
rithm. Although the final temperatures reached by the
sensor in the hot environment versus when the sling was
worn were similar, the final temperature was met at a
much slower rate (eight times slower) when the sensor
was in a hot environment. This is likely caused by the
differences in efficiency of conductive (i.e., actual sling
wear) versus convective (i.e., sling in a hot car) heat
transfer. Our algorithm is able to discern the difference
in rates of temperature change to determine whether the
shoulder sling is being worn. Implementation of the al-
gorithm improves the accuracy of the loggers and de-
creases false positive readings.
The sample size of four patients in the present study

was selected based on previous studies using
temperature sensors to monitor brace use in patients
with adolescent idiopathic scoliosis [5]. Each
temperature sensor location in the present study re-
corded a total of 4405 temperature readings over a
1101.5-hour period. This results in a total of 13,215
temperature readings for all three temperature sensor lo-
cations. The minimum sample size for sensitivity studies
ranges between 60 and 4860 tests performed [18]. Our
study greatly exceeds this number and is powered to ac-
curately screen for sling use. Additionally, a post-hoc
power analysis for the correlation between the actual
and measured sling wear showed the study achieved
84.4 % power despite the small sample size. This can be
attributed to the near perfect correlation between these
parameters due to the accuracy of the temperature
sensors.
The accuracy of the data loggers might have been lim-

ited by the monitoring intervals used in our study. Al-
though the sensor recorded temperatures at 15-minute
intervals, the algorithm and data loggers can potentially
underestimate the sling wear time by as much as 30 min
per wearing session because of the intervals at which
data is recorded. Repeatedly applying and removing the
sling can account for a lower approximated wear time
and thus affect the percent accuracy of the algorithm.
Accuracy might be improved if smaller monitoring inter-
vals for the data logger are used. The sensor on the pal-
mar surface of the carpometacarpal joint was found to
slightly overestimate wear time and had the highest
overall estimated time. This is likely because the sensor
in that location moves more freely and does not have as
much intimate body contact. As a result, it is susceptible
to greater fluctuations in temperatures. Finally, the ac-
curacy of temperature sensors to monitor sling use can
be potentially “cheated” by wearing the sling, then leav-
ing it in a warm environment. If the environment
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allowed the temperature to rise above 100°F, however,
the algorithm proposed in this study would detect that
the sling was not actually being worn. The volunteers
used in this study were aware of the study aims and were
not penalized for wearing the sling less or incentivized
to wear the sling more. Volunteers were only asked to
be honest about their sling wear, as their sling wear logs
were considered the actual sling wear time from which
the algorithm was derived. The use of temperature sen-
sors in future studies could be limited by “cheating” if
the patients are aware of the temperature sensor, and
the Hawthorne effect could alter their behavior if they
know they are being monitored. Future studies will use
the proposed algorithm to monitor sling use in actual
patients.

Conclusions
The described algorithm can effectively quantify shoul-
der sling wear time based on heat-generated sensor
readings. False positives from ambient temperature are
minimal. This method of accurately measuring sling
wear could be used to study the relationship between
postoperative sling use and functional outcomes after
shoulder surgery.
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