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Purpose: Measuring range of motion (ROM) in the wrist joint is an essential part of hand and wrist
functional evaluations, especially before and after surgery. However, accurate measurements require
experience and time. To reduce patient and surgeon burdens related to ROM measurement, a
smartphone-based system, which enables participants to measure the ROM of the wrist joint semi-
automatically using self-taken pictures on a smartphone, was developed and evaluated in this study.
Methods: In the developed system, participants were asked to take a picture of their wrist by using the
other hand to position the joint first into full flexion and then into full extension. The hand and arm
regions were automatically extracted in the program, and the ROM was estimated after the area of the
hand and forearm was cropped. To verify the accuracy of ROM measurements in this system, the pro-
posed method was tested on 66 images of hands from 33 participants; measurements were compared
with those taken by hand surgeons. A limit of agreement and an intraclass correlation coefficient (ICC)
were used for evaluation.
Results: The smallest averages (95% limits of agreement) of flexion and extension were 11.32� (95%
confidence interval [CI], 8.88� to 13.76�) and 11.01� (95% CI, 8.64� to 13.39�), respectively. The ICC (1,1) for
3 measurements taken by one assessor was 0.99 (95% CI, 0.986e0.992), and the ICC (2,1) for 2 mea-
surements taken by both assessors was 0.97 (95% CI, 0.947e0.977).
Conclusions: In this study, we developed a system to measure the semiautomatic ROM of the wrist joint
using a smartphone image. Its accuracy was within a clinically usable error range that was comparable
with that of a hand surgeon.
Clinical relevance: This system can reduce the burden of ROM measurement for both patients and
doctors.
Copyright © 2020, THE AUTHORS. Published by Elsevier Inc. on behalf of The American Society for Surgery of the Hand.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Measuring range of motion (ROM) in the wrist joint is an
essential method to evaluate hand and wrist functions.1,2 The
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goniometer is a standard and reliable tool for measuring ROM;
however, it is difficult for patients to measure ROM in the wrist
joint themselves using a goniometer because some experience is
needed for precise evaluation.3,4 Furthermore, few patients have
their own goniometers at home. Even for medical experts,
measuring ROMprecisely during every patient visit takes effort and
time. If patients could measure ROM in the wrist joint indepen-
dently, they would have the ability to assess their status sponta-
neously. They could then track the progression of rehabilitation or
recovery from surgery, and surgeons might access daily data and
examine the status remotely. This would help surgeons manage
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Figure 1. Proposed measurement flow. A The input image. B Hand and arm extraction. C Manual annotation. D Range of motion estimation.
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patient visits, even in the current situation of dealing with the
spread of the novel coronavirus infection.5

To reduce both patients’ burden of traveling to the hospital and
surgeons’ burden of measuring ROM during the recovery period,
automatedmeasuringmethods that do not require the intervention
of surgeons or medical staff have been suggested.6e8 Owing to
advancements in digital devices such as cameras and smartphones,
a high-pixel picture of the wrist is easily obtained and sent to
doctors; however, the automated measuring method of ROM has
not been well-established. Most studies involved in ROM mea-
surements use images traced by hand from a printed photograph or
a personal computer monitor, and the accuracy of these methods
remains controversial.9 Furthermore, this method does not reduce
the burden on medical staff.

In this study, based on advanced data processing techniques, the
aim was to develop a smartphone-based system for taking indi-
vidual photographs of the wrist joint and measuring ROM of the
wrist joint in flexion and extension using a semiautomatedmethod.
The accuracy of measurements was also examined to ensure this
application’s applicability in clinical practice in the near future. In
this study, we tested the hypothesis that the newly developed
measurement system would be as accurate as the hand surgeon’s
measurements.
Materials and Methods

Participant recruitment

This study protocol conformed to the ethical guidelines of the
1975 Declaration of Helsinki and was approved by the institutional
review board of Tokyo Medical and Dental University. Written
informed consent was provided by all participants. Healthy vol-
unteers aged greater than 18 years without a history of upper-
extremity injury or surgery were recruited as participants. The
study included 66 hands of 33 participants (aged 20e50 years).
Outcome measurement

In this study, participants were asked to take a side picture of
each wrist in complete flexion and extension (2 images/side; 4
images/participant). Participants were asked to take the pictures by
themselves in a seated position and to rest the hand on a table. They
were instructed to take a picture of the whole hand and forearm
with a smartphone camera (Xperia, Sony, Tokyo, Japan) using the
other hand (Fig. 1A). Immediately after participants took the pic-
ture, they remained in the same position, and a hand surgeon
measured the ROM of the wrist joint using a goniometer. The
proximal arm of the goniometer was parallel to the lateral midline
of the ulna, and the distal arm was parallel to the dorsal aspect of
the third metacarpal on the radial side of the hand and forearm
with the forearm in the neutral position, 1 to 2 cm away from the
skin of the forearm, as previously described.10 The values were read
directly off the goniometer, and ROM was recorded as the true
value.

The method used to estimate ROM from input images taken by
the participants is described here. The entire image analysis pro-
gram was implemented in the OpenCV library with Python. The
flow of image analysis adhered to the following process (Fig. 1):
First, the hand and arm regions were automatically extracted from
the input image (Fig. 1A). After the luminance (brightness) was set
to the maximum value (255 in the case of OpenCV) in the YCbCr
color space, the image was binarized using Otsu’s11 binarization
method. The effect of shadows was reduced by maximizing the
luminance. GrabCut12 was then performed to improve the accuracy
of hand and arm extraction, and the small hand and arm regions
were deleted using connected-component labeling. The result of
automatic hand and arm extraction was summarized (Fig. 1B).
Pixels determined to be part of the background were darkened.

The angle of flexion and extension in the wrist joint was defined
as the angle between the long axis of the radius and the third
metacarpal. In this study, the long axis of the radius was approxi-
mated by the midline of the arm, and the third metacarpal was
approximated by a line along the back of the hand. The assessor was
required to annotate 2 bounding boxes on the binarized image to
calculate the 2 lines (Fig. 1C). Note that the assessor was not a
surgeon, but a computer engineer. No trainingwas necessary before
assessment. The midline of the armwas fitted to the averaged pixel
positions of the foreground in the arm-bounding box. The pixel
positions were averaged in the x axis direction. The line along the
back of the hand was fitted to the pixel positions at the boundary
between the foreground and the background in the hand-bounding
box. We then calculated ROM from the slopes of the 2 lines. After
the assessor annotation, the result was displayed (Fig. 1D).
Data analysis

We used a BlandeAltman (BA) plot13 to evaluate the accuracy of
the estimation by comparing the true ROMs (measured by a hand
surgeon who was board certified for hand surgery) with ROMs
estimated by the proposedmethod. Bland-Altman analysis involves
methods that examine whether systematic errors have occurred.
Two assessors measured the ROM of 132 images (33 participants; 4
images/person) in a blinded manner using computer software.14



Figure 2. BlandeAltman plot with the smallest average of 95% limit of agreement (LoA). Representative measurements were plotted in A flexion and B extension. In these
scatterplots, differences between measured values and predicted values were plotted on the y axis and averages of measured values and predicted values were plotted on the x axis.
Bias was calculated as the average of the differences.
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To test intraobserver reliability, one of the assessors measured
the ROM 3 times continuously, and the intraclass correlation co-
efficient (ICC) (1,1) was calculated for the 3 measurements.15

Moreover, to test for interobserver reliability, was calculated the
ICC (2,1) for both assessors’ measurements. Note that the 2 asses-
sors were not surgeons. We used the ICC (1,1) to calculate intra-
observer reliability when one assessor evaluated multiple subjects
and ICC (2,1) for interobserver reliability when multiple assessors
evaluated multiple subjects.16

We performed an analysis to determine the sample size before
the experiments. A 5� change in ROM was considered to be clini-
cally meaningful when measuring ROM in the wrist joint.4,7,17 This
was calculated with a sample size of 66 participants (33 partici-
pants/treatment group), giving the study 80% power to detect a 5�

mean change in ROM of the wrist joint, with a type I error of 5%.18,19

Results

Accuracy of ROM estimation

The BlandeAltman plots with the smallest average (95% limit of
agreement for wrist flexion and extension) among the 4 mea-
surements taken by the assessors are shown in Figure 2. The limit of
agreement for wrist flexion was 11.32� (95% confidence interval
[CI], 8.88� to 13.76�) and that of extension was 11.01� (95% CI, 8.64�

to 13.39�). The ROM of flexion measured by the assessors tended to
be larger than that measured by the hand surgeon, whereas the
ROM of extension tended to be smaller.

Intraclass correlation coefficient

The ICC (1,1) for the 3 measurements taken by a single assessor
was 0.99 (95% CI, 0.986e0.992) and the ICC (2,1) for the 2 mea-
surements taken by both assessors was 0.97 (95% CI, 0.947e0.977).

Discussion

In this study, we developed a smartphone-based system that
enabled participants to measure ROM in the wrist joint indepen-
dently. The results of this study showed that the accuracy of ROM
measurements using this systemwas tantamount to the accuracy of
measurements taken by medical experts. The values of the ICC
indicated that both intraobserver and interobserver measurement
variabilities were small.

With advancements in technology, trials to measure the ROM of
joints remotely are gaining popularity; 3 methods are used widely.
The first one uses sensors that are attached to the body.20,21 In this
method, detailed and precise joint ranges can be measured; how-
ever, devices such as inertial measurement units and stretch sen-
sors are required, which makes this method less accessible to
medical practitioners and difficult to apply in daily life. The second
method uses a goniometer built into a smartphone.7,22 In this
method, equipment such as grips or tape, which hold the smart-
phone firmly to the body, are required during measurement.
Moreover, detailed user instructions require careful explanation.
The third method uses a photograph taken using a smartphone
camera.9 In this method, instructions are simple regarding how to
take the pictures. However, the angles are calculated manually in
photo editing software, which requires more time than a practical
measurement.

In this study, a systemwas built that allowed for semiautomatic
measurement of angles using a smartphone, and there was no need
to print out the photographs. Considering that most patients do not
own goniometers, this digital solution may be helpful for patients
who need to measure joint ROM at home. In addition to enabling
remote consultation, this system is expected to contribute to a
reduction in consultation time.23 The systemwill also allow for the
measurement of ROM without direct contact, which is currently
important owing to the spread of the novel coronavirus infection.5

Although generally good results were obtained using this
method, there were some measurements with relatively large er-
rors. These errors likely resulted from cases in which the hand was
thick or the dorsum of the hand was curved. Based on the angle
calculation, if the shooting angle of camera, which was same as the
elevation angle, was within 32�, the estimated ROM decreased by
5�; however, when the shooting angle was more than 45�, the
estimated ROM decreased by 30� (data not shown). To avoid larger
errors caused by the increased shooting angle, the implementation
of an alert systemmay be helpful. In addition, collecting cases with
large errors for analysis may help us introduce a prediction system
using machine learning to improve accuracy. Larger differences
were observed in wrist flexion than in extension. This discrepancy
could be the result of differences in the shape of the dorsal side of
hand during wrist extension and flexion. The dorsal side of the
hand tends to curvewhen it is in flexion, which probably resulted in
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increased variance of the drawn lines. In contrast, the dorsal side of
the hand tends to be flat in extension and might reduce variance.

Several limitations of this study should be considered. First, it is
impossible to extract the area of the forearm and hand completely
from the image using only automatic methods; a rough area needs
to be specified. However, it is relatively easy to designate the area,
and even if a layperson designates it, a high ICC can be yielded. For a
more complete automation, a system is being built that uses image
recognition. Second, it is necessary to explain precautions that
should be takenwhen taking pictures with a smartphone. Themain
precaution which should be conveyed is to avoid placing the wrist
joint in more than 32� radial or ulnar deviation, because this may
result in large errors during measurement. Third, in this study, we
focused only on active ROM or the extension and flexion angles of
the wrist. Moreover, this system could not be applied to one-armed
patients. To apply this method to clinical evaluation, other move-
ments in various joints should be measured. This study may serve
as the basis for developing methods similarly to obtain measure-
ments of radioulnar deviation and pronosupination in video format
for more comprehensive video evaluations. Our dataset was
obtained from healthy people. However, because there was no
significant difference in absolute error between the larger (�50�)
and smaller (<50�) ROM groups., we assume that ROM can be
measured with the same accuracy in patients with smaller arcs of
motion.
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