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Abstract

Background: Carpal tunnel syndrome (CTS), the most common neuropathy, is caused by a compression of the median nerve
in the carpal tunnel and is related to aging. The initial symptom is numbness and pain of the median nerve distributed in the hand
area, while thenar muscle atrophy occurs in advanced stages. This atrophy causes failure of thumb motion and results in clumsiness;
even after surgery, thenar atrophy does not recover for an extended period. Medical examination and electrophysiological testing
are useful to diagnose CTS; however, visits to the doctor tend to be delayed because patients neglect the symptom of numbness
in the hand. To avoid thenar atrophy-related clumsiness, early detection of CTS is important.

Objective: To establish a CTS screening system without medical examination, we have developed a tablet-based CTS detection
system, focusing on movement of the thumb in CTS patients; we examined the accuracy of this screening system.

Methods: A total of 22 female CTS patients, involving 29 hands, and 11 female non-CTS participants were recruited. The
diagnosis of CTS was made by hand surgeons based on electrophysiological testing. We developed an iPad-based app that recorded
the speed and timing of thumb movements while playing a short game. A support vector machine (SVM) learning algorithm was
then used by comparing the thumb movements in each direction among CTS and non-CTS groups with leave-one-out
cross-validation; with this, we conducted screening for CTS in real time.

Results: The maximum speed of thumb movements between CTS and non-CTS groups in each direction did not show any
statistically significant difference. The CTS group showed significantly slower average thumb movement speed in the 3 and 6
o’clock directions (P=.03 and P=.005, respectively). The CTS group also took a significantly longer time to reach the points in
the 2, 3, 4, 5, 6, 8, 9, and 11 o’clock directions (P<.05). Cross-validation revealed that 27 of 29 CTS hands (93%) were classified
as having CTS, while 2 of 29 CTS hands (7%) did not have CTS. CTS and non-CTS were classified with 93% sensitivity and
73% specificity.

Conclusions: Our newly developed app could classify disturbance of thumb opposition movement and could be useful as a
screening test for CTS patients. Outside of the clinic, this app might be able to detect middle-to-severe-stage CTS and prompt
these patients to visit a hand surgery specialist; this may also lead to medical cost-savings.

(JMIR Mhealth Uhealth 2019;7(9):e14172) doi: 10.2196/14172
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Introduction

Carpal tunnel syndrome (CTS) is a common condition that
causes numbness, tingling, and pain in the hand, and is caused
by a compression of the median nerve in the carpal tunnel, a
narrow passageway on the palm side of the wrist [1]. CTS is
the most common neuropathy and affects 5%-10% of women
over the age of 40 years [2]. The initial symptom of CTS is
numbness of the hand from the thumb to the ring finger; as the
condition progresses, atrophy of the thenar muscle occurs [3].
Thenar muscle atrophy is strongly connected to failure of thumb
motion [4], which causes problems in daily life, such as
difficulty with picking up small items, fastening buttons, and
opening bottles.

Patients tend to delay seeing a doctor until the numbness
worsens; thus, in most cases, thenar atrophy has occurred by
the first hospital visit [5]. Early-stage CTS, prior to thenar
atrophy, can be treated conservatively by using a night splint,
anti-inflammatory injection, or surgical intervention [1];
however, for advanced-stage CTS with thenar atrophy, carpal
tunnel release surgery is the first choice [3,6,7]. Despite carpal
tunnel release surgery for CTS with thenar atrophy, recovery
of the atrophy takes longer than a year after surgery in most
cases [8]. Therefore, performing surgery before thenar atrophy
develops is key to avoid inconvenience in daily life activities.

To diagnose CTS, physical examination techniques are used,
such as testing for the Tinel sign or performing the Phalen
maneuver and the compression maneuver [1]; however, the
sensitivity and specificity of these tests are not high [9,10].
Electrophysiological testing—analyzing the conduction velocity
in the median nerve— reflects the condition and compression
of the nerve itself accurately [11,12]. However, this test requires
not only a skillful technician, but also a dedicated and expensive
machine; thus, this test is not widely available [13].

With recent advances in technology, mobile phone or tablet
devices can now be used as a diagnostic tool in several diseases
[14,15] and can enhance patients’ access to medical care in the
early stage of disease [16]. Here, we developed a tablet app for

CTS screening, focusing on thumb movement, and examined
the usefulness of this app as a screening tool for CTS.

Methods

Study Design and Participant Recruitment
This study was approved by the Institutional Review Board of
Tokyo Medical and Dental University. Paper-based informed
consent was provided by all participants.

We recruited 22 female patients with CTS prior to surgery (CTS
group, 29 hands) and 11 healthy female volunteers (non-CTS
group, 11 hands) between January 2017 and July 2018. Upon
recruitment, we obtained information about patients’ chief
complaints and histories of hand trauma. For all patients, we
performed physical examinations and CTS induction maneuvers
and obtained x-ray images of their hands. In the CTS group,
patients were included if they had a primary diagnosis of CTS
and planned to undergo carpal tunnel release surgery. The
criteria for primary CTS diagnosis included numbness of fingers;
CTS-specific physical findings, such as positive results on a
compression test or the Tinel sign, as well as the Phalen test;
and an abnormal value in nerve conduction velocity, measured
by Neuropack X1 (Nihon Kohden), based on Bland’s
classification [17]. The following patients were excluded:
patients with a history of hand injury or surgery; recurrence
after release surgery of carpal tunnel; positive imaging findings
indicative of first carpometacarpal or thumb
metacarpophalangeal osteoarthritis, which could affect thumb
motion; suspicion of disease on cervical spine; or positive
magnetic resonance imaging findings of a space-occupying
lesion in carpal tunnel.

As the control (non-CTS) group, female volunteers were
included if they had undergone total hip arthroplasty in our
hospital. We excluded patients from the non-CTS group if they
had a history of wrist, hand, or finger injury or surgery; finger
numbness; thumb pain; positive physical findings of CTS; or
positive imaging findings of osteoarthritis of the first
carpometacarpal or thumb metacarpophalangeal (see Table 1).
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Table 1. Characteristics of participants in the CTSa and non-CTS groups.

CTS groupNon-CTS groupParticipant characteristics

2211Number of participants, N

69 (59-80)67 (58-74)Age in years, median (IQRb)

22 (100)11 (100)Sex (female), n (%)

2911Number of hands, n

Bland’s classification

1N/AcGrade 1

3N/AGrade 2

4N/AGrade 3

9N/AGrade 4

7N/AGrade 5

5N/AGrade 6

aCTS: carpal tunnel syndrome.
bIQR: interquartile range.
cN/A: not applicable.

App Design
The app was designed to run on a tablet device, in this case an
iPad (Apple Inc); a 3D-printed holder, which fixed the fingers,
was attached to the upper part of the tablet device in order to
ensure use of only the thumb. A patient needed to slide the
thumb along the touch screen to collect animal characters
appearing on the screen (see Figure 1, A and B, and Multimedia
Appendix 1). The animal characters appeared in 12 clock-like
directions, in random order. In this way, it was possible to
determine in which direction the patient’s thumb movement
was restricted (see Figure 1, C). The animal characters
completely disappeared after appearing twice from the ground.

If the patient missed the animal character in one direction, a
new animal character appeared. The animal characters appeared
in 12 directions centering on a large green circle; the screening
assessment was made based on the movement ability of the
thumb centered on this circle. We designed the app such that
when the animal character had been collected or completely
disappeared, a new animal character appeared at the center of
the circle and guided the patient to return the thumb to the
center. Thus, the animal characters were set as markers to
monitor thumb movement ability; whether the patient could
collect the animal characters was not a factor in the screening
test.
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Figure 1. Participants used this app with the thumb of each hand. (A) The index to small fingers were fixed to the holder. When the patient touched
the orange circle with their thumb, the illustration of the thumb appeared. (B) The patient collected animal characters by controlling the illustration. (C)
Animal characters appeared in 12 clock-like directions centered on the green circle. ROM: range of motion.

In this study, we used a two-class system to classify CTS or
non-CTS using a support vector machine (SVM) [18]. SVM is
a supervised learning algorithm for classification and regression
analysis. In considering two-class classification, the boundary
that distinguished between the two classes was called the
decision boundary; the distance of the datum closest to the
boundary for each class was called the margin. SVM determined
the decision boundary to maximize the margin. The symptoms
used as the basis for classification were comprehensively judged
by the results of the electrophysiological testing and the medical
examination by the hand surgeon. The training data were given
by the maximum speed (cm/second), the average speed
(cm/second), and the total time (seconds) of the thumb
movement for the 12 directions in which the animal characters
appeared. In total, 36 parameters per patient were obtained. We
calculated the coincidence rate of the classification based on
the electrophysiological testing and the app-based screening
test.

Statistical Analysis
The raw data were collected in JavaScript Object Notation
format and parsed to comma-separated value format.
Hyperparameters used in SVM analyses were tuned using a grid
search. The classification with the SVM adopted leave-one-out
cross-validation. Leave-one-out cross-validation extracted one
datum out of the dataset as a testing datum and used the rest as
training data. This was repeated until each datum had been used
as a testing datum. The SVM employed Python, version 3.7.0
(Python Software Foundation), and scikit-learn, version 0.20.2
(scikit-learn developers), a machine learning library (see Figure
2). The scikit-learn library played a role in the grid search,
training, and validation. The Welch t test was used to compare
changes between non-CTS and CTS individuals in each direction
and was performed in R, version 3.5.1 (The R Foundation). A
P value of less than .05 was considered as statistically
significant.
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Figure 2. The flow of carpel tunnel syndrome (CTS) screening with the app. The app extracted three parameters from the thumb motion. The app
monitored thumb movements in 12 directions centered on a circle; data on three parameters were collected for each of the 12 directions. The parameters
were used for support vector machine (SVM) training in the learning phase and to classify CTS or non-CTS in the screening phase.

Results

The maximum speed of thumb movements in the 12 directions
was not significantly different (see Table 2). The CTS group
showed significantly slower average thumb movement speed
in the 3 and 6 o’clock directions (see Table 3) and also took
significantly longer to reach the points in the 2, 3, 4, 5, 6, 8, 9,

and 11 o’clock directions (see Table 4). Figure 3 shows the total
thumb motion time.

By leave-one-out cross-validation, 27 of 29 CTS hands (93%)
were classified as having CTS, and 2 of 29 CTS hands (7%)
were classified as not having CTS. CTS and non-CTS
individuals were classified with 93% sensitivity and 73%
specificity (see Figure 4).

Table 2. Radar chart data of the maximum speed of thumb movements in 12 directions.

P valueMaximum speed of thumb movements (cm/second), median (95% CI)Direction

CTSControl (non-CTSa)

.569.97 (8.56-14.52)11.18 (7.79-21.89)12 o'clock

.119.32 (7.73-12.11)12.42 (9.45-20.22)1 o'clock

.9410.05 (8.37-13.65)10.97 (7.30-17.37)2 o'clock

.348.68 (7.45-13.19)11.29 (8.35-15.64)3 o'clock

.4810.54 (8.89-14.99)12.47 (9.21-16.00)4 o'clock

.0610.96 (8.71-14.19)14.24 (8.98-22.14)5 o'clock

.4710.59 (7.94-12.73)12.63 (6.82-16.12)6 o'clock

.408.71 (6.40-12.62)10.75 (6.07-19.30)7 o'clock

.5811.74 (6.90-15.52)8.80 (7.39-16.78)8 o'clock

>.9910.82 (6.03-12.85)10.42 (6.47-15.53)9 o'clock

.609.50 (6.02-11.90)10.70 (8.01-13.76)10 o'clock

.449.18 (7.17-12.10)10.81 (6.68-16.67)11 o'clock

aCTS: carpal tunnel syndrome.
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Table 3. Radar chart data of the average speed of thumb movements in 12 directions.

P valueAverage speed of thumb movements (cm/second), median (95% CI)Direction

CTSControl (non-CTSa)

.165.20 (4.32-6.60)7.22 (4.96-12.16)12 o'clock

.335.57 (4.52-8.62)7.75 (4.87-10.80)1 o'clock

.944.77 (3.70-7.48)6.14 (4.91-9.58)2 o'clock

.035.59 (3.20-6.59)7.48 (4.33-10.70)3 o'clock

.216.10 (3.44-7.56)6.98 (4.46-9.53)4 o'clock

.066.71 (3.41-7.82)13.48 (5.78-15.25)5 o'clock

.0054.90 (2.99-6.38)7.53 (5.80-12.01)6 o'clock

.065.41 (3.37-6.42)6.82 (5.02-14.53)7 o'clock

.504.95 (3.48-6.71)6.67 (4.81-13.13)8 o'clock

.386.06 (3.57-7.63)7.18 (4.83-10.18)9 o'clock

.164.76 (3.09-7.16)7.64 (5.57-11.16)10 o'clock

.044.32 (3.13-5.73)8.54 (4.27-12.02)11 o'clock

aCTS: carpal tunnel syndrome.

Table 4. Radar chart data of the total time of thumb movements in 12 directions.

P valueTotal time of thumb movements (seconds), median (95% CI)Direction

CTSControl (non-CTSa)

.110.77 (0.58-0.97)0.53 (0.33-0.90)12 o'clock

.340.85 (0.63-1.10)0.57 (0.38-0.93)1 o'clock

.010.80 (0.68-1.10)0.50 (0.40-0.88)2 o'clock

.010.72 (0.55-1.30)0.47 (0.37-1.00)3 o'clock

.010.63 (0.57-1.07)0.47 (0.38-0.58)4 o'clock

.0030.75 (0.50-1.18)0.32 (0.23-0.50)5 o'clock

.010.75 (0.60-1.40)0.48 (0.35-0.58)6 o'clock

.130.55 (0.45-0.95)0.45 (0.27-0.65)7 o'clock

.020.58 (0.40-1.08)0.55 (0.25-0.80)8 o'clock

.020.63 (0.58-0.92)0.63 (0.40-0.73)9 o'clock

.060.70 (0.43-0.95)0.52 (0.32-0.75)10 o'clock

.010.65 (0.43-1.12)0.37 (0.30-0.82)11 o'clock

aCTS: carpal tunnel syndrome.
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Figure 3. Representation of the median time to reach a point. The carpal tunnel syndrome (CTS) group took longer to reach most of the 12 points.

Figure 4. Representation of the median time in seconds to reach a point. The carpal tunnel syndrome (CTS) group took longer to reach most of the 12
points.

Discussion

Principal Findings
In this study, we developed a screening app for tablet devices
that could detect thumb movement. With this app, CTS was
detected with 93% sensitivity, 73% specificity, and 90% positive
predictive value, which is as good as a diagnosis based on
maneuver tests by a doctor. Testing for the Tinel sign showed
62% sensitivity, 93% specificity, and 88% positive predictive
value; the Phalen maneuver showed 96% sensitivity, 80%
specificity, and 79% positive predictive value.

Some diseases show specific finger or hand movements (eg,
tremor in Parkinson disease), and doctors typically focus on
these movements during the medical examination to diagnose

and monitor the disease [19]. However, such visual information
is difficult to quantify. Some studies have attempted to quantify
these movements by using sensors or cameras. Motion capture
analysis of the finger in cervical spondylosis [20] and small
three-axis gyroscope analysis of thumb movement in CTS [4]
have been reported. These methods have advantages in allowing
precise measurement of detailed motion; on the other hand,
special and precise devices and techniques are needed to achieve
this and they are difficult to apply in clinical practice or daily
life.

Tremor and writing disturbance in Parkinson disease have been
well studied, and tablet or watch devices have come into clinical
use recently [21-23]. Obtaining electrocardiograms or blood
pressure by touch sensor can help monitor health status [24,15];
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in addition, eye or skin diseases can be diagnosed using mobile
phone cameras, and mental status can be examined through
speech tone using mobile phone apps [25]. Widely used tablets
and mobile phones have touch sensors, gyroscopes, cameras,
and global positioning system. Development of apps is also
relatively easy; therefore, use of these devices to analyze and
assess the status of diseases in the daily living environment has
gained attention. Furthermore, compared to medical devices,
tablets and mobile phones are much cheaper.

In this study, the correct classification rate of CTS was
approximately 90%, which was comparable to that obtained
with some diagnostic maneuvers specific to CTS. We focused
on disturbance of thumb opposition movements and tracking
the movements while playing a game. On the other hand, we
misclassified approximately 10% of hands. This may be because
thenar atrophy had proceeded for a couple of months or years;
acute onset of CTS will not cause thenar atrophy at the time of
this test. Also, we included the patients with mild CTS status
without thenar atrophy or thumb movement disturbance. To
improve the screening accuracy, we plan to include a detection
method of sensory disturbance and subjective scoring of CTS
into the screening algorithm. Subjective scoring has been well
studied in the clinical field; the Boston Carpal Tunnel Syndrome
Questionnaire or the Disabilities of the Arm, Shoulder, and
Hand questionnaire are routinely used to assess patients’ status.

These subjective questionnaires can be easily included into our
app. With these developments, we plan to assess the severity
of CTS using this app.

Limitations
There are some limitations to this study. First, we did not
analyze other diseases with finger numbness, such as cervical
spondylosis, diabetes neuropathy, or cubital tunnel syndrome.
Thus, the specificity of screening in this app has not been well
addressed. Second, conditions associated with thumb movement,
such as trapeziometacarpal joint arthritis or a history of hand
fracture, were not assessed. However, compared to these
conditions, CTS is much more common, and thus this app will
be useful as a screening tool. Furthermore, we made a plastic
holder for the index, middle, ring, and small fingers, but the
design of this holder requires further consideration to ensure
consistency.

Conclusions
We showed that our newly developed app could classify
disturbance of thumb opposition movement and can be useful
as a screening test for CTS patients. Outside of the clinic, this
app might be able to detect middle-to-severe-stage CTS and
could prompt these patients to visit hand surgery specialists;
this may also facilitate cost-savings.
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Multimedia Appendix 1
The participant used this app with the thumb. The index to small fingers were fixed to the folder.
[MP4 File (MP4 Video)24362 KB-Multimedia Appendix 1]
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