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Three clinical studies were conducted to test a newly-
developed app for smartwatches, which included an
algorithm to measure nocturnal scratching using acce-
leration data. The first study in 5 patients with atopic
dermatitis demonstrated high reliability of the app for
measurement of scratching compared with video mo-
nitoring (positive predictive value 90.2+6.6%, sensi-
tivity 84.6+10.2%, correlation of scratching duration
per h r=0.851-0.901, p<0.001). The second study in
20 patients with atopic dermatitis and 10 healthy vo-
lunteers showed that total scratching duration in pa-
tients was significantly longer than in healthy volun-
teers and correlated positively with Eczema Area and
Severity Index (EASI) scores. In the third study, con-
ducted in an open-entry manner in which 201 evalua-
ble participants measured nocturnal scratching, those
who self-reported itch or pruritic diseases had a signi-
ficantly longer duration of scratching than those who
did not. In conclusion, this app has a high reliability
and potential clinical usefulness for measurement of
nocturnal scratching.
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tch is a major symptom associated with various der-

matological, systemic and neurological conditions.
Chronic itch seriously impairs the quality of patients’
life. Itch is usually evaluated by patients using subjective
scales, such as a visual analogue scale (VAS) in clinical
settings. The lack of objective quantitative methods to
evaluate itch makes it difficult to evaluate itch severity
during sleep, especially in small children and elderly
people with cognitive impairment, and hence difficult
to precisely assess the efficacy of antipruritic therapies.

Since itch provokes the desire to scratch, measurement
of scratching can be used to indirectly, but objectively,
evaluate itch intensity. There have been attempts to
measure scratching by various methods, such as video-
monitoring, acoustic assessment and measurement of
body movements (1-3). The most frequently applied
method is the measurement of wrist movement, or ac-
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SIGNIFICANCE

This paper reports 3 clinical studies to measure scratching
in patients with chronic itch, using a new app developed for
use in widely-used smartwatches. The results indicate that
the smartwatch app is reliable and useful for measurement
of scratching during sleep, enabling the indirect, but objec-
tive, evaluation of itch severity. The app has potential for
use in daily clinical settings.

tigraphy (4). A large variety of actigraphy devices has
been used, some of which are marketed as products for
sleep assessment (5-9). Their common feature is that
acceleration signals produced by wrist movement are
recorded by a wristwatch-like device equipped with a
built-in accelerometer, followed by analysis of data to
quantify scratching. Some recent studies have attemp-
ted to differentiate signals caused by scratching signals
from those caused by other types of movement, using
a specific algorithm to accurately quantify scratching
activity (10-12). However, all of the above actigraphy
devices have been produced for specific purposes of
measurement and are not general smartwatches that are
widely used, thus hampering the spread of this method
for daily use.

In the studies reported here, a newly-developed app-
lication software (app) containing a unique algorithm,
termed “Itch Tracker”, was installed into an Apple Watch
(Apple Inc., Cupertino, USA), one of the most widely-
used smartwatches worldwide, and used for measurement
of scratching during sleep. ResearchKit, an open-source
framework offered by Apple Inc. for medical research
using mobile devices, was used to collect data from a
large number of participants.

METHODS

Study objectives

A total of 3 clinical studies were conducted. The first study (Study
1) was conducted to verify the reliability of the app for measu-
rement of nocturnal scratching compared with video monitoring.
The second study (Study 2) was conducted to compare patients
with atopic dermatitis and healthy volunteers with regards to
nocturnal scratching measured by the app. The third study (Study
3) was conducted in an open-entry manner, with anonymous
users of smartwatches worldwide who downloaded the app from
the service site (App Stores, Apple Inc. USA) and installed it on
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their smartwatches, to investigate the correlation between scrat-
ching duration during sleep and other factors. All 3 studies were
conducted in accordance with the Declaration of Helsinki 1964
and its later amendments, and in accordance with ethics commit-
tee approval (Studies 1 and 2; OPHAC Hospital No. 977, Study
3; Yoyogi Mental Clinic No. NSH-901). All study subjects gave
informed consent before participation.

Itch Tracker app

An app named “Itch Tracker”, incorporating an algorithm that
analyses acceleration data, detects scratching and differentiates it
from other types of movement, was developed so that a smartwatch
in which the app was installed could be used to measure scratching.
Acceleration data in x-, y-, and z-dimensions were recorded at
50 Hz during the whole period of measurement and, once the
measurement was terminated, transferred from the smartwatch
to the phone device, where the processor scanned all changes in
acceleration with the algorithm for analysis. The algorithm was
created on the basis of pre-studies that revealed the pattern of ac-
celeration characteristics in scratching movements of the wrist,
differentiated from other types of movement. The algorithm re-
cognizes scratching as starting when the change in acceleration in
any of the 3 dimensions continuously meets all of the following
conditions for 3 s or longer, and recognizes scratching to to end
when at least one of the conditions is no longer met during a pre-
determined minimum number of consecutive time-periods in the
same dimension (Fig. 1a):

* the length of a time-period (T, ) does not exceed a predetermined
upper limit. A time-period is defined as a period between the
time when the acceleration measured by the actigraph sensor is
zero and the subsequent time when the acceleration measured
by the actigraph sensor is again zero;

« the difference in the length of a time period (T, ) and the length
of the next time period (T, ,,) does not exceed a predetermined
upper limit;

X+1

* the maximum absolute value of the acceleration during a time
period (M,) is not less than a predetermined lower limit;

* the difference in the maximum absolute value of acceleration
during a time-period (M, ) and the maximum absolute value of
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acceleration during the next time-period (M
a predetermined upper limit.

) does not exceed

» the error rate does not exceed a predetermined upper limit, with
the error rate being defined as the percentage of time periods
that fail to meet any of the above conditions.

An example of acceleration patterns that were recognized as scrat-
ching is shown in Fig. 1b. Since the acceleration pattern is the only
information that the algorithm uses to recognize scratching, some
activities, such as tooth-brushing and neurological disorders, such
as Parkinson’s disease, which lead to similar acceleration patterns
of wrist movement, may cause false-positive results.

Study participants and methods

Study 1. Five male Japanese patients with atopic dermatitis (age
36.2 +9.3 years, mean + standard deviation (SD)) participated in the
study. The subjects underwent a physical examination at the study
site by a dermatologist on the day of enrollment. The severity of
atopic dermatitis was evaluated as moderate in all subjects (Ec-
zema Area and Severity Index (EASI): 15.9+1.8). Self-evaluated
itch severity for the previous 7 days and on the day of assessment
was 6.6+1.0 and 7.2+0.7, respectively, on a 0—-10 numerical
scale (0: no itch, 10: worst imaginable itch). The patients were
hospitalized on the same day for one night and video-monitored
while asleep, sleeping on a bed in an air-conditioned room with a
thin blanket to cover the body, so that the evaluator could easily
recognize their body motions when analysing the video. Each
subject wore 2 identical smartwatches (Apple Watch Sport 38 mm,
Apple Inc., USA), in which the app was installed, with one watch
on each wrist. The evaluator, who was blinded to the smartwatch
data, watched the video of the subjects and recorded the timing
and duration of all body motions during sleep. If the motions were
judged as scratching by the evaluator, they were recorded together
with the information on which arm was used and categorized into
3 grades depending on the intensity of scratching motions; “weak”
if only fingers were used to scratch without visible movement of
the elbow, “moderate” if the elbow visibly moved, and “strong”
if both of the elbow and the shoulder visibly moved. Scratching
motions with intervals of less than 3 s were considered as a single
scratching episode. All motion episodes that were recorded as

scratching by the watch and those that

were recorded as scratching with the

same arm by the evaluator were com-
pared. If a watch-recorded scratching

episode was partially or completely

overlapped in terms of timing with

any evaluator-recorded scratching

episode with the same arm, both epi-
sodes were considered as consistent.

The percentage of consistent epi-

a) s T, T. 1
3 . N/ W:L R

sodes out of all scratching episodes
recorded by the watch was defined

T T T

(1) Ty < predetermined limit, (2) | Ty,,-Tx| < predetermined limit, (3) My =
predetermined limit, (4) | My,;-My| < predetermined limit, and (5) error
rate of (1)-(4) < predetermined limit.

»
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T, as the positive predictive value. The
percentage of consistent episodes out
of all scratching episodes recorded
by the evaluator, except for the epi-
sodes in which the duration was less
than 3 s or the intensity was “weak”,
was defined as the sensitivity. The
total evaluator-recorded scratching
duration during sleep was compared
between dominant and non-dominant
arms in each subject. The sleep
duration was equally divided into
multiple sections in each subject, so

time

Fig. 1. (a) Algorithm of Itch Tracker app to measure scratching. (b) Example of actual acceleration patterns.

that each section of sleep would be
approximately 1 h (between 1 h and
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1 h 10 min) and the total watch-recorded scratching duration with
1 arm in each hourly section of sleep was compared with the total
evaluator-recorded scratching duration in the same hourly section
of sleep (scratching with the same arm except for short or weak
scratching, scratching with the same arm including short and
weak scratching, or scratching with both arms including short
and weak scratching).

Study 2. A total of 20 Japanese patients with atopic dermatitis
(11 males and 9 females, aged 38.8 +9.3 years), and 10 Japanese
healthy volunteers (5 males and 5 females, aged 35.5 +5.3 years)
participated as the study subjects. The subjects underwent a phy-
sical examination by a dermatologist at the study site on the day of
enrollment and the severity of atopic dermatitis in the patients was
evaluated as mild to severe (EASI 10.4 +6.3). The subjects wore
one smartwatch (Apple Watch Sport 38 mm, Apple Inc., USA),
in which the app was installed, while asleep at home for 7 con-
secutive days starting from the day of enrollment. They wore the
smartwatch on the same arm on which they usually wore their own
watch. The scratching duration was recorded by the smartwatch
and the severity of itch and daytime life and sleep disturbance
due to itch were self-evaluated using a 0—10 numerical scale (0:
no itch or disturbance, 10: worst imaginable itch or disturbance)
and recorded by the subjects every day.

Study 3. In study 3, the app was developed under an open-source
framework for medical research targeting mobile phone users
(ResearchKit, Apple Inc., USA) and published as an app for open
access on an app-downloading service site (App Stores, Apple Inc.
USA). The study subjects downloaded and installed the app to their
own smartwatch as well as the paired mobile phone and gave their
informed consent on a screen in the app. Besides the function to
measure scratching, the app also contained a questionnaire with
several questions for the study subjects to answer regarding de-
mography (age range, sex, and ethnicity), the medical background
related to 8 diseases (atopic dermatitis, dry skin, chronic urticaria,
psoriasis, other skin diseases, liver dysfunction, renal dysfunction,
and diabetes) and self-evaluated severity of itch (itch in the past 7
days and today’s itch) and today’s daytime life and sleep distur-
bance due to itch on a numerical rating scale (0—10). Measurement
of scratching, together with the self-evaluation of the severity of
today’s itch and today’s daytime life and sleep disturbance due
to itch, was repeatable as many times as the subject wished. All
data of scratching measurement and the answered questionnaire
were transferred to the investigator’s data server with no indivi-
dual-identifying information. In order to exclude the cases that
apparently deviated from the protocol, the data were considered
evaluable only if the sleep started
in a 10-h time slot between 19.00

Sex

age

50-59 60-69 70-79 B0-89

10-19 20-29 30-39 40-49

ethnicity

White  other

0% 20% 40% 60% 80% 100%

Fig. 2. Demography in Study 3 (n=201).

times, the first evaluable data of the subject was adopted for ana-
lysis. Referring to the interpretation of itch severity on a numerical
rating scale proposed by the International Forum for the Study of
Itch (13), the itch rating was graded into 3 categories; none for 0,
mild for 1-2, moderate for 3—6, severe/very severe for 7-10. The
same grading system was also applied to the severity of daytime
life and sleep disturbance due to itch on a numerical rating scale.

RESULTS
Study 1

The positive predictive value was 90.2+6.6%, i.e.
90.2 +6.6% of the watch-detected scratching episodes
were consistent with the episodes recorded as scratching
by the evaluator. The sensitivity was 84.6+10.2%, i.e.
84.6 + 10.2% of the evaluator-recorded scratching episo-
des, except for the episodes that were weak scratching or
lasted for less than 3 s, were also detected as scratching
by the watch. There was no significant difference in the
scratching duration (in s, and % of total sleep duration)
between dominant and non-dominant arms (296 + 149
s and 0.90+0.47% vs. 388+210 s and 1.17+0.64%).
The total watch-recorded scratching duration in each
hourly section of sleep was positively correlated in a
statistically significant manner with the total evaluator-
recorded scratching duration in the same section of sleep
with the same arm excluding short and weak scratching

h and 05.00 h and the total sleep

duration was between 4 and 10 h. % 3min

Atotal of 262 subjects participa-
ted in the study, of which 201 sub-

5 min 7 min

jects (180 males, 21 females, age;

mainly 30-39 and 40-49 years, Ak

ethnicity; 181 Asian, 19 White and ‘
1 other) provided evaluable data. ‘;’ o
The evaluable subjects included 0l g'l,"

-

Evaluator-recorded
scratching duration/hour
[]

49 patients with atopic dermatitis, .
74 with dry skin, 11 with chronic
urticaria (urticaria lasting for 6

Y=1.10*"X- 2 sec
r=0.901, p=3.6*10°28

3min 0 3min 0 3 min

Y=1.61*X+9sec Y=2.66%X + 42 sec
r=0.897, p=1.4*10%" r=0.851, p=4.2*102

weeks or longer), 12 with psoria- 0

>

sis, 41 with other skin problems, 1
with renal dysfunction, 9 with liver
dysfunction, 7 with diabetes and
81 with none of these diseases, ac-
cording to self-reported diagnoses

a. Evaluator-recorded scratching with the same arm excluding weak and short scratching
b. Evaluator-recorded scratching with the same arm including weak and short scratching
c. Evaluator-recorded scratching with both arms including weak and short scratching.

Watch-recorded scratching duration/hour

(Fig. 2). If a single subject repeated
scratching measurement multiple

www.medicaljournals.se/acta

Fig. 3. Correlation of watch-recorded scratching duration/hour with evaluator-recorded scratching
duration/hour in Study 1 (n=75). Correlation analysis with Pearson’s correlation coefficient.
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Fig. 4. Comparison of watch-recorded scratching duration (% out
of total sleep duration) between healthy volunteers and patients
with atopicdermatitis in Study 2. ***p <0.001, Wilcoxon rank-sum test.

(r=10.901, slope =1.10, p =3.6*102*), with the same
arm including short and weak scratching (r=0.897,
slope=1.61, p=1.4*10"?") and with both arms inclu-
ding short and weak scratching (r=0.851, slope=2.66,
p=4.2*%10) (Fig. 3).

Study 2

The mean 7-day of total watch-recorded scratching dura-
tion (in s, and as a % of total sleep duration) in the 20 pa-
tients with atopic dermatitis was significantly longer than
in the 10 healthy volunteers (median 151 s and 0.72% vs.
7 s and 0.04%, p=0.000184) (Fig. 4), and was positively
correlated with the EASI score (r=0.60, p=0.00841)
(Fig. 5). On the other hand, the self-evaluated severity
of itch, daytime life and sleep disturbance due to itch
were not significantly correlated with the EASI score
or with the total duration of watch-recorded scratching.

Study 3

The subjects who self-reported itch had a significantly
longer duration of watch-recorded scratching than those
who did not (Fig. 6). The participants who had atopic
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dermatitis, dry skin, chronic urticaria or psoriasis had a
significantly longer watch-recorded scratching duration
(in s, and as a % of total sleep duration) compared with
those who had none of the 8 diseases; e.g., 274 +313 s and
1.22 +1.34% in those with atopic dermatitis vs. 41+52 s
and 0.18 +0.22% in the control (Fig. 7).

DISCUSSION

The studies reported here provide evidence that the
newly-developed app, Itch Tracker, in combination with
Apple Watch enables measurement of nocturnal scrat-
ching in a simple and reliable manner. The algorithm
used is different from other algorithms and systems
used in previous studies (10-12). The validated high
performance of the app shown by the high sensitivity
and high positive predictive values fits the clinical use
of this method.

One of the limitations of this method is that short (Iess
than 3 s) and weak (using only fingers) scratching cannot
be detected. The limitation in detecting short scratching
is specific to the applied algorithm, for which the mi-
nimum length of movement for assessment was set as
3 s so that the accuracy of the scratching detection by
the algorithm, represented by positive predictive values
in the present studies, would not be deteriorated. The
3-s duration has often been considered the minimum
duration of physically-meaningful scratching, as some
previous studies of scratching also counted movements
as scratching only when they were 3 s or longer (3, 14,
15). The limitation in the detection of weak scratching in
which only fingers are used is another common feature
with the wrist actigraphy, when it is used for the mea-
surement of scratching. In practice, the method in the
present studies is capable of detecting harmful scratching,
i.e. scratching that can damage skin, since it is usually
long-lasting and moderate or strong from the perspective
of strength associated with a visible movement of arms.
The correlation of evaluator-recorded duration of scrat-
ching, per h, that lasted 3 s or longer and was moderate
or strong vs. watch-recorded duration of scratching per

EASI (X) versus
Scratching duration (Y)

EASI (X) versus
Self-evaluated itch (Y)

Self-evaluated itch (X) versus
Scratching duration (Y)

Correlation rs=0.60, p=0.00841

© Healthy volunteers (n=10)

4 10 4
% * ~ % *
* *
*
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*
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0 U/v/q ts ¢ 0 ® 0 4 ML &
0 10 20 30 0 10 20 30 0 10

Correlation rs=0.12, p=0.59

* Patients with atopic dermatitis (n=20)

Correlation rs=0.21, p=0.35

Fig. 5. Correlation among Eczema Area and Severity Index (EASI), self-evaluated severity of itch and watch-recorded scratching duration
(% of total sleep duration) in Study 2. Correlation analysis (only patients with atopic dermatitis) with Spearman’s rank correlation coefficient.
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FC ) Fig. 6. Severity of itch/disturbance vs. total
rs=0.45 scratching duration (% out of total sleep duration) in
p=2.45%10"% Study 3.0 =none (0/10), 1 =mild (1-2/10), 2= moderate

(3-6/10), 3 =severe/very severe (7-10/10). *p<0.05,
**p<0.01, ***p<0.001, Wilcoxon rank-sum test.
Correlation analysis with Spearman’s rank correlation
coefficient.

hour was statistically positive, with Y=1.10¥X -2 s (Fig.
3a), which is close to Y=2X, suggesting high accuracy
of this method in the measurement of the total duration
of nocturnal scratching that lasts for 3 s or longer and is
moderate or strong.

It is intriguing that the watch-recorded duration of
scratching, but not the self-evaluated itch severity, cor-
related positively with EASI in a statistically significant
manner in Study 2 (Fig. 5). This is compatible with other
previous studies (5, 16) and indicates that the scratching
duration during sleep is a better reflection of the severity
of atopic dermatitis than self-evaluated itch severity.

In Study 3 with ResearchKit, the majority of enrolled
participants were male in their 30s and 40s, reflecting the
sex and age distribution of smartwatch users in general

* %K
* Ak

9 C % ‘6. 4 3
%, “s 6/‘0 .‘POA- 65@ @oo . %, o,
°,, 4 /)’(‘ By wr 7 [ ’of 66’ o
%, s %, % %, Ly & 1
o)@ ’)\\) OQ /,)\\ “r, }a’) )E,’) 6)\ R
U T T Y %y %y G Y Y
% N %, U Y
¥ o 2N ”\\‘, o
~ 7‘7/ <

Fig. 7. Watch-recorded total scratching duration (% out of total
sleep duration) in each disease category in Study 3. *p<0.05,
***p < 0.001, Wilcoxon rank-sum test.

www.medicaljournals.se/acta

(17). Although the major ethnicity of subjects was Asian,
perhaps due to the promotional activities for the app that
were more intensive in Japan than in other countries,
ResearchKit enabled recruitment of study participants
worldwide. The watch-recorded scratching duration
was significantly longer in participants who had itch or
life/sleep-disturbance due to itch, compared with those
who did not. Correlation analysis of the self-evaluated
itch severity vs. the watch-recorded scratching duration
showed a statistical significance, to be different from
Study 2. This discrepancy might be partly explained by
the large difference in the number of participants bet-
ween the 2 studies, or the different rating scales applied
for statistical analysis (a 0—10 numerical rating scale in
Study 2 vs. a 4-level scale in Study 3). Notably, the cor-
relation coefficient was <0.5, denying the presence of a
strongly positive correlation. The participants who self-
reported atopic dermatitis, dry skin, chronic urticaria,
and psoriasis had a longer watch-recorded scratching
duration than those who did not, providing evidence
that patients with those pruritic diseases scratch longer
during sleep compared with healthy people. Combined
with Study 2, it has been demonstrated that the scratching
duration during sleep is a good reflection of pruritus with
a better correlation with disease severity compared with
self-evaluated itch severity.

In conclusion, the data in the studies reported here,
from a total of 236 study participants, provides evidence
of the high reliability and clinical usefulness of the Itch
Tracker app in the measurement of nocturnal scratching.
Measurement of scratching is an indirect, but objective,
way to evaluate the severity of itch. The ease of use of
the Itch Tracker app makes it suitable for wide use in
daily clinical settings. Further studies are required for
the validation of the Itch Tracker app in other unstudied
populations, such as children, elderly people, and patients
with other pruritic conditions or neurological disorders.
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Enhanced validation of the Itch Tracker app is needed to
enable it to be developed to provide diagnostic informa-
tion or medical guidance based on scratching data, which
currently is not possible.
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