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Abstract

Objectives: In solving the global challenge of sleep disorders, Mobile Health app is one of the important means to monitor,
diagnose, and intervene in sleep disorders. This study aims to (1) summarize the status and trends of research in this field;
(2) assess the production and usage of sleep mHealth apps; (3) calculate the conversion rate of grants that the proportion of
newly developed apps from being funded and developed to published on application stores.

Methods: Using bibliometric and content analysis methods, based on “Research Paper-Product Output-Product Application”
chain and considering the “Research Grants” of articles, we conducted a systematic review of eight databases, to identify
relevant studies over the last decade.

Results: Over the past decade, 1399 authors published 313 papers in 182 journals and conferences. The number of publica-
tions increased with an average annual growth of 41.6%. The current focus area is research using cognitive behavioral ther-
apy to intervene in sleep. Sleep-staging tracking is a shortcoming of this field. A total 368 sleep mHealth apps (233 newly
developed and 135 existing) were examined in 313 papers; 323 grants supported 178 articles (56.9%). Only 12 of the newly
developed apps are used in the real world, resulting in a 9% grant conversion rate.

Conclusions: In the last decade, the field of tracking, diagnosing, and intervening in sleep disorders using mHealth apps has
shown a trend of rapid development. However, the conversion rate of products from being funded and developed for use by
end-users is low.
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Introduction

Sleep disorders are a global issue with severe hazards that
are difficult to mitigate. The American Psychiatric
Association (APA) defines sleep disorders as “sleep disorders
(or sleep—wake disorders) that involve problems with the
quality, timing, and amount of sleep, which result in
daytime distress and impairment in functioning.”' The third
edition of the International Classification of Sleep Disorders
(ICSD) has seven major categories: insomnia disorders,
sleep-related breathing disorders, central disorders of hyper-
somnolence, circadian rhythm sleep-wake disorders,
sleep-related movement disorders, parasomnias, and other
sleep disorders.” Research determined that sleep disorders
not only increase an individual’s risk of developing diseases
such as diabetes,>* hypertension,>® and metabolic syndrome’
but also cause traffic accidents,8 and even lead to economic
losses to society.” The RAND Corporation in 2017 reported
that five OECD countries (Canada, the United States, the
United Kingdom, Germany, and Japan) collectively lost
more than $600 billion annually owing to sleep disorders,
for example, $400 billion for the United States and $60
billion for Germany.® Unfortunately, the combined prevalence
of sleep disorders is between 10% and 45%,''* and this
number may continue to increase in the future.

Mobile health applications (mHealth apps) are a new
type of tool considered efficient for relieving sleep disorders.
The popularity of smartphones and the inherent immediacy,
accuracy, and low learning costs of the internet have contribu-
ted to the unique advantages of the mHealth apps in providing
health services.'” In 2020, over 300,000 mHealth apps world-
wide,'® and more than 500 different sleep-related apps were
available in the Apple iTunes app store.'” These applications
can assist users in monitoring and tracking multiple physio-
logical indicators and provide relevant health knowledge and
services to treat a range of health problems,'®?' including
sleep disorders. Many studies show that mHealth apps can
provide continuous and remote sleep tracking as well as diag-
nostic and intervention services for people suffering from sleep
disorders, which can be effective in mitigating or resolving
sleep disturbances. Edita Fino and Giuseppe Plazzi et al.*
used four sleep-tracking apps to monitor the sleep of 21 parti-
cipants for 42 nights in a real-sleep-environment and compared
the accuracy with the “gold standard” polysomnogram (PSG).
All apps correlated significantly with the PSG and were highly
similar to PSG.?? Moreover, Hasana et al.?® conducted a Sys-
tematic review and meta-analysis of 54 randomized controlled
trials including 11,815 participants. Their findings showed that
the mobile app-based cognitive behavioral therapy for insom-
nia (CBTi) sleep intervention significantly increased users’
total sleep time, reduced sleep latency time, and improved
sleep efficiency and quality when compared to conventional
sleep interventions.> From a diagnostic perspective, Omboni
and Campolo et al.** collected evidence from 1471 Italian
healthcare facilities and 135,333 patients that have documented

the usefulness of an app-based telecare platform for improving
access to care and enhancing screening and management of
various diseases, including obstructive sleep apnea syn-
drome.? The increased acceptance of mHealth technology in
the sleep domain and the continuous iteration of mobile internet
technologies have led to a simultaneous surge in the number of
sleep mHealth apps and related research. Many review studies
have been conducted in this field to elucidate the current research
status and trends.!”>>>28 However, most of these studies have
limitations. First, most studies focus on a single type of mHealth
app or a single category of sleep disorders. Therefore, the inclu-
sion—exclusion criteria of those studies are particularly stringent,
the coverage is not comprehensive, and the conclusions obtained
are restrictive. Second, most review studies were dedicated to the
performance of mHealth apps (effectiveness, accuracy, etc.) and
neglected their applications. An analysis of the applications of
mHealth apps would provide insight into how the apps are
used in real-world circumstances while providing additional per-
spectives on the reasons for their failures (low user engagement,
etc.). Third, most studies do not integrate the article with the
product and do not consider the grant information of the articles.
Analyzing these factors can deepen the understanding of a field
from a unique perspective and provide references and recom-
mendations to researchers and relevant companies. Finally,
some review studies published in earlier periods have findings
that are no longer applicable to the current development status.
For example, Ko et al.'” searched multiple app stores for apps
that support sleep management and discussed the methodological
transparency, the effect on clinical sleep medicine, and various
social, legal, and ethical issues of those apps. Considering the
aforementioned limitations, the rapid development of mobile
internet technology, and the serious hazards and high prevalence
of sleep disorders, we believe it is necessary to comprehensively
review and summarize the field of research on tracking, diagnos-
ing, and intervening in sleep disorders with mHealth apps.

Using bibliometric and content analysis methods, this study
provides a complete and detailed description of the field of
tracking, diagnosing, and intervening in sleep disorders using
mHealth apps over the past decade. It is the first bibliometric
study in this field to comprehensively examine the production,
sources, authors, countries, institutions, and research themes of
publications. In addition, the analysis of this study is based on a
special “Research Paper - Product Output - Product
Application” chain, in which the funding status, trends, and con-
version rate of research grants were explored creatively from the
perspective of “Research Grants” of articles.

Methods

Database selection and search strategy

To cover a comprehensive and complete publication, eight
databases were searched to ensure completeness (three in




Nuo et al.

medical health: PubMed, EMBASE, and CINAHL; two in
general science: Web of Science and Scopus; three in social
psychology: PsycInfo, Psychology and Behavioral
Sciences Collection, and APA PsycArticles), the search
time range of 2010-2021 (see Appendix 1 for the search
formulas and results).

Inclusion and exclusion criteria

From January 1, 2010, to December 31, 2021, 13,106 arti-
cles were retrieved, leaving 4436 articles after deduplica-
tion. Based on the inclusion and exclusion criteria, 313
articles were selected. The PRISMA flowchart for the selec-
tion of articles is shown in Figure 1.

The following inclusion criteria were used for study eli-
gibility: Studies of mHealth technology as a means of track-
ing, diagnosing, or intervening in sleep disorders. The
systematic review excluded studies that met the following
exclusion criteria: (1) Reviews, commentaries, letters, and
errata; (2) Literature not in English, literature with incom-
plete information, and literature for which the full text
was not available; (3) Studies in which sleep disorders
were not the primary target of the article or in which the
target was a patient with another disease, and sleep disor-
ders were only used as indicators of patient characteristics;
(4) Minor mention of mHealth or mobile internet technol-
ogy in the background, being used as a tool to track, diag-
nose, or as an intervention in sleep disorders; (5) Studies

that did not use mobile apps as a means of tracking, diag-
nosing, or intervening in sleep disorders.

Data analysis

This study used bibliometric and content analysis methods,
based on the “Research Paper - Product Output - Product
Application” chain. [Research Paper] Extract and summar-
ize the characteristics of the included paper, including pro-
duction of the publication, journal of publication, author of
publication, country, institution of publication, and theme
of publication. [Product Output] Record the number, type,
name, targeted sleep disorder, and function of mHealth
sleep apps studied by included papers and divide those
apps into two groups (newly developed apps and existing
apps that have been licensed or downloaded for research
purposes). [Product Application] Based on the article
content and online information about the apps, explore
the apps’ maturity levels from Level I (apps that exist
only in a laboratory environment and have no real-world
validation of their effectiveness or accuracy) to Level IV
(apps that have been used in the real world). We also con-
sidered the “Research Grants” of articles, to review and
summarize research on tracking, diagnosing, and interven-
ing in sleep disorders based on mHealth apps.

In the bibliometric section, we quantitatively analyzed
the external characteristics of the literature to understand
the current research status and trends in the field. The

Psychology and Behavioral
Sciences Collection
n =263

EMBASE
n=2354

PubMed
n=2411

WOS
n=2917

APA
PsycArticles
n =46

Scopus
n=1,929

APA PsyclInfo
n= 1783

CINAHL
n=1393

(n = 13,106)

Records identification through database searching

Duplicated articles

(n=8,670)

Articles accessed for eligibility
(n=4,436)

Articles excluded (n=4,123)

Reviews. letters, comments, editorial (n
=202)

Not English (n =28)

Not full text published or not available (n=
165)

Intervention object not people with sleep

disorders or potential sleep problems (n=
2,320)
mHealth is not been used for intervention

Articles included for review
(n=313)

(n=2362)
Biomedicine related studies (n=232)

ing the link between sleep

[ included ][ eligibility ][ identification ]

and other diseases (n =814)

Figure 1. PRISMA flowchart for the selection of articles.
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characteristics included were: title, abstract, keywords, first
author, author’s nationality, author’s affiliation, time of
publication, name of the published journal, and impact
factor of the published journal. We used the R bibliometrix
package to analyze literature data, the ggplot2 package for
statistical plotting,’® and the VOS viewer for network
visualization.”'

In the content analysis section, we first built a qualitative
content analysis framework according to the studies of Aji
et al.?® and Jian et al.*? Second, based on the analysis
framework, we extracted the relevant information about
the apps from the content of articles, including the type,
name, and function of the app, the app targeted sleep dis-
order, and the maturity level of app. We also extracted
grant information from the acknowledgments section of
the article, including the number and name of the grants
and the country to which it belongs. Then, based on the
extracted information about the apps, we analyzed the
product output and product application in this area.
Finally, based on grant information, we explored the
grant trends and calculated the conversion rate of grants
in this field based on the proportion of newly developed
apps that are eventually published within application
stores. The analysis chain and process of this study are illu-
strated in Figure 2. To ensure consistency of the extracted
information, two graduate students independently extracted
the same 100 randomly selected papers and calculated the
TAA (consistency of the extracted content between the
two individuals). A subject matter expert then arbitrated
disagreements in the analysis results, identified potential
problems, and modified the predefined analysis framework
if necessary.

Results

Research paper

In this section, we used a bibliometric approach to analyze
the included articles from five perspectives: production of
publication, journal of publication, author of publication,

Research Paper Research Grant

Product Output

Product Application

Figure 2. Analysis chain and process of this study.

country and institution of publication, and theme of
publication.

Production of publication. From January 1, 2010, to
December 31, 2021, 1399 authors published 313 relevant
publications in 182 different journals, conferences, and
meetings. Trends in annual scientific production are
shown in Figure 3. An overall upward trend was observed
in the number of annual publications, with an average
annual growth rate of 41.6%.

Source of publication. According to the Law of Bradford,*?
the sources of publications in a field can be divided into
core, related, and peripheral zones according to the
number of articles carried, the ratio of the number of
sources in the three zones is 1:a:a2, which is approximately
5. Core sources were calculated to be 13 and occupied
approximately 1/3 of the total number of sources. The arti-
cles published in these 13 sources accounted for 36.4% of
all articles, as shown in Table 1.

By plotting the annual publication trends of the core
sources, as shown in Figure 4, the Proceedings of the
Annual International Conference of the IEEE Engineering
in Medicine and Biology Society (EMBS) and Sensors are
far ahead of the other journals in growth rate and the
number of articles published.

Additionally, the number of citations of articles pub-
lished in SLEEP far exceeds that of the other journals,
with a cumulative total of 497, as shown in Figure 5.

Author of publication. According to Lotka’s law,** the
authors who publish more than 0.749 times the square
root of the number of papers published by the most prolific
scientists are top-authors. We defined authors with more
than or equal to three publications as top-authors, and
these authors represent 2.3% of all authors and produced
1/3 of all papers. In Table 2, Castillo-Escario Y,
Ferrer-Lluis I, and Montserrat JM are among the most pro-
lific authors with seven publications each.

A graph of the annual publication trends of the
top-authors was drawn based on the annual publication
data and annual citation frequency of the top-authors, as
shown in Figure 6. The size of the circle indicates the
annual publication volume and the shade of the color indi-
cates the annual citation frequency. Half of the 22
top-authors were found to have focused on mHealth app-
based sleep research after 2016 and have produced a
steady output each year.

Country and institution of publication. The 1399 authors
come from 31 countries, and the top 10 countries with the
most publications are shown in Figure 7. The USA produced
the highest number of publications (53), followed by China,
Korea, Australia, and Spain. The USA and China produced
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Figure 3. Annual scientific production from 2010 to 2021.

the highest number of articles through single-country publica-
tions and multiple-country publications.

The authors were recruited from 586 institutions. The top
ten institutions in terms of a number of publications are in
the order of Oxford University, University of California,
Newcastle University, Arizona State University, New York
University, Seoul National University, The University of
Sydney, University of Pittsburgh, Harvard Medical School,
and Institute for Bioengineering of Catalonia, shown in
Figure 8.

The research institution collaboration network was
plotted based on author institution data, as shown in
Figure 9, from which most papers are produced by aca-
demic collaborations between domestic institutions or
between domestic schools.

Theme of publication. The themes of publications were ana-
lyzed from three aspects. First, high-frequency keywords were
extracted from the abstracts of the included articles. The rela-
tionships between high-frequency keywords were analyzed
through the high-frequency keyword co-occurrence network
to identify the main research themes from the clustering
results. Second, we used the thematic map method proposed
by Cobo et al.** to cluster and map the themes according to
density and centrality to explore the current research focus
area. Finally, the trend of theme evolution in this field was ana-
lyzed from the time dimension.

First, a visual analysis of the high-frequency keyword
co-occurrence networks was performed. The abstracts of

the included articles were divided, deactivated, and lex-
ically normalized using Python to obtain all keywords
from the relevant studies. Then, the high-frequency
keyword threshold was calculated according to the 80/
20 rule,36 and those with word frequencies seven
times and above were identified as high-frequency key-
words. The high-frequency keyword co-occurrence
network was produced using VOS viewer, as shown in
Figure 10. The high-frequency keywords were clustered
into two categories: red and green. The red category
represented traditional sleep disorder research with poly-
somnography, while the green category represented the
new generation of sleep disorder research led by the
mHealth apps.

The red category high-frequency words included the
physiological indicators of interest (electroencephalography,
heart rate, breath rate, etc.), the main targeted type of sleep dis-
orders  (sleep-disordered breathing, etc.), the main
sleep-related indicators of interest (sleep stage, etc.), and the
technology applied (deep learning, etc.). The green category
high-frequency words included sleep-related indicators
(sleep quality, sleep efficiency, etc.), the main targeted sleep
disorders (insomnia, etc.), the main research and experimental
methods (controlled study, randomized controlled trial, CBT,
etc.), and other supporting research tools (questionnaires, etc.).
We determined that a connection between the two categories
exist, mainly in targeted sleep disorders, such as “sleep dis-
order breathing,” and the technologies applied, such as “artifi-
cial intelligence” and “‘actigraphy.”
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Table 1. Name, number of articles, JCR classification and ranking, and impact factor of 13 core scours.

1 Proceedings of the Annual 33 N/A N/A N/A
International Conference Of the
IEEE Engineering in Medicine and
Biology Society (EMBS)
2 Sensors 17 Instrumentation; Electrical and Electronic Q1 4.35
Engineering; Information Systems; Atomic
and Molecular Physics, and Optics;
Analytical Chemistry; Biochemistry
3 IEEE Journal of Biomedical and 8 Biotechnology; Computer Science Q1 5.772
Health Informatics Applications; Electrical and Electronic
Engineering; Health Information
Management
(A JMIR Mhealth and Uhealth 8 Health Informatics Q1 4,773
5 JMIR Formative Research 7 Medicine (miscellaneous); Computer Science  Q3, Q&4 in Health N/A
Applications; Health Informatics Informatics
6 Journal of Sleep Research 7 Behavioral Neuroscience; Cognitive Q1 3.981
Neuroscience
7 Journal of Clinical Sleep Medicine 6 Pulmonary and Respiratory Medicine; Q1, Q2 for in 4.062
Neurology (clinical); Neurology Neurology
8 Sleep and Breathing 6 Otorhinolaryngology; Neurology (clinical) Q1, Q2 in Neurology  2.816
(clinical)
9 Behavioral Sleep Medicine 5 Medicine (miscellaneous); Neurology Q2, Q1 in Psychology  2.964
(clinical); Neuroscience (miscellaneous); (miscellaneous)
Psychology (miscellaneous)
10 IEEE Access 5 Computer Science (miscellaneous); Q1, Q2 in Materials 4.48
Engineering (miscellaneous); Materials Science
Science (miscellaneous) (miscellaneous)
11 JMIR Research Protocols 4 N/A N/A N/A
12 Journal of Medical Internet Research 4 Health Informatics Q1 5.428
13 Physiological Measurement 4 Biophysics; Biomedical Engineering; Q2 2.833

Physiology (medical); Physiology

Second, thematic map analysis was conducted. 2011,
Cobo et al.*® proposed the thematic map method using
the quadrant in which the themes were in the thematic
map to analyze the hotness and importance of the themes.
The upper-right quadrant represents themes that are both
well developed and important for structuring a research
field. They are known as motor themes of the specialty,
given that they present strong centrality and high density.
The upper-left quadrant represents themes that have well-

developed internal ties but unimportant external ties and
are only marginally important to the field. The lower-left
quadrant represents themes that are both weakly developed
and marginal. The lower-right quadrant represents themes
that are important for research but are not developed. The
density and centrality of the co-word matrix were calcu-
lated, and the main categories of aggregation were separ-
ately placed into two-dimensional coordinates for
visualization, as shown in Figure 11.
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Table 2. Top authors ranking by the number of published articles.

1 Castillo-Escario Y 7
1 Ferrer-Lluis | 7
1 Madrid NM 7
4 Montserrat |M 6
4 Velicu OR 6
6 Jane R 5
6 Klein A 5
6 Wang Y 5
9 Lee JY 4
9 Wang X 4
9 Zhang | 4
9 Brown W| 4
9 ChenY 4
9 Duncan M| 4
9 Kuhn E 4
9 Liy 4
9 Murawski B 4
9 Park KS 4
9 Penzel T 4
9 Plotnikoff RC 4
9 Rayward AT 4
9 Seepold R (A

From the upper-right quadrant, we see that research for
breathing-related sleep disorders has been well developed,
but its importance is insufficient. From the upper-left quadrant,
we see that sleep quality and CBT are current focus areas and
are of high importance. From the lower-left quadrant, we see
that sleep indicators such as total sleep time and sleep latency
time are less important and not well developed. From the lower-
right quadrant, we see the importance of staged sleep tracking
using mobile apps that are currently poorly developed.

Finally, thematic evolution trend analysis was per-
formed using co-word network analysis and clustering,

incorporating the temporal dimension, to analyze the
evolution of research themes from 2010 to 2021, as
shown in Figure 12.

The results showed that, before 2015, researchers
mainly focused on sleep apnea. In 2015, researchers
began conducting studies on phased tracking of sleep.
Between 2016 and 2018, researchers began to focus on
approaches to treat sleep disorders, such as CBT.
Simultaneously, researchers began utilizing methods
such as machine learning to improve the accuracy of
sleep tracking and began to design and develop user-
oriented phone applications. Additionally, in 2019, new
artificial intelligence techniques such as deep learning
and neural networks were widely used by researchers
and have gradually become powerful tools for sleep
staging tracking and recording snoring sounds.
Simultaneously, researchers began to design mobile
phone applications based on CBT, and a number of
pilot studies have been conducted based on these apps.

Product output

Based on studies by Aji et al.>® and Du Jian et al.,** we con-
ducted a qualitative content analysis of the included articles
with four dimensions: type, name, targeted sleep disorder,
and function of the mHealth app.

Type and name of mHealth app. In this study, we classified
mHealth apps into two categories by type: newly developed
apps, which have been developed in-house by the authors’
research team, and existing apps, which have been licensed
or downloaded for research purposes. In 313 included
papers, researchers studied 368 sleep mHealth apps, compris-
ing 233 new and 135 existing apps. Additionally, approxi-
mately 50% of the studies did not provide names, and the
remaining articles studied 185 sleep mHealth apps that pro-
vided names, as shown in Figure 13. The CBT-I Coach®™*?
is the most popular app, followed by SnoreLab and Calm.

Function and targeted sleep disorder of mHealth app. We
divided mHealth apps into three categories by function,
including apps that focus on sleep disorder tracking,
diagnosing sleep disorders, and intervening. Apps were
classified by targeted sleep disorders according to the
third edition of the ICSD. The results showed that track-
ing apps accounted for the largest proportion at 56.3%
(207), followed by intervening apps (119) and diagnos-
ing apps (42). A total of 275 Apps were explicitly men-
tioned for the targeted sleep disorders category. The
number of apps for breathing-related sleep disorders
(116) and insomnia sleep disorders (122) far exceeded
others, while only one app supported the diagnosis of
parasomnias.
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Figure 7. Top 10 countries with the most publications.

Product application

We represented the product application based on the maturity
levels of apps from I to IV. Level I refers to apps that exist
only in a laboratory environment and have no real-world val-
idation of their effectiveness or accuracy. Level II refers to
apps that have single-center validation of their effectiveness
or accuracy in a real-world environment. Level III refers to
apps that have multi-center validation of their effectiveness
or accuracy in a real-world environment. They are usually
those products that have been upgraded iteratively, and their
effectiveness or accuracy may have been validated multiple
times. Level IV refers to apps that can be downloaded from
application stores, that is, apps that are already used in the

real world. We determined the maturity level of the apps
from the article content and online information about the apps.

Our findings show that the number of products with
Level IV and Level II maturity was the highest with 141
and 134 apps, respectively. While the number of products
with Level III maturity was the lowest at 20 apps. Among
them, 84.7% of the existing products reached maturity
level IV, and 95.5% of the newly developed products
reached maturity level II.

Research grants

Number, name, and affiliation of grants. Of the 313 included
papers, 178 were supported by 323 grants from 319 different
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Figure 9. Institutions collaboration network.

institutions, with a grant rate of 56.9% and an average of 1.8
grants per paper. While the most funded paper was supported
by 14 grants from 6 institutions. The top ten institutions pro-
vided the highest number of grants, as shown in Figure 14.
The National Institutes of Health (NIH) - USA provided
the most grant support, with 47 grants over a 10-year

period; 32 countries provided grant support, with the
United States and China as the main funding countries.

Conversion rate of grants. We took inspiration from the
research of Du jian et al.*® to calculate the conversion rate
of grants. Focusing on the proportion of those funded apps
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Figure 10. High-frequency keyword co-occurrence networks.

which eventually reach maturity level IV (i.e., already used in
real world). The input—output triangles were then plotted, as
shown in Figure 15.

As can be seen from the triangle diagram, 233 sleep
mHealth apps were developed by researchers in this field
over ten years; 132 of these apps received grants, with a
funding rate of 56.7%. Only 12 of these apps reached maturity
level 1V, resulting in a 9.0% conversion rate of grants.

Discussion

Research status and trends

The number of published papers in the field of tracking,
diagnosing, and intervening for sleep disorders using
mHealth apps, has increased with an average annual
growth rate of 41.6%. Particularly after 2017, with 66
papers published in 2021 (see Figure 3). The journals, in
which these articles were included, were of moderate
quality. However, the acceptance of these articles by top
medical journals was disappointing; 84.5% of the research
papers are recorded in the Web of Science core collection,
an online index that covers core journal articles published in
the physical and life sciences, health sciences, social
sciences, and arts and humanities. The conference articles

account for approximately 15.8%. The average impact
factor of journals in the literature was 3.189, with the
highest impact factor being Sleep Medicine Reviews
(11.609). Most of the current research is published on
Sensors and the IEEE Engineering in Medicine and
Biology Society conference. With a combined total of 50
articles over ten years, representing 16.0% of the total (50/
313). However, the acceptance of these articles by top
medical journals is also poor. For example, there are no relevant
papers published in The New England Journal of Medicine
(NEIM), The Lancet, The Journal of the American Medical
Association (JAMA), or British Medical Journal (BMJ).

Highly productive authors have a stable annual output
but a short research duration. According to Lotka’s law,**
we found that 1/3 of the papers are produced by 22 top
authors, and those authors have had consistent output
over the last three years. The top three authors were particu-
larly productive, generating two to three relevant papers per
year (see Figure 6). Most of the top authors have entered
this field in the last five years, and 12 of them are still con-
ducting relevant research. This implies that the field is
growing at a high and steady rate.

Most authors were from the USA and China, with 53 articles
published by authors from both countries, accounting for 17%
of the total number of articles (see Figure 7). Additionally, an
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analysis of research institutions publishing articles shows that
there is a lack of international collaboration in the field, with
most research being dominated by domestic inter-institutional
or domestic institution-to-institutional collaborations.

The second quadrant of the thematic map (see Figure 12)
includes CBT and sleep quality. Implying that the current
research focus area is based on CBT and the use of sleep
quality to assess the effectiveness of the intervention and
is already well developed. This echoes the thematic evolu-
tion trend mulberry map (see Figure 12), that is, after 2016,
researchers used CBT extensively for the treatment of sleep
disorders and applied sleep indicators, such as sleep quality,
to assess the effectiveness of the treatment.

Sleep staging tracking is a shortcoming in the field.
However, with the adoption of new artificial intelligence tech-
niques by researchers, this problem is likely to be addressed in
the future. The fourth quadrant of the thematic map (see
Figure 12) includes sleep tracking and sleep stages. This indi-
cates the importance of relying on mobile apps for sleep
staging tracking in this field. However, it is not well developed
at this stage. According to our mulberry map of thematic evo-
lution trends (see Figure 12), an increasing number of new
artificial intelligence techniques, such as machine learning,
deep learning, and neural networks, have been applied to

mHealth apps over the last three years. This was to provide
more accurate and consistent tracking of sleep and, in turn,
more accurate diagnosis and effective treatment of sleep disor-
ders. Therefore, mobile apps can be relied upon for the accur-
ate phased tracking of sleep in future research.

Product output

Most products in this area are newly developed applications
that functionally support the tracking and intervention of
sleep disorders. Over the last decade, 368 sleep apps have
been studied in 313 articles, including 233 newly developed
and 135 existing sleep mHealth apps. The number of sleep
tracking mHealth apps was the highest at 207, approxi-
mately 56.3% of the total, followed by intervening apps
(119), while diagnosing apps were only 11.4% of the
total (42). This may be related to the fact that diagnosing
apps tend to have higher requirements for assistive
devices. In sleep-related breathing disorders, for example,
polysomnography is the only definitive way to obtain a
diagnosis of sleep apnea.*> However, it is difficult to
achieve an accurate diagnosis of sleep apnea by relying
solely on mobile phone sensors or wearable devices.
Thus, the number of diagnostic apps that are available is
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different institutions. The research
funding rate in this field is 56.9%.

Research Grants

A total of 233 sleep mHealth apps

were developed by researchers in
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Figure 15. Grants input-output triangles.
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low compared with other types of apps and sleep disorders
were fairly underdiagnosed.** This is unfortunate since
most sleep disorders can be successfully treated.*

Among the 368 apps, 275 clearly indicated the targeted
sleep disorders. Of these, the largest number of mHealth
apps targeted insomnia disorders and sleep-related breath-
ing disorders, accounting for approximately 86.5% of all
apps, which is consistent with the results of our thematic
analysis (see Figures 12 and 13). Contrarily, only one app
focused on parasomnias. Although insomnia and
sleep-related breathing disorders are the most common
types of sleep disorders,*® too much focus on these two
types of sleep disorders is detrimental to the long-term
development of the field, and greater attention should be
paid to other types of sleep disorders.

Product application

Product applications are poor, with most of the newly
developed apps not being used in the real world. A weak
integration of theory and practice in the field is suggested
by only 12 newly developed apps reaching maturity level
IV. Although many sleep apps have been developed by
experts over the last decade, most have only been used in
the laboratory, without being applied in the real world. This
may be attributed to other aspects of the apps, such as usabil-
ity. The International Organization for Standardization defines
usability as “the extent to which a system, product or service
can be used by specified users to achieve specified goals with
effectiveness, efficiency and satisfaction in a specified context
of use.”*’ If researchers design an app with high usability,
users will be more likely to continually use the app and
even recommend it to peers.** >

Grants and translation rate

The overall funding support rate for research in this area is
moderate, with studies that developed new apps being
favored by foundations, but the conversion rate is low.
This is consistent with our analysis of product applications
in this area, where most developed apps are not used in the
real world.

The reason for this phenomenon, we are convinced that
researchers may aim to produce sleep apps that can provide
more accurate sleep monitoring services or more effective
sleep intervention measures, for solving medical problems,
rather than focus on their application in the real world. Then
lead to most of these sleep apps only being used in the
laboratory and the low conversion rate of research grants.
For avoiding this situation and enabling mHealth sleep
apps to be better used in the real world, we propose that
researchers should pay more attention to translational
research and applied research on sleep apps, then scientific
research foundations should financially encourage such
research on mHealth sleep apps.

Limitations

This review is subject to a few limitations. Firstly, we iden-
tified the maturity levels of apps from I to IV, based on the
content of articles and information on the app store, which
might cause bias, for example, we might omit some apps
that have been removed from the app store. Secondly, our
analysis only included articles in English, which made the
analysis incomplete to some extent, but we included 313
individual papers, so there is reason to believe that the
results of this study are sufficient to explore the status and
trends of research, as well as identify the output and appli-
cation of the sleep mHealth apps. Thirdly, we could not cite
all articles included in our study, because of the amount of
articles. However, all articles can be found based on our
search formulas.

Conclusions

In the last decade, the field of tracking, diagnosing, and
intervening in sleep disorders using mHealth apps has
shown a trend of rapid development, with an increase in
the number of publications annually. Studies using CBT
to intervene in sleep and measure the effects of the intervention
based on sleep quality, as well as studies focusing on insomnia
and breathing-related sleep disorders, have made good progress
and have some applications. However, the conversion rate of
products from being funded and developed for use by end-users
is low. In future research, new Al technologies should be used to
address the shortcomings of staged sleep tracking, and research-
ers should focus on other sleep disorders. Simultaneously,
research on other attributes of the apps, such as usability,
needs to be strengthened. Efforts should be made to improve
the research conversion rate of mHealth apps, to encourage
widespread adoption and use in the real world.
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