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Digital therapeutics for insomnia: an
umbrella review and meta-meta-analysis

M| Check for updates

Can Li, Qiyun Luo & Hong Wu

The growing burden of insomnia underscores the necessity for accessible and effective treatments,
with digital therapeutics offering a promising solution. A systematic search was conducted across
seven databases (PubMed, Web of Science, EMBASE, MEDLINE, ProQuest, Scopus, and the
Cochrane Library) covering the period from the inception of each database until October 2024. A total
of 28 systematic reviews and meta-analyses evaluating digital therapeutics with reported insomnia-
related outcomes were included, encompassing 118,970 participants. The primary outcome,
Insomnia Severity Index (ISl), indicated that digital therapeutics significantly improved insomnia
(SMD = —0.42, p < 0.01), with better results observed during follow-up (SMD = —0.69, p < 0.01). Under
the guidance of therapists, digital therapeutics exerted a more positive effect (SMD = —1.05, p < 0.01).
The secondary outcomes also showed consistent results, with no significant differences observed in

Total Sleep Time (TST) between the post-intervention and follow-up periods. Based on the
assessment results, there is sufficient evidence to recommend the use of digital therapeutics.

Insomnia is a prevalent sleep disorder characterized by difficulties in falling
asleep, maintaining sleep, or early awakening, which significantly impair
both the physical and mental health of affected individuals, as well as their
overall quality of life'. Insomnia not only causes fatigue, concentration
difficulties, and mood disturbances, but is also closely related to depression,
anxiety, and increased risk of suicide’. Moreover, the productivity loss and
increased healthcare costs associated with insomnia impose a significant
socio-economic burden on society’. The global prevalence of insomnia has
been steadily rising"’, with the quality of sleep further deteriorating during
the COVID-19 pandemic®’. Asa potential risk factor for both morbidityand
mortality, insomnia has emerged as a critical public health issue’.

Currently, cognitive behavioral therapy for insomnia (CBT-I) is widely
considered to be the first-line treatment for insomnia’"'?. CBT-I improves
patients’ sleep quality and reduces the risk of long-term dependence on
medication by adjusting sleep-related cognitions and behaviors. However,
although the effectiveness of CBT-I has been confirmed by a large number of
studies, its implementation in clinical practice is still insufficient, mainly due
to factors such as limited resources for professional therapists, incon-
venience for patients to visit the doctor, and high treatment costs'®'*, This
lack of implementation has led to the development of digital cognitive
behavioral therapy (dCBT-I) to improve the accessibility of traditional
treatments and benefit more patients with insomnia.

The rapid development of digital technology in recent years has led to
the emergence of digital therapeutics for insomnia delivered through plat-
forms such as the Internet, mobile applications, and virtual reality">™"".

Common digital therapies for insomnia (DTI) include digital cognitive-
behavioral therapy for insomnia (dCBT-I), digital brief behavioral therapy
for insomnia (dBBT-I), digital mindfulness-based therapy for insomnia
(dMBTI), and tele-neurofeedback (tNFB). Leveraging digital scales, sleep
diaries, wearable devices, and other technological tools'*"”, DTI can capture
data pertaining to the patient’s actual sleep-wake times and intrinsic cir-
cadian thythms™. This enables the provision of instant feedback to assist
patients in monitoring and modifying their sleep habits and developing
tailored treatment plans.

Several systematic reviews and meta-analyses have demonstrated
that digital therapeutics can significantly improve sleep quality in
patients with insomnia®"**. However, other studies have highlighted
that the efficacy of digital therapeutics may be constrained by indi-
vidual differences, the diversity of treatment options, and the
acceptability of technology’***. Furthermore, the effectiveness eva-
luation of digital therapeutics is complicated by the differences in
intervention methods, efficacy evaluation criteria, and follow-up
periods observed in existing literature®*’. There are considerable
variations among studies in terms of intervention protocols, sample
selection, and assessment criteria. These make it challenging to
achieve a comprehensive and systematic understanding of the actual
effects of digital therapies across various populations, time periods,
and intervention modalities. In addition, concerns regarding digital
therapeutics cannot be overlooked, and the adaptability of digital
therapies in actual clinical applications warrants further investigation.
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Collectively, these factors add another layer of complexity to the
discussion on the effectiveness of digital therapeutics.

To account for the above, this study integrates and interprets existing
systematic review and meta-analysis studies from the perspective of
umbrella review and meta-meta-analysis. Unlike traditional meta-analysis,
meta-meta-analysis, as a higher-order systematic evaluation method, can
integrate the results of multiple related meta-analyses to assess the con-
sistency of effects across different studies” . It can reveal more nuanced
study heterogeneity and analyze the differences in the effects of various
therapeutic regimens across different time frames and intervention mod-
alities. In particular, it can shed light on the specific effects of digital therapies
in a more comprehensive population. Through this more comprehensive
and systematic analysis, we can explore potential factors influencing treat-
ment efficacy, thereby providing a more systematic and in-depth theoretical
basis and practical guidance for future research. Based on the points, the
present umbrella review and meta-meta-analysis aims to provide a com-
prehensive and systematic evaluation of digital therapeutics for insomnia.
Specifically, it focuses on assessing their impact on improving sleep quality,
shortening sleep latency, and prolonging sleep duration. Moreover, sub-
group analyses are conducted to explore how different outcome measures,
intervention modes, and follow-up durations influence the effectiveness of
digital therapeutics.

Results

Research characteristics

The literature search identified 3793 articles, and 2969 articles remained
after removing duplicates. There were 2728 articles removed due to title and
abstract ineligibility. Following title and abstract screening, and full-text
reviews, 28 systematic reviews were eligible, of which 22 meta-analyses were
included in the meta-meta-analysis. Further details of excluded articles with
reasons were shown in Fig. 1. The consistency for title and abstract screening
in the first round was 92.39%, while the consistency for full-text screening in
the second round was 95.44%. Table 1 provides the characteristics of the
systematic reviews and meta-analyses included in the umbrella review and
meta-meta-analysis. These articles were published between 2012 and 2024,
with the majority published since 2021 (n = 18). The number of studies in
each systematic review ranged from 3 to 54 articles (Median 16, IQR 9-21),
and the number of participants ranged from 239 to 13,227 (Median 3970,
IQR 1604-10,139).

Risk-of-bias results

Methodological strengths across the included reviews included providing
information on the characteristics of the included studies (100%), conflict of
interest declarations (78.57%), performing study selection (78.57%) and
data extraction (75%) in duplicate, and reporting study heterogeneity in
meta-meta-analysis (75%). Common methodological weaknesses were
failure to extract data on funding sources (0%), failure to provide a complete
list of excluded studies (14.29%), and failure to explain the risk of bias in
meta-meta-analysis (21.43%). One systematic review was rated as high
confidence”, 6 were rated as moderate confidence*****, 13 were rated as low
confidence'*"***™*, and the remaining 8 were rated as critically low
confidence *. The detailed quality assessment table is provided in
Supplementary Table 8.

17,22,45-

Study overlap results

The 28 included systematic evaluations reported a total of 518 component
studies, leaving 253 unique component studies after removing duplicates.
The CCA was 3.88, indicating only slight overlap.

Effect of digital therapeutics on sleep outcomes

Sleep outcome measures varied between studies and included the Insomnia
Severity Index (ISI), the Pittsburgh Sleep Quality Index (PSQI), etc. Where
available, the Insomnia Severity Index (ISI), the most commonly used
measure, was selected as the primary sleep outcome. Moreover, sleep effi-
ciency (SE), sleep quality (SQ), sleep onset latency (SOL), wake after sleep

onset (WASO), number of awakenings (NWAK), and total sleep time (TST)
were served as secondary outcomes. Digital therapeutics had a significant
improvement effect on ISI (SMD = —0.42,95% CI: —0.67 to —0.17, p < 0.01,
k=21) (shown in Fig. 2), and the statistical heterogeneity of effect size
between studies is high (I* = 96%, p < 0.01) (shown in Fig. 2). For secondary
outcomes, the effects were equally significant. The improvement in sleep
quality (SQ) showed the strongest effect (SMD = 0.51, 95% CI: 0.42 to 0.6,
p<0.01, P=0%, k=9, Supplementary Fig. 2). Positive effects were also
found for sleep efficiency (SE) (SMD = 0.37,95% CI: 0.28 to 0.46, p < 0.01, I?
= 69%, k =22, Supplementary Fig. 1), sleep onset latency (SOL) (SMD =
—0.33,95% CI: —0.44 to —0.22, p < 0.01, I? = 82%, k = 21, Supplementary
Fig. 3), wake after sleep onset (WASO) (SMD = —0.34, 95% CI: —0.48 to
—0.2,p <0.01, 1> =83%, k = 19, Supplementary Fig. 4), and number of wake
episodes (NWAK) (SMD =-0.26, 95% CI: —0.32 to —0.2, p<0.01,
I> = 21%, k = 8, Supplementary Fig. 5), whereas the effect size for total sleep
time (TST) was smaller (SMD =0.19, 95% CI: 0.09 to 0.29, p <0.01, I* =
91%, k = 22, Supplementary Fig. 6). Forest plots for the secondary outcomes
are detailed in Supplementary Figs. 1-6.

Sensitivity analysis

In the light of the heterogeneity among studies, the study used leave-one-out
method to conduct sensitivity analysis for those cases with high hetero-
geneity, and the results are reported in Supplementary Fig. 7 to Supple-
mentary Fig. 11. It can be seen that the heterogeneity decreased after
excluding certain outliers, and the treatment effect of digital therapeutics on
insomnia was still robust. The results for the Insomnia Severity Index (ISI)
(SMD = —0.36, 95% CI: —0.5 to —0.21, p < 0.01, I> = 95%, k = 20, Supple-
mentary Fig. 7), sleep efficiency (SE) (SMD =0.39, 95% CI: 0.32 to 0.46,
P <0.01, 1" = 63%, k = 21, Supplementary Fig. 8), sleep onset latency (SOL)
(SMD = —0.35, 95% CL: —0.42 to —0.27, p <0.01, I* = 78%, k = 20, Sup-
plementary Fig. 9), wake after sleep onset (WASO) (SMD = —0.37, 95% CI:
—0.48 to —0.26, p < 0.01, 1 = 80%, k = 18, Supplementary Fig. 10), and total
sleep time (TST) (SMD =0.17, 95% CI: 0.11 to 0.23, p<0.01, I* = 62%,
k =21, Supplementary Fig. 11) remained consistent.

Subgroup analysis

Post-treatment and follow-up effects of digital therapeutics. Ten of
the included papers discussed the short- and long-term effects of digital
therapeutics. Subject to the amount of data available, the study conducted
subgroup analysis for post-treatment and follow-up effects. The results
indicated that digital therapeutics had better follow-up effects on the
Insomnia Severity Index, shown in Fig. 3. Further subdivision of the
follow-up time subgroup yielded consistent findings, and digital ther-
apeutics played a better role after 3 months, with the effect size increasing
to —0.69 shown in Fig. 4.

Secondary outcomes such as sleep efficiency (SE), sleep quality (SQ),
sleep onset latency (SOL), and wake after sleep onset (WASO) exhibited
similar results (shown in Supplementary Fig. 12 to Supplementary Fig. 15),
which further supporting the robustness of the present meta-meta-analysis.
However, the post-treatment and follow-up effects on total sleep time (TST)
were comparable, with no significant difference in the improvement of TST
between post-intervention and follow-up period (shown in Supplementary
Fig. 16).

Effect of digital therapeutics with therapist guidance. The presence or
absence of therapist guidance in the intervention may lead to differences
in patient experience and the effectiveness of digital therapeutics. Five
studies reported the impact of therapist-guided digital therapeutics on
the Insomnia Severity Index (ISI), as shown in Fig. 5. Therapist-guided
digital therapeutics (SMD = —1.05, 95% CI: —1.2 to —0.9, p <0.01, I? =
45.3%, k = 3) were found to be more effective than non-therapist-guided
digital therapeutics (SMD = —0.84, 95% CI: —0.97 to —0.71, p < 0.01,1* =
0%, k=2). Moreover, seven studies reported changes in the effects of
digital therapeutics on sleep efficiency (SE) and sleep onset latency (SOL)
with and without therapist involvement. The results were consistent,
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indicating that therapist-guided digital therapeutics were more effective
in improving treatment outcomes (shown in Supplementary Figs.
17 and 18).

Effect of digital therapeutics by control group type. To address
potential heterogeneity arising from different control group types, this
study conducted subgroup analyses on the effectiveness of digital ther-
apeutics for insomnia across different comparator groups. Control
conditions were classified into three groups: (1) Passive Control,

including waitlist or treatment as usual (TAU), where no active inter-
vention was provided; (2) Face-to-Face Control, referring to comparisons
with traditional in-person cognitive behavioral therapy for insomnia
(CBT-I) or other face-to-face interventions;(3) Mixed Control, encom-
passing controls that involve both passive elements and a certain degree
of active intervention (e.g., receiving educational components without
full CBT-I strategies).

The Results revealed significant differential effects on Insomnia
Severity Index (ISI) scores across control types, as shown in Fig. 6. The
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Fig. 1 | PRISMA Flow Chart.
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~0.85 (—1to —0.69)

SMD

REM

PTE

ISI
ISI
CBT-I cognitive behavioral therapy for insomnia, eCBT-/ electronically delivered eHealth CBTI, MCBTi Mobile-app-based cognitive behavioral therapy for insomnia, WBCBTi Web-based cognitive behavioral therapy for insomnia, TCBTi Telephone-based cognitive

TAU, Placebo,

dCBT-I

Adults with
insomnia

5779

2262

7

2023

Wenyao Lin**

—0.71 (~0.99 to —0.44)

SMD

REM

FUE

No treatment

behavioral therapy for insomnia, WBCBTIT Web-based cognitive behavioral therapy for insomnia with therapists, FTFCBTi Face-to-face cognitive behavioral therapy for insomnia, iCBT-/ internet-delivered CBT-I, TCBT-/ Telehealth-delivered CBT-I, SCBT-/ Smartphone-
delivered CBT-I, CCBT-/ Computerised cognitive behavioural therapy for insomnia, dCBT-/ digital cognitive behavioral therapy for insomnia, RCBT Remote Cognitive Behavioural Therapy; ipCBTI in-person—delivered CBT, ICT information and communication

technologiesforinsomnia, PDT prescription digital therapeutic, CBT-/ + SH cognitive behavioral therapy- insomnia plus self-help, PTE Post-treatment effects, FUE Follow-up effects, InActCon inactive controls, TAU Treatment as usual, AT alternative treatment groups, WL
Waiting list, IS/ Insomnia Severity Index, TST Total sleep time, SQ sleep quality, SE sleep efficiency, SOL sleep onset latency, WASO wake after sleep onset, NWAK Number of Awakenings, TIB Time in bed, SC/ Sleep Condition Indicator, HSDQ Holland Sleep Disorders

Questionnaire, AIS Athens Insomnia Scale, DBAS-16, Dysfunctional Beliefs and Attitudes about Sleep Scale-16, REM Random Effect Model, FEM Fixed Effect Model.

largest effect size was observed against passive controls (SMD = —0.78, 95%
CL: —1.00, —0.57). In contrast, digital therapeutics demonstrated sig-
nificantly less pronounced effects when compared to face-to-face inter-
ventions (SMD =0.33, 95% CI: 0.22, 0.45). These findings suggest that
digital therapeutics exhibit superior efficacy relative to passive controls but
attenuated effectiveness versus face-to-face controls.

Qualitative synthesis

Among the 28 included systematic reviews, 16 studies examined the effec-
tiveness of digital therapeutics for adult insomnia, 5 focused on adolescents,
only 1 addressed the elderly, and 6 did not impose age restrictions on the
study population. For adult insomnia interventions, digital therapeutics
primarily involved digital cognitive behavioral therapy (dCBT), delivered
through mobile applications, smartphones, and online platforms. Addi-
tionally, other digital sleep interventions, such as eHealth-based psycho-
social interventions and prescription digital therapeutics, were explored,
highlighting a diverse range of intervention approaches. Among the studies
on adolescent insomnia, 3 were qualitative studies of systematic reviews,
while 2 were quantitative studies of meta-analysis. The results of quantita-
tive studies reported effect sizes for dCBT in improving adolescent insomnia
ranging from —0.58 to —0.80°"**. Although face-to-face CBT-I was slightly
superior to dCBT in statistics, the difference was small, suggesting that
dCBT remains a viable alternative for clinical intervention. The only sys-
tematic review on insomnia in the elderly categorized digital therapeutic
interventions into Internet-delivered cognitive behavioral therapy (CBTi),
virtual coaches, and sleep technologies®. This study revealed the potential of
information and communication technologies (ICTs) in enhancing
insomnia care for older adults, offering a novel digital intervention per-
spective for insomnia management in the elderly.

Publication bias results

Funnel plots were visually inspected to estimate publication bias, and the
asymmetry of distribution was further confirmed using Egger test. The
relevant funnel plots can be found in Supplementary Fig. 19 to Supple-
mentary Fig. 25. Egger’s test showed no significant bias for the Insomnia
Severity Index (ISI) (t=—1.01, p=0.32), sleep efficiency (SE) (¢=0.22,
p=0.83), sleep quality (SQ) (t=1.34, p=0.22), sleep onset latency (SOL)
(t=0.09, p=0.93), wake after sleep onset (WASO) (t=—0.64, p=0.53),
number of wake episodes (NWAK) (t=—0.33, p=0.75), and total sleep
time (TST) (t = —1.59, p = 0.13), indicating the absence of publication bias.

Discussion

In this paper, we conducted an umbrella review and meta-meta-analysis to
examine the effectiveness of digital therapeutics in the treatment of
insomnia. A total of 28 systematic reviews were included in the umbrella
review, of which 22 meta-analyses were included in the meta-meta-analysis.
The results indicated that digital therapeutics, as a viable treatment method,
significantly improved insomnia symptoms. It showed substantial positive
effects across various dimensions, including ISI, SE, SQ, SOL, WASO,
NWAK, and TST, highlighting its great potential. The prospect of digital
therapeutics compared with traditional treatments lies in their relatively low
cost and high time efficiency, high scalability, and wide accessibility’'. To
benefit from lower cost and higher efficiency, patients are able to receive
digital therapeutics interventions to improve sleep quality at any time and
place™.

Subgroup analysis of post-treatment and follow-up effects investigated
the long-term impact of digital therapeutics and observed the continuity of
outcomes over time. It was found that, in addition to yielding favorable
short-term effects, digital therapeutics also led to significant improvements
during follow-up period, with three months being an optimal time frame for
the better effects to be realized. While traditional pharmacological treat-
ments are effective quickly, long-term use may lead to dependency and side
effects’. In contrast, digital therapeutics have demonstrated positive
effects in both the short and long term, and are thus more appropriate for the
long-term rehabilitation of insomnia patients.
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Std. Mean Difference Std. Mean Difference

Study SMD SE Weight IV, Random, 95% CI IV, Random, 95% CI

Sammy K. Cheng-2012 -0.8600 0.1658 4.7% -0.86 [-1.18;-0.53] —

Suonaa Lee-2023 -0.8100 0.0806 5.0% -0.81[-0.97;-0.65] =

Nan Bai-2024 -0.9400 0.1531 4.8% -0.94 [-1.24; -0.64] ———

Omid Amani-2023 -0.1100 0.0230 51% -0.11[-0.15; -0.06] :

Omid Amani-2023 -0.1000 0.0332 51% -0.10[-0.16; -0.03]

Songee Jung-2024 -0.3100 0.2066 4.5% -0.31[-0.72; 0.09] —r

Hui Ling Soh-2020 -0.3900 0.0255 5.1% -0.39 [-0.44; -0.34]

Hui Ling Soh-2020 0.4300 0.1378 4.9% 0.43[0.16; 0.70] —_
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Robert Zachariae-2016 -1.0900 0.1811 4.7% -1.09 [-1.45; -0.74] —-
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Wenyao Lin-2023 -0.8500 0.0791 5.0% -0.85[-1.00; -0.69] =
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Heterogeneity: Tau? = 0.3204; Chi® = 558.83, df = 20 (P < 0.01); I> = 96% ' ! ' '
2 -1 0 1 2

Fig. 2 | Forest plot of studies reporting the effect of digital therapeutics on ISI (Created using R version 4.3.1).

In addition, subgroup analyses also revealed that therapist-guided
digital therapeutics demonstrated better effectiveness. Digital therapeutics
can facilitate real-time communication and feedback between patients and
therapists through digital platforms®. Thus, interaction plays a crucial role
in the function of digital therapeutics. Moreover, the result further suggests
that interaction between therapists and patients enhances treatment effec-
tiveness, which may be related to higher treatment adherence as therapist
guidance played a supervisory role to some extent’”. Nevertheless, digital
therapeutics guided by therapists always require specific therapist training
and labor costs to implement, which may also limit its scalability™.

Subgroup analysis of control group type indicated that digital ther-
apeutics demonstrated a greater treatment effect compared to passive
control groups, while its effect may be weaker or comparable to traditional
face-to-face interventions. This finding likely reflects the clinical advantages
of face-to-face interventions while also underscoring the value of digital
therapeutics in delivering effective treatment without the need for in-person
contact. Future research should further investigate hybrid models that
integrate digital therapeutics with face-to-face interventions to enhance
treatment efficacy, particularly in settings with limited medical resources or
where patients face barriers to accessing in-person care, so as to enhance the
clinical accessibility and broader applicability of digital therapeutics.

The qualitative analysis of the systematic reviews included in this study
revealed variations in the effectiveness of digital therapeutics for insomnia
across different age groups. For adults, digital therapeutics primarily consist
of digital cognitive behavioral therapy (dCBT) and are delivered through a
diverse range of modalities. Meta-analyses of adolescent populations indi-
cated that dCBT had a moderate effect size (—0.58 to —0.80) in improving
insomnia. While slightly less effective than face-to-face cognitive behavioral
therapy, it still holds clinical utility. Research on digital therapeutics for
elderly individuals remains limited, though existing reviews highlight the
potential of information and communication technologies (ICTs) in
managing insomnia in this population. Overall, digital therapeutics repre-
sents a promising intervention for insomnia management, yet further

research is needed to optimize its applicability across different demographic
groups.

Compared with previous studies, this research included a large sample
size covering 118,970 participants and employed a rigorous methodology.
While previous reviews usually overlook the consideration of study overlap,
this study first addresses the issue of overlap. After calculating and con-
firming minimal overlap, we proceeded with the meta-meta-analysis.
Additionally, due to the high heterogeneity across studies, we conducted
sensitivity analyses and subgroup analyses to explore the effects of follow-up
time, intervention type, and other factors on treatment outcomes. Last but
not least, quality assessment was performed to evaluate the risk of bias. The
results of reviews with different risk of bias ratings were found to be con-
sistent, which indicated the robustness of the findings”*. These results
provided more substantial, rigorous and credible support for the effects of
digital therapeutics on multiple dimensions of insomnia.

The following limitations need to be considered when interpreting the
results of the current meta-meta-analysis. Firstly, although the random-
effects model was designed to statistically account for heterogeneity across
studies, variability in participant and study characteristics (such as insomnia
diagnostic criteria, treatment duration, and sample size) may reduce the
internal validity of the current meta-meta-analysis. Second, due to the
limited number of studies focusing on examining intervention duration, we
were unable to perform a combined analysis of these effect sizes, which
warrants further investigation in the future. Third, most of the studies
included in this umbrella review relied on subjective measures, such as
questionnaires and scales, to assess insomnia-related outcomes, with rela-
tively few objective measurements (e.g., actigraphy data)”’. Future research
could explore the differences introduced by varying measurement methods.
Finally, the effects of digital therapeutics for insomnia may vary across
various populations®'. While most of the studies included in this umbrella
review focused on adult populations, data from other age groups were
sufficient to conduct subgroup analyses. Future studies can consider a
broader range of demographic characteristics.
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Effect %
TimePoints and Name (Year) (95% ClI) Weight
Post-treatment effects
Nan Bai (2024) —_— -0.94 (-1.24, -0.64) 4.45
Omid Amani (2023) : . -0.11 (-0.15, -0.06) 5.85
Hui Ling Soh (2020) Ib -0.39 (-0.44, -0.34) 5.84
Hui Ling Soh (2020) 1 —_— 0.43 (0.16, 0.70) 4.67
Sofie Mogelberg Knutzen (2024) : —— 0.37 (0.15, 0.60) 4.98
Robert Zachariae (2016) —_— : -1.09 (-1.45, -0.74) 4.06
Dawei Xu (2024) —_— -1.45 (-2.13,-0.78) 2.24
Anna Mae Scott (2023) : T 0.24 (-0.06, 0.55) 4.42
Wenyao Lin (2023) - ! -0.85 (-1.00, -0.69) 5.42
Subgroup, DL (I* = 96.7%, p = 0.000) <> -0.36 (-0.59, -0.13) 41.92
I
1
Follow-up effects :
Nan Bai (2024) —_ -0.50 (-0.86, -0.15) 4.06
Nan Bai (2024) + -0.46 (-0.78, -0.14) 4.31
Nan Bai (2024) ‘I-o— -0.22 (-0.43, 0.00) 5.05
Nan Bai (2024) —_—— -0.66 (-1.00, -0.31) 4.13
Omid Amani (2023) : | -0.10 (-0.16, -0.03) 5.80
Hui Ling Soh (2020) I‘O -0.32 (-0.39, -0.26) 5.80
Hui Ling Soh (2020) - -0.68 (-0.83, -0.53) 5.45
Sofie Mogelberg Knutzen (2024) : —— 0.27 (0.04, 0.50) 4.95
Robert Zachariae (2016) —+—: -0.86 (-1.30, -0.42) 3.48
Dawei Xu (2024) —_—— -1.34 (-1.96, -0.72) 2.48
Dawei Xu (2024) —_—— : -1.10 (-1.61, -0.58) 3.02
Dawei Xu (2024) - : -1.98 (-3.48, -0.48) 0.65
Anna Mae Scott (2023) I —— 0.32 (0.00, 0.65) 4.27
Wenyao Lin (2023) —0—: -0.71 (-0.99, -0.44) 4.63
Subgroup, DL (I* = 90.9%, p = 0.000) O -0.44 (-0.61, -0.27) 58.08
I
Heterogeneity between groups: p = 0.559 :
Overall, DL (I = 94.3%, p = 0.000) 0 -0.40 (-0.53, -0.27) 100.00
I I

-2

0

2

Fig. 3 | Post-treatment and follow-up effects of digital therapeutics on ISI (Created using Stata version 17.0).

Methods

Protocol and registration

This systematic review of systematic reviews and meta-meta-analysis
(umbrella review) was conducted according to the Cochrane Collaboration
Handbook (version 5.1) and the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines™. The review protocol
was prospectively registered on PROSPERO (CRD42024621910). The
PRISMA 2020 checklist was provided in Supplementary Table 9.

Data source and search strategy

This umbrella review searched seven databases, including PubMed, Web of
Science, EMBASE, MEDLINE, ProQuest, Scopus, and the Cochrane Library
to identify English-language peer-reviewed articles published from the
inception of each database up to October 2024. Following the PICOS
principles, search strings related to digital therapeutics, insomnia, sys-
tematic reviews, and meta-analyses were developed and designed to identify
studies focusing on digital therapeutics for patients with insomnia. Search
strategies were detailed in Supplementary Table 1 to Supplementary Table 7.
Manual searches were also conducted by reviewing the reference lists of
included studies to identify additional relevant articles. This iterative process
was repeated until no further new studies were found.

Eligibility criteria
The eligibility criteria were structured following the PICOS framework
as follows™. Population: covering participants of any nationality and

age group, who met at least one of the following conditions: (1) have
been diagnosed with insomnia according to the Diagnostic and Sta-
tistical Manual of Mental Disorders (DSM), International Classifica-
tion of Sleep Disorders (ICSD), International Classification of Diseases
(ICD), or a validated insomnia questionnaire. (2) have self-reported
insomnia symptoms. Intervention: delivered via the internet, mobile
applications, and wearable devices, such as digital cognitive behavioral
therapy (dCBT), virtual reality therapy (VR), remote neurofeedback
(NFB), and self-management tools. These interventions typically
facilitate improvements in sleep quality and modifications to sleep
behaviors involving interactive content, sleep diaries, push notifica-
tions, or real-time physiological monitoring. Furthermore, digital
therapeutics also include online sleep education, health advice, and
video consultations to enhance patient adherence to treatment and
provide personalized sleep management plans. Comparison: partici-
pants in the control group received usual care or were assigned to wait-
list control, active control, or other conditions. Outcome: the out-
comes of interest included one or more sleep-related measures. The
primary outcome was insomnia severity index (ISI), while secondary
outcomes included sleep onset latency (SOL), wake after sleep onset
(WASO), number of awakenings (NWAK), total sleep time (TST),
sleep quality (SQ), and sleep efficiency (SE). Sleep-related outcomes
were assessed using subjective methods, such as self-reported sleep
diaries and sleep scales, such as the Insomnia Severity Index (ISI),
Pittsburgh Sleep Quality Index (PSQI), Athens Insomnia Scale (AIS),
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FollowupTime and Name (Year)

Effect %

(95% CI) Weight

< 3 months
Nan Bai (2024) —o:— -0.50 (-0.86, -0.15) 8.26
Nan Bai (2024) i—o— -0.22 (-0.43, 0.00) 22.51
Dawei Xu (2024) —O—E -1.10 (-1.61, -0.58) 3.92
Anna Mae Scott (2023) E —— 0.32 (0.00, 0.65) 9.85
Subgroup, IV (* = 87.6%, p = 0.000) E<> -0.23 (-0.38, -0.08) 44.54
> 3 months E
Nan Bai (2024) —o-g— -0.66 (-1.00, -0.31) 8.74
Hui Ling Soh (2020) "'i -0.68 (-0.83, -0.53) 46.25
Dawei Xu (2024) E -1.98 (-3.48, -0.48) 0.46
Subgroup, IV (* = 30.7%, p = 0.236) <>§ -0.69 (-0.82, -0.55) 55.46
Heterogeneity between groups: p = 0.000 E
Overall, IV (I = 87.0%, p = 0.000) @ -0.48 (-0.59, -0.38) 100.00
T T
-2 0 2
Fig. 4 | Follow-up effects of digital therapeutics on ISI (3 months) (Created using Stata version 17.0).

Effect %
TherapistGuidance and Name (Year) (95% ClI) Weight
Unguided
Dawei Xu (2024) * : -1.27 (-2.16, -0.38) 1.20
Wenrui Deng (2023) 4:_._ -0.83 (-0.96, -0.70) 56.47
Subgroup, IV (I* = 0.0%, p = 0.338) :<> -0.84 (-0.97,-0.71) 57.68
Guided
Dawei Xu (2024) : -1.75 (-2.81, -0.69) 0.85
Wenrui Deng (2023) —O—E -1.19 (-1.45, -0.92) 13.59
Wenrui Deng (2023) —015— -0.96 (-1.15, -0.78) 27.88
Subgroup, IV (* = 45.3%, p = 0.161) Q -1.05 (-1.20, -0.90) 42.32
Heterogeneity between groups: p = 0.037 E
Overall, IV (I” = 55.2%, p = 0.063) <> -0.93 (-1.03, -0.83) 100.00

T

-2

Fig. 5 | Effect of digital therapeutics with therapist guidance on ISI (Created using Stata version 17.0).

and Epworth Sleepiness Scale (ESS). Additionally, studies employing
objective measurement methods such as wearable devices, poly-
somnography, and actigraphy were also included. Study design: sys-
tematic reviews and meta-analyses.

Studies were excluded if they had the following characteristics: (1)
participants with shift work that disrupted the establishment of

regular sleep patterns, those with acute psychiatric disorders, or those
diagnosed with cancer; (2) digital therapeutics were not the key
intervention of interest; (3) sleep-related outcomes were not reported;
(4) inappropriate study design, such as a scoping review, literature
review, or original study (e.g., randomized controlled trial); (5) were
not published in a peer-reviewed journal or database; or were
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Effect %
ContolGroup and Name (Year) (95% ClI) Weight
Passive Control
Songee Jung (2024) —:+—— -0.31 (-0.72, 0.09) 418
Wenrui Deng (2023) —— : -1.01 (-1.12, -0.89) 5.53
Wenyao Lin (2023) - ! -0.85 (-1.00, -0.69) 5.40
Wenyao Lin (2023) —+—: -0.71 (-0.99, -0.44) 4.87
Subgroup, DL (I* = 78.4%, p = 0.003) O : -0.78 (-1.00, -0.57) 19.97
}
Face to Face :
Hui Ling Soh (2020) 1 — 0.43 (0.16, 0.70) 4.90
Sofie Mogelberg Knutzen (2024) : —— 0.37 (0.15, 0.60) 5.12
Sofie Mogelberg Knutzen (2024) : —— 0.27 (0.04, 0.50) 5.09
Wenrui Deng (2023) | —— 0.41 (-0.02, 0.85) 4.01
Anna Mae Scott (2023) : -— 0.24 (-0.06, 0.55) 4.72
Anna Mae Scott (2023) ! —— 0.32 (0.00, 0.65) 4.61
Subgroup, DL (I = 0.0%, p = 0.928) : <> 0.33 (0.22, 0.45) 28.45
}
Mixed Control :
Sammy K. Cheng (2012) —_— : -0.86 (-1.18, -0.53) 4.61
Suonaa Lee (2023) - : -0.81 (-0.97, -0.65) 5.39
Nan Bai (2024) —_— -0.94 (-1.24, -0.64) 4.74
Omid Amani (2023) : *> -0.11 (-0.15, -0.06) 5.66
Omid Amani (2023) : - -0.10 (-0.16, -0.03) 5.63
Hui Ling Soh (2020) * -0.39 (-0.44, -0.34) 5.66
Robert Zachariae (2016) —_— : -1.09 (-1.45, -0.74) 4.45
Robert Zachariae (2016) —— -0.86 (-1.30, -0.42) 3.98
Hang Yu (2021) - -0.36 (-0.47, -0.25) 5.54
Dawei Xu (2024) -+- : -1.45 (-2.13, -0.78) 2.84
Dawei Xu (2024) —_— 1 -1.34 (-1.96, -0.72) 3.08
Subgroup, DL (I* = 95.6%, p = 0.000) <>: -0.63 (-0.80, -0.46) 51.58
}
Heterogeneity between groups: p = 0.000 :
Overall, DL (I = 96.4%, p = 0.000) O -0.40 (-0.56, -0.24) 100.00
[ [
- 0 2

Fig. 6 | Effect of digital therapeutics by control group type on ISI (Created using Stata version 17.0).

conference abstracts (except for full conference articles); and (6) the
full text was not accessible.

Study selection and data extraction

Database search results were imported into Zotero, and duplicates were
removed. Based on the inclusion criteria, two rounds of literature screening
were conducted by three independent reviewers. In the first round, two
reviewers independently screened titles and abstracts, and any discrepancies
were discussed and resolved by all three reviewers. In the second round, full-
text screening was again performed independently by two reviewers, and
any disagreements were resolved by discussion among the three reviewers.
The reliability of both rounds of screening was calculated through con-
sistency checks.

Data extraction was performed by two independent reviewers to
ensure accuracy and consistency. During the data extraction process,
all relevant information was extracted from the included studies and
recorded in a standardized data table. The main data extracted
included the following: first author, year of publication, number of
original studies in the review, sample size and characteristics (e.g., age
and population type), type of intervention and control groups, mea-
sured outcomes, subgroup details, model type (random effect or fixed
effect), standard deviation type, confidence interval (CI), p value, I?
statistic, and heterogeneity p value. The data extraction was conducted
independently by two reviewers, and any discrepancies were resolved

through comparison of results. In case of persistent disagreement, a
third reviewer served as an arbitrator.

Risk of bias

To assess the quality and risk of bias of the included studies, this umbrella
review used the AMSTAR 2 (A Measurement Tool to Assess Systematic
Reviews 2) tool***". Two reviewers independently assessed the quality of the
included systematic reviews and meta-analyses. AMSTAR 2 is a widely used
tool specifically designed to assess the methodological quality of systematic
reviews and meta-analyses. It consists of 16 items, divided into 7 key items
and 9 non-key items, covering various aspects such as study design, data
analysis, and publication bias. Each item was rated as “yes”, “partially yes”,
“no”, or “not applicable”. Reviews were categorized as high confidence (0
key weaknesses and < 3 non-key weaknesses), moderate confidence (1 key
weakness and <3 non-key weaknesses), low confidence (>1 key weakness
and <3 non-key weaknesses), or very low confidence (>1 key weakness and
>3 non-key weaknesses).

Data synthesis and analysis

All analyses were carried out using Stata version 17.0 and R version 4.3.1
with the ‘meta’ and “forestploter’ packages, applying appropriate statistical
methods to address heterogeneity, bias, and effect estimation. To synthesize
the results of various studies, the Umbrella Review and Meta-Meta-Analysis
used standardized mean difference (SMD) and 95% confidence interval (CI)
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to express the overall effect size. The effect size was classified as large
(SMD > 0.8), medium (SMD 0.5-0.8), or small (SMD 0.2-0.5)>. Common
methods for calculating SMD include Cohen’s d, Hedges’ g, and Glass’ s D.
Given that the calculation characteristics of Hedges’ g may cause variations
in effect direction due to the comparison order of the treatment group and
the control group, potentially leading to inconsistencies in effect direction,
this study aligned the effect direction across studies by reversing values and
employed Hedges’ g for SMD calculation.

The study applied the I* index to assess heterogeneity. If I* was greater
than 75% and p was less than 0.05, it indicated significant heterogeneity, and
using a random effects model was appropriate. Otherwise, a fixed effects
model would be adopted. Furthermore, sensitivity analyses were performed
to evaluate the impact of individual studies on the overall effect size and
heterogeneity, helping to identify studies that may have a disproportionate
influence on the results, and thereby enhancing our understanding of the
sources of heterogeneity. Sensitivity analyses were explored using leave-one-
out method and assessed the impact of studies on the pooled effect size based
on two criteria: either the effect estimate fell outside the 95% confidence
interval of the overall pooled effect after removing a study, or the pooled
effect estimate significantly deviated from the overall estimate after removal.
If the results remained consistent after excluding certain studies, it indicated
that the research results would be robust and reliable. In addition, this study
also conducted multiple subgroup analyses to further explore factors that
may affect the effectiveness of digital therapeutics on insomnia. Subgroup
analyses were of great value in identifying potential sources of heterogeneity
in treatment effects and understanding how different intervention
strategies, patient characteristics, and study designs regulate treatment
outcomes. Specifically, subgroup analyses included different sleep out-
comes, follow-up duration, control group type, and presence or absence of
therapist guidance.

Study overlap and publication bias

In this study, we investigated the degree of overlap between the original
studies (e.g., original randomized controlled trials) included in the sys-
tematic reviews and meta-analyses covered by the umbrella review. To
measure this overlap, we employed the Corrected Coverage Area (CCA)
method. Specifically, when the CCA value reached 100%, it indicated that
every systematic review and meta-analysis identified in this umbrella review
contained the exact same original studies. In contrast, the CCA value of 0%
would suggest that the original studies included in each systematic review
and meta-analysis within this umbrella review were entirely independent
and unique. Based on predefined criteria, the CCA value between 0-5% was
considered to reflect minimal overlap, 6-10% was categorized as moderate
overlap, 11-15% as high overlap, and values exceeding 15% were regarded as
very high overlap®.

Publication bias was inspected with funnel plots and tested with Egger’s
test™*”, Funnel plots provided a visual representation of the relationship
between effect sizes and sample sizes, where symmetry suggests minimal
publication bias, and asymmetry may indicate its presence. To eliminate
potential subjective interpretation and further confirm any asymmetry in
the distribution, Egger’s test was applied to quantitatively assess the extent of
publication bias

Data availability

Data are publicly available. The data that support the findings of this study
are included in this article. Further inquiries can be directed to the corre-
sponding author.
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