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Digital cognitive behavioral therapy for insomnia on
depression and anxiety: a systematic review and meta-analysis

Suonaa Lee®'?, Jae Won Oh@?>*, Kyung Mee Park®'?, San Lee

1,

2™ and Eun Lee®'3™

Despite research into the development of digital cognitive behavioral therapy for insomnia (dCBT-I), research into the outcomes of
dCBT-l on insomnia and the associated clinical conditions of depression and anxiety have been limited. The PubMed, PsycINFO

(Ovid), Embase, and Cochrane databases were searched for randomized controlled trials (RCTs) on adult patients with insomnia also
having reported measures of depressive or anxiety symptoms. In total, 2504 articles were identified after duplicate removal, and 22
RCTs were included in the final meta-analysis. At the post-treatment assessment, the dCBT-I group had a small to moderate effect in
alleviating depressive (standardized mean difference (SMD) = —0.42; 95% Cl: —0.56, —0.28; p < 0.001; k = 21) and anxiety symptoms
(SMD = —0.29; 95% Cl: —0.40, —0.19; p < 0.001; k= 18), but had a large effect on sleep outcome measures (SMD = —0.76; 95% Cl:

—0.95, —0.57; p < 0.001; k= 22). When considering treatment adherence, the treatment effects of those in the high adherent
groups identified a more robust outcome, showing greater effect sizes than those in the low adherent groups for depression,
anxiety, and sleep outcomes. Furthermore, additional subgroup analysis on studies that have used the fully automated dCBT-I
treatment without the support of human therapists reported significant treatment effects for depression, anxiety, and sleep
outcomes. The results demonstrated that digital intervention for insomnia yielded significant effects on alleviating depressive and
anxiety symptoms as well as insomnia symptoms. Specifically, the study demonstrated significant effects on the above symptoms
when considering treatment adherence and implementing fully automated dCBT-I.
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INTRODUCTION

Insomnia is one of the most common sleep disorders, posing a
significant public health concern, with an estimated prevalence of
10-30% among adults in the general population’?. These
numbers are greater among patients, with reports estimating
69% prevalence among primary care patients>. Insomnia disorder
is defined by the Diagnostic and Statistical Manual of Mental
Disorders - IV (DSM-IV) as the complaint for difficulty in initiating
or maintaining sleep, or restorative sleep for at least 1 month®.
Such sleep disturbances may cause clinically significant distress or
impairment in social, occupational, or other areas of functioning.
Apart from fatigue, insomnia has also been associated mental
disorders, low work productivity, and cognitive impairment.
Despite its high prevalence and potentially severe consequences,
only a limited number of people seek treatment for insomnia®.
Depression and anxiety are the most common comorbid mental
disorders associated with insomnia which can also exacerbate the
sleep disorder®’. Recently, epidemiologic studies have reported
that insomnia predicts the development of major depression,
anxiety, and suicide. Various cross-sectional and longitudinal
research have presented insomnia to be associated with an
increased risk of mood and anxiety disorders as well as suicide.
Those with insomnia reported increased odds of depression and
anxiety as compared to those without®. Sleep disturbances are
detected among 90% of patients with clinical depression®, and
those with insomnia are ten times more likely to experience
clinical depression'®. As a result, insomnia can be considered a
subsequent risk factor for depression due to its bidirectional
relationship with depression. Likewise, insomnia is also the most
prevalent sleep disturbance associated with anxiety disorders as

poor sleep quality has been found among adults with anxiety
disorders. In the Diagnostic and Statistical Manual for Mental
disorders, fifth edition (DSM-5), sleep disturbances are one of the
diagnostic criteria for generalized anxiety disorder, which is
characterized by excessive anxiety and worry about certain events
or activities. Moreover, studies have found generalized anxiety
disorder to be the most prevalent psychiatric diagnosis among
patients with insomnia, thus presenting as a significant comorbid
disorder'".

Cognitive behavioral therapy for insomnia (CBT-I) has been an
effective non-pharmacological treatment for insomnia. It is a
multi-component, evidence-based treatment and is considered
the first-line approach including cognitive restructuring, sleep
restriction, stimulus control, sleep hygiene education, and
relaxation'*'>. Due to the association between insomnia and
depression, CBT-l has been viewed an effective approach for
managing depression’®. A systematic review of CBT-l to treat
depression revealed CBT-l as a promising treatment for depression
comorbid with insomnia, with in-person CBT-I delivery having the
most supporting evidence in its efficacy among 18 studies that
included CBT-l, prescription medication or sleep hygiene as its
treatment methods™. In addition, study findings suggest that
insomnia improvement from CBT-l may also mediate the
reduction in depressive symptoms. Likewise, in addition to
depression, CBT-I demonstrated moderate to large effect sizes
for generalized anxiety disorder symptoms'>. These findings
indicate that CBT-l is not only effective for treating insomnia
and sleep-related disorders but also for treating comorbid mental
disorders including depression and anxiety.
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Fig. 1 PRISMA flow diagram. Search and study selection process.
Whilst such a traditional approach of CBT-l has been proven
effective, there are certain limitations of this therapeutic method
including the lack of therapists, time and geographical limitations,
and high costs. With the advent of technology, digital CBT-I (dCBT-
1), which is the implementation of technology in computers, the
internet, smartphone applications, and other devices in healthcare
service have been developed and researched over the last
decade'>'®. dCBT-I programs are not only structured with the
main key components of CBT-l but also provide additional levels
of personalized support to enhance user engagement, including
the use of email reminders, alerts, etc. Furthermore, dCBT-| users
can evaluate their sleep status through online sleep diaries,
questionnaires, or syncing with other devices such as wrist-worn
actigraphs, to track certain sleep patterns and collect the
ecological momentary assessment. A meta-analysis found that
internet-based CBT-I had significantly improved insomnia severity
and sleep parameters in addition to comorbid factors of
depression and anxiety, maintaining such improvements at a
6-month follow-up. According to these results, dCBT-l is an
effective treatment alternative for insomnia, both in terms of
clinical effectiveness and positive user satisfaction whilst also
demonstrating that the treatment was effective in improving
comorbid anxiety and depression with a mild strength'2.
However, despite the research on the effects of dCBT-I, further
investigations are needed to evaluate the outcomes of dCBT-I on
insomnia and the comorbid factors depression and anxiety, as
only a small handful of studies were included in the previous
meta-analysis'’. Furthermore, the implications of the treatment
adherence and the effects of therapist’s involvement when using
such treatment methods has received relatively little attention'®.
Thus, the current meta-analysis aimed to assess the effects of
dCBT-I on depression and anxiety symptoms as well as insomnia
and other sleep parameters, including total sleep time (TST), sleep
efficiency (SE), sleep onset latency (SOL), and wake after sleep
onset (WASO) by pooling published randomized control trials
(RCTs). This would assist in determining the efficacy of dCBT-I on
insomnia as well as the most typical comorbid factors, depression
and anxiety, with in consideration of adherence rates and in-
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person involvement of the therapists. Furthermore, adherence
rates must be taken into account to establish whether an outcome
is related to a certain treatment'®. Whilst there are various studies
that investigate mobile health (mHealth) devices supporting
patients and healthcare systems for medication adherence?®?', a
robust definition of adherence rate in actual treatment methods
delivered using mHealth technology is currently absent. A review
of mHealth technology identified adherence can be measured in
various methods such as the number of logins, completed
modules, pages viewed and completed self-reported measures?2.
Others also suggested the usage time of these devices®.
Following these prior studies and their definitions of mHealth
technology adherence, we have defined adherence based on the
percentage of participants who had fully completed the provided
dCBT-I sessions.

RESULTS

Study flow

The flow of study selection is presented in the PRISMA flow
diagram (Fig. 1). A total of 2504 articles were identified after
duplicate removal, of which, 73 articles were assessed for full-text
review. A final sample of 22 RCTs was included in the meta-
analysis.

Study characteristics

The characteristics of the 22 studies included in the meta-analysis
are described in Table 1. The meta-analysis included a total of
10,486 participants, of whom 5494 were randomized to the dCBT-|
group, with a median study size of 111 participants (range
21-3755 participants). The overall mean age of dCBT-I and control
groups was 43.8+8.7 years and 43.6+8.3 years, respectively.
Participants in control conditions received active interventions
including sleep education or general health education (not
specifically targeting sleep), or passive controls including treat-
ment as usual and wait-lists. All studies used a parallel design, with
20 studies using two-arm ftrials and two studies using three-arm

Published in partnership with Seoul National University Bundang Hospital



npj

S. Lee et al.

(L'€1) 'SP -IM

4D 'LHS (am ‘ny (L'€EL) S'8€ 4y
SAvH a-sid 3S USL ISl REEL 4l 9 ‘IHS ‘34 Ad  119DP) swue 3jjeted € (L'vL) Tl LGP (L°L8) 06 SPUelidYIdN 910C  |gle 38 3due]
(LL€EL) 86'6F 1IM
710S ‘OSYM 4D IHS (M "1195P) (LEVL)
SAvH a-sid ‘35S USL IS EEL4E 9 ‘1YS ‘34 Id swue |3|eled ¢ LY Ly 119Dp (r'64) €9 SPUBIBYISN  SLOT  “ool® 32 @3Due]
34 IHS (IM 119Dp) (£°11) ¥'28 M
¢-avo 6-OHd 10Sd ‘ISI EELNE 9 4D DS 14S swie [3|esed ¢ (Z'LL) §°TS 1LEDP (998) 0Ly  wopbuly pauun  0Z0Z “65l® 39 DA
(ov'zt)
YT'SY ‘NVL
(zgL1)
(NYL ‘NVL + 14S 65°9% ‘14S
dY ‘IHS ‘N¥L + 1DW) (el Liey
- A-sav 3S 105d ‘ISI S}oam 8 8 ‘4D ‘34 "L¥S ‘Ad swue |3)jesed ¢ 119op (€'89) ¥OL PUBLSZUMS  610T  “ggl® 10 4963y
(L1'v) 9L'6T
:uonednpa
(uonesnpa da9|s |eubip
JHS ‘Y daays |eubip (16'82) "s6l® 3®
- sSad3l 10Sd ‘ISI M £ 9 ‘Id "dD DS ‘L¥S 119Dp) suue [9jjesed ¢ 16'8C :119DpP (ool) L6 S9Je1S pavun  0zoT Yoequijey
(L'9) L'8S
dd (3d 3unuo ‘dd suljuo
1d1S a-sid ISI REEL 4l 9 ‘YD '3IHS DSLYS 119Dp) suue [9jjesed 7 (€9) 9'8S :11EDP (0) £8 ellesny 610  ‘g¢le 19 191Z0|D
(0v) T€E ‘NVL
JHS ‘Y (NVL ‘119DP) (8€°€) 06'€E
£-aVvD Sad3l 3S 10Sd ‘ISI S}99M 01 9 4D DS “1YS swue |3)jeled ¢ 1149op (0ol) 80T S9Je1S PAUUN  0TOT  “ogl® 32 I9PIS
I ‘IW “3HS ‘Id (NVL ‘119DP) (9°2) 9%T :NVL ‘gl® 39
£-aQvO 6-OHd ISI REELYE 9 ‘YD '3Y DS LYS swue [3|esed ¢ (£'£) 8T 1LEDP (€'14) 55L&  wopbuly pauun /10T uewaaiy
3HS ‘3d ‘Id (3HS 119DP)  (9°€L) L'LY 1AHS
£-aQvO 6-OHd 12S YoM 8 9 ‘¥4D '3y DS LS swue d|jesed z  (6°€L) '8 :119DP (£24) 111 wopbury pauun  610T "ysl@ 19 B1ds3
(rel)
1S ¢ :ogadeld
paydlew
-uonusne
(ogede|d paysiew auluo
dd ‘IHS -uonusne auljuo (VAN 4Y) ‘el® 39
£-QvO 6-OHd ISI S}oam 9 9 ‘4D 'DS ‘LYS  ‘1L8Dp) swue [9jjesed ¢ S6°CY :1190pP (S€L) 677LL ejleisny  910¢ uasuaisuyd
(1'sl) /sy
(uonesnps :uonedNpPa
JHS ‘34 doa3js auljuo dag|s sulup
- Ne[le] EEL W4l 9 ’Id "dD DS ‘LYS 119Dp) suue [9jjesed 7 (8'SL) S 1LEDP (6'8£) S8€L S91e1S PANUN  8LOT  “zcle 33 Busayd
JHS ‘Y (Im "119Dp) (65°S) €°€€ “IM
¢-avo C-OHd 12S S}oom 8 9 4D DS '14S swie [3|esed ¢ (LH'9) 6°€€ 1LGDP (€°€€) 04T wopbuly pauun  9L0T ¢ 19 >d01s0g
dd ‘34 ‘4D (192D “1190pP) (991) 9°TS 190D
- S-S4avw 70S ‘35S 1SL 1S S}oam 8 8 ‘IHS DS "LHS swie [3|esed ¢ (Z'0L) L'9S :1LGDP (6°LY) 8¥ uspams  §10¢ ‘osl® 39 Wo|g
(88'6) 66°LE
:uofesnpa dag)s
10Sd “10S DS ‘14S (uonednps dasys (SP'EL)
SAvH SAVH ‘OSVM ‘IS “ISLIISI REELYE 9 ‘YD ‘3 ‘IHS  ‘119DP) swue |3)jeled ¢ LE'8€ 1119DpP (¥'8S) 0ZE uell 0Z0T ‘gle 39 Nsioyy
OSVM 10S (NVL ‘1192P) (#'olL) 0S ‘NVL ‘gpl® 39
£-aQvO 6-OHd ‘35S USL IS S}SdM 016 9 3HS 4D DS LS swue [dlesed (2°0L) €F “119DP (9'8¢) 8¢ s9lels panun /10T Buewakby
JusWIBINSeaW JusWBINSeaW JUSWISSISSE [CIUEE]
JudWIDINSeaW swodino swodino -3sod  suolIssas sjusuodwod (@s) steak %) 9IS
awodIno A1aIxuy uoissaidag eluwosu|  jo julod awi] Jo "ON 119Dp ubisap Apnis ‘obe ues|y  o|dwes [erlo| Alunod  Jesp Joyiny
'S21pn1s papn|oul 3yl Jo sdlsuIdeIRYD Alewwng  °L 3jqe]

npj Digital Medicine (2023) 52

Published in partnership with Seoul National University Bundang Hospital



S. Lee et al.

npj

ejuwosu| [/ ‘9|eds bulrey uolssaidag uoyiweH g-WyH ‘9|eds uoissaidag pue A1aixuy jeydsoH sgyH ‘xapuj 1edw| das|s mobsen jjso ‘Adelay) |etoiaeyaq .

1SII-Mem A4 ‘lensn se jJuswiean Ny ‘Adessyl uonduisas das|s |Ys ‘A1o01usAu| All[eUOSIDd 1lel] 91e1S [4LS “Qudwabeuew ssais /s ‘Bulioyuow
Kieip daajs s ‘uoniesnpa aualbAy das|s FHS ‘Aouaidyyd daa)s 3 1oedipu] uonipuod daals (DS ‘|0JIUod sniNWS DS ‘uoiuanald asde|ay 4y ‘uonexe|al Psnw dAIssalboid se yons ‘sanbjuyday uonexe|ay 3y ‘1oday
419S — ABojowoyrdwAs uoissaidaq Jo A1o1usau| YIIND SID ‘Xapul Aljend des|s ybingsid /DS ‘UOIUIUI [eDIXOPRIRY |4 ‘D11eUUoisaND YijesH Jualled DHJ ‘UolednpaoydAsd J4 ‘Uolielpaw Jo/pue ssaujnpully
W ‘paitel §195-8jeds Buney uoissaidag biaqsy A1swobiuow S-syayw ‘ajeds buney uoissaidaq b1aqsy A1awobiuop syayw ‘wuswiealy papinb paseq-1auidiul Jusuodwodniy DK ‘Areuibew pyj ‘xapul A111aAas

60> dnoug jgHo “splosiq A1BIXuy pazijelausn

@yD ‘90e}-01-30€} J)J ‘9|eDS UOIssaIdaq [e1eulIsod Ybinquipg Sdd7 ‘Buninidniisas aaniubo) Yo ‘ojeds uolssaidaq saipnis |edibojolwapid] 4oy 4S1us) g-S3D ‘Alousanul woldwiAs Jaug sy Jo ojedsqns A1BIXUY v-Sg
‘uonIpPa puodas ‘A10jusAul uoissaidap X299 Jj-/gg ‘Aioluanul A13IXuy Xd9g [ig ‘O|eds uolssaidag sa1pnis [ed1bojolwaplid] 1o 191U 9Y) JO UOISIIA 1I0YS URWIDD 3Y) ‘Wiojzniyj-e|exs-suolssaidag suswab||y y-sgy

4D ‘34 DS (M “1190p)  (6°LL) L'0S “TM “sol® 3
SAvH a-s3> 3S “10S “1S1 10Sd Sodm 9 9 ‘1HS ‘IHS ‘Id swue 3)jered ¢ (8'€L) £'8F :1LEDP (€'02) 811 SpuelidYIdN 10T usjens uea
(Lo'9lL) ¥'6v :NVL ‘gol® 19
OSYM “10S 34 dYd 4D (NVL ‘119DP) (£2°S1) Spisamz
SAvH SAvH ‘IS “ISL IS S}oom 8 S JS “1YS ‘IHS swue [3|jeted ¢ £'1S 1189D0p (6'79) vEL SpuUeIBYIdN  0Z0T I9p uea
(£0°SL) 6T°9F ‘NS ‘gol® 19
10S ‘OSYM dd ‘4D ‘3 (WS "119Dp) (crel) Spisamz
SAvH 6-OHd ‘IS “ISL IS SISdM 6 S ‘DS "dS ‘IHS swue [3|jeted ¢ Y9'vP 119DpP (£'18) vOL SPuUeIdYIdSN  610C I9p uea
(§°5) oSt
JHS ‘WD (uoneonpa das|s :uonednpa das|s
£-avO SHAv ISI SHdM 6 8 1S ‘DS ‘L¥S  ‘118Dp) suue [9jjesed 7 (8'S) 6'6 1LEDP (£'99) LT USP3MS  LZ0T "ol 39 USIAS
(el oy
JHS ‘34 (uoneonps das|s :uonednps das|s
Ive - 70S ‘LSL IS SHSdM £ 9 ‘Id 4D DS UHS ‘118Dp) swue |lesed 7 (Z'TL) T'ES LEDP (529) 1T s9lels payun  S10T ‘eol® 19 1€YI1d
(9£9) 6T°SE
:uonesnpa das|s
Id 'L4S (uonednpa dasjs (189) LT'9E
SAvH SAvH ISI EELNE 9 ‘4D ‘Y ‘DS ‘IHS 119DP) swue |3|jesed ¢ 11ddp (8'SS) TLE uel|  0zoT “zol® 32 pleny
(S0°02) Y0¥y “IM
70S ‘OSYM 4D dY ‘IHS (M "118Dp) (Le'LL)
Apixuy-1sg 1-1ag ‘35S USL IS YoM 9 9 ‘34 DS "LHS ‘Ad swue |3)jeled ¢ C/L'Ly 1180p (9'69) 95 puepazums 6107  “y¢le 19 Zualol
jusWINSeaW JusWAINSeaW JUSWISSISSE (9]ewa4
1JudWIRINSEIW swodino swodino -3sod  suolIssas sjusuodwod (@s) steak %) 9IS
awodIno A1vIxuy uoissaidag ejuwosu|  jo juiod awi] 4O "ON 119Dp ubisap Apnis ‘sbe ues|y  9|dwes [erlo| Anuno)  Jesp Joyiny

p=snuiuod | a|qel

Published in partnership with Seoul National University Bundang Hospital

npj Digital Medicine (2023) 52



trials. For treatment groups, the dCBT-I therapy sessions ranged
between 5 and 8 sessions with an average of 6.18 sessions across
the included studies. The studies were mostly conducted in
Europe (n=13) and the United States (n=75). Baseline mean
depression scores from measurements indicated 11 studies
included participants with subthreshold symptoms of depression,
1 study included participants with clinically significant depression
symptoms, and 9 studies with participants having no depression
symptoms. Baseline mean anxiety scores from measurements
indicated 9 studies included participants with subthreshold
symptoms of anxiety and 7 studies with no anxiety symptoms.
One study used anxiety measurement that did not provide a cut-
off score for interpretation®*. By providing only mean difference in
anxiety, it was difficult to obtain baseline mean anxiety scores in
the study conducted by Glozier et al?®. Furthermore, among the
22 studies included, 12 reported completion rates for dCBT-I
sessions, with the average completion rate of 59.73%.

Risk of bias

The risks of bias for the included studies were assessed using the
Cochrane Risk of Bias tool - version 2%° and the results are
presented in Supplementary Fig. 1. The overall risk of bias was low
for 8 studies, moderate for 10, and high for the remaining
4 studies across five domains. A significant risk of bias was
detected from the measurement of the outcome domain,
predominantly due to studies utilizing self-rating questionnaires
as their primary outcomes. Furthermore, blinding of participants
and research personnel may have also contributed to deviations
from the intended intervention.

Treatment effects

Depression measures. Twenty-one out of 22 studies reported the
severity of depressive symptoms. The outcome measures of
depressive symptoms varied across studies including Center for
Epidemiologic Studies Depression Scale (CES-D), Patient Health
Questionnaire-9 (PHQ-9), Patient Health Questionnaire-2 (PHQ-2),
Edinburgh Postnatal Depression Scale (EPDS), Allgemeiner
Depressions-Skala (ADS-K), Montgomery-Asberg Depression Rat-
ing Scale (MADRS), Hospital Anxiety and Depression Scale-
Depression (HADS-D), Beck Depression Inventory (BDI-ll), and
Quick Inventory of Depressive Symptomatology (QIDS). At the
post-treatment assessment, we found a small to moderate effect
favoring dCBT-l (Fig. 2; Standardized Mean differences (SMD) =
—0.42; 95% confidence interval (Cl): —0.56, —0.28; p <0.001;
k= 21). The statistical heterogeneity in effect sizes among studies
was high (? =81.79; Q = 109.85; df = 20; p < 0.001).

Anxiety measures. Eighteen out of 22 studies reported the
severity of anxiety symptoms. The outcome measures of anxiety
symptoms varied across studies including General Anxiety
Disorder-7 (GAD-7), General Anxiety Disorder-2 (GAD-2), Hospital
Anxiety and Depression Scale-Anxiety (HADS-A), Brief Symptom
Inventory-Anxiety (BSI-Anxiety), and Beck Anxiety Inventory (BAI).
For anxiety symptoms at the post-treatment assessment, we
found a small to moderate effect favoring dCBT-I (Fig. 3;
SMD = —-0.29; 95% Cl: —0.40, —0.19; p<0.001; k=18). The
statistical heterogeneity in effect sizes among studies was high
(P =57.75; Q=40.24; df = 17; p < 0.001).

Sleep measures. The sleep outcome measures varied across
studies and included Insomnia Severity Index (ISI), Sleep Condition
Indicator (SCI), and Pittsburgh Sleep Quality Index (PSQI). Where
available, ISI was chosen for the main sleep outcome measure-
ment. All but three studies used ISI as an outcome for insomnia
severity. These studies were Bostock et al. (2016), Espie et al.
(2019) and van Straten et al. (2014). Among the three remaining
studies, two studies used the SCI, while one study used the PSQlI
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measure. For the severity of insomnia post-treatment, we found a
large effect favoring dCBT-I (Fig. 4; SMD = —0.76; 95% Cl: —0.95,
—0.57; p<0.001; k=22). The statistical heterogeneity in effect
sizes among studies was high (P =90.59; Q=223.04; df=21;
p <0.001). In studies including only ISI, we found a large effect
favoring dCBT-l (Supplementary Fig. 3; SMD = —0.81; 95% ClI:
—0.97, —0.65; p < 0.001; P =79.51; k=19).

For sleep diary outcomes, the effect was significant with a
moderate to large effect size for SE (Fig. 4, SMD = 0.53; 95% Cl:
0.28, 0.78; p < 0.001; P =68.91; k=9), SOL (Supplementary Fig. 2;
SMD = —0.65; 95% Cl: —1.14, —0.15; p=0.01; /> =89.00; k= 8)
and WASO (Supplementary Fig. 2; SMD = —1.48; 95% Cl: —2.76,
—0.20; p=0.03; » =97.17; k=15), while the effect was significant
with a small effect size for TST (Supplementary Fig. 2; SMD = 0.26;
95% Cl: 0.04, 0.50; p = 0.02; * = 53.03; k=9).

Sensitivity analysis

Sensitivity analysis was conducted by removing two studies
including participants with medical comorbidities (cancer and
epilepsy) and one study with major depressive disorder. After
excluding the studies, robust treatment effects of dCBT-I were
demonstrated for depression (Supplementary Fig. 4, SMD = —0.41;
95% Cl: —0.56, —0.25; p<0.001; >=83.36; k=18), anxiety
(Supplementary Fig. 5; SMD = —-0.30; 95% Cl: —0.40, —0.19;
p<0.001; P=58.17; k=15) and sleep (Supplementary Fig. 6;
SMD = —0.74; 95% Cl: —0.95, —0.53; p < 0.001; > =91.40; k= 19)
outcomes. When sensitivity analysis was performed after exclud-
ing 4 studies with high risk of bias, the treatment effects were
robust for depression (SMD = —0.40; 95% Cl: —0.55, —0.25;
p<0.001; >=83.84 k=18), anxiety (SMD=—029; 95% ClI:
—0.41, —0.18; p=0.001; > =65.13; k= 14), and sleep outcomes
(SMD = —0.74; 95% Cl: —0.95, —0.53; p < 0.001; > = 91.86; k= 18).

Subgroup analysis

Treatment adherence. Additional subgroup analysis was per-
formed on 12 studies that reported the number of participants
who completed the dCBT-l sessions. To compare the effect of
treatment adherence, we divided 12 studies into two groups: (1)
high adherent group with >65% of dCBT-I completers; (2) low
adherent group with <65% of dCBT-I completers. The treatment
effects of the high adherent group were significant for depression
(SMD = —0.60; 95% Cl: —0.72, —0.47; p < 0.001; > =0.00; k=5),
anxiety (SMD = —0.32; 95% Cl: —0.61, —0.02; p = 0.03; I = 38.58;
k=4) and sleep outcomes (SMD = —1.12; 95% Cl: —1.30, —0.95;
p<0.001; P=15.17; k=15). See Fig. 5 for the detailed results of
this analysis. For the low adherent group, the treatment effects
were also significant but effect sizes were smaller than those in
adherent groups for depression (SMD = —0.35; 95% Cl: —0.57,
—0.14; p=0.001; P = 88.71; k = 7), anxiety (SMD = —0.28; 95% Cl:
—0.45, —0.11; p=0.001; P =82.34; k=6), and sleep outcomes
(SMD = —0.69; 95% Cl: —1.05, —0.34; p < 0.001; P =95.82; k=7).

Effects of fully automated dCBT-l. The additional subgroup
analysis was performed on 14 studies using fully automated
dCBT-I without support of human therapists. The treatment effects
of the fully automated dCBT-I were significant for depression
(SMD = —0.43; 95% Cl: —0.61, —0.26; p < 0.001; > = 88.14; k= 13),
anxiety (SMD = —0.29; 95% Cl: —0.41, —0.17; p = 0.001; I* = 68.46;
k=12), and sleep outcomes (SMD = —0.81; 95% Cl: —1.04, —0.59;
p <0.001; > =92.69; k= 14). The detailed results of this analysis
are presented in Supplementary Fig. 7.

Publication bias

Visual inspection of funnel plots, (Supplementary Fig. 8 for sleep
outcome, Supplementary Fig. 9 for depression, and Supplemen-
tary Fig. 10 for anxiety) and Egger’s tests for asymmetry in funnel
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Study Name )  Statistics for Each Study Sample Size Std Difference in Means and 95% CI Relative Weight
SMD SE Variance Lower Limit Upper Limit z-value p-value Intervention Control
Agyemang et al. (2017) -0.463 0.383 0.147 -1213 0.288 -1.208 0.227 14 14 — 233
Ahorsu et al. (2020) -0.719 0.115 0.013 -0.945 -0.493 -6.232 0.000 160 160 - 6.04
Blom et al. (2015) -0.107 0.298 0.089 -0.692 0478 -0.360 0.719 22 23 317
Bostock et al. (2016) 0.062 0.137 0.019 -0.207 0331 0452 0.651 98 116 5.67
Cheng et al. (2019) -0.624 0.080 0.006 -0.781 -0.467 -7.786 0.000 358 300 E 6.59
Christensen et al. (2016) -0.697 0.086 0.007 -0.866 -0.527 -8.068 0.000 248 333 E o 6.50
Espie et al. (2019) -0.019 0.064 0.004 -0.144 0.106 -0.292 0.770 468 517 6.80
Felder et al. (2020) -0.386 0.148 0.022 -0.677 -0.095 -2.601 0.009 91 94 —— 547
Freeman et al. (2017) -0.435 0.048 0.002 -0.529 -0.341 -9.088 0.000 733 1142 | | 6.96
Glozier et al. (2019) -0.202 0232 0.054 -0.656 0253 -0.869 0.385 40 35 —— 4.07
Kalmbach et al. (2020) -0.012 0211 0.044 -0.426 0.401 -0.059 0.953 46 44 —— 4.40
Krieger et al. (2019) -0.432 0222 0.049 -0.867 0.003 -1.945 0.052 34 53 —— 422
Kyle et al. (2020) -0.574 0.112 0.012 -0.792 -0.355 -5.137 0.000 155 181 - 6.11
Lancee et al. (2015) -0.482 0.281 0.079 -1.033 0.068 -1.718 0.086 32 22 ——t 339
Lancee et al. (2016) 0.023 0.238 0.057 -0.444 0.489 0.095 0.924 26 55 —— 3.98
Lorenz et al. (2018) -0.431 0.281 0.079 -0.982 0.119 -1.536 0.124 25 27 —— 339
Majd et al. (2020) -0.943 0.119 0014 -1.177 -0.709 -7.901 0.000 156 156 - 5.98
Sveen et al. (2021) -0.166 0.501 0.251 -1.147 0.816 -0.330 0.741 8 8 1.57
van der Zweerde et al. (2019) -0.839 0218 0.047 -1.266 -0.413 -3.857 0.000 45 47 —i— 430
van der Zweerde et al. (2020) -0.378 0.220 0.048 -0.809 0.054 -1.716 0.086 43 41 —— 425
van Straten et al. (2014) -0.444 0.186 0.035 -0.809 -0.079 -2.382 0.017 59 59 —— 481
Overall random effects model -0.418 0.071 0.005 -0.557 -0.278 -5.878 0.000 <
-2.00 -1.00 0.00 1.00 2.00

Favors dCBT-I Favors Control

Fig. 2 The effect of dCBT-I on depression. Forest plot of studies reporting the effect of dCBT-I on depression.

Statistics for Each Study Sample Size
Study Name st ey ple Stz Std Difference in Means and 95% CI Relative Weight

SMD SE Variance Lower Limit Upper Limit z-value p-value Intervention Control
Agyemang et al. (2017) 0.114 0.378 0.143 -0.627 0.856 0.302 0.763 14 14 _— 1.68
Ahorsu et al. (2020) -0.513 0.114 0.013 -0.735 -0.290 -4.512 0.000 160 160 —- 8.06
Bostock et al. (2016) -0.141 0.137 0.019 -0.410 0.128 -1.025 0.305 98 116 — 6.87
Christensen et al. (2016) -0.522 0.085 0.007 -0.690 -0.355 -6.127 0.000 248 333 E 9.64
Espie et al. (2019) -0.014 0.064 0.004 -0.139 0.111 -0.224 0.823 468 517 10.85
Felder et al. (2020) -0.405 0.149 0.022 -0.696 -0.114 -2.724 0.006 91 94 —— 6.36
Freeman et al. (2017) -0.313 0.048 0.002 -0.407 -0.220 -6.579 0.000 733 1142 | | 11.67
Glozier et al. (2019) -0.019 0215 0.046 -0.439 0.402 -0.088 0.930 45 42 4.10
Kyle et al. (2020) -0.346 0.110 0.012 -0.562 -0.129 -3.134 0.002 155 181 - 824
Lancee et al. (2015) -0.393 0.280 0.078 -0.941 0.155 -1.405 0.160 32 22 —_— 278
Lancee et al. (2016) -0.191 0.238 0.057 -0.659 0276 -0.803 0.422 26 55 — 353
Lorenz et al. (2018) -0.320 0279 0.078 -0.868 0.227 -1.147 0252 25 27 — 278
Majd et al. (2020) -0.311 0.114 0.013 -0.534 -0.088 -2.730 0.006 156 156 - 8.04
Pillai et al. (2015) -0.210 0435 0.189 -1.062 0.642 -0.482 0.630 13 9 132
Sveen et al. (2021) 0215 0.501 0251 -0.768 1.198 0.429 0.668 8 8 1.01
van der Zweerde et al. (2019) -0.521 0212 0.045 -0.936 -0.105 -2.456 0.014 45 47 — 417
van der Zweerde et al. (2020) -0.053 0218 0.048 -0.481 0.375 -0.243 0.808 43 41 4.01
van Straten et al. (2014) -0.526 0.187 0.035 -0.893 -0.159 -2.810 0.005 59 59 —— 4.90
Overall random effects model -0.294 0.053 0.003 -0.397 -0.191 -5.593 0.000 O
-2.00 -1.00 0.00 1.00 2.00

Favors dCBT-I Favors Control

Fig. 3 The effect of dCBT-I on anxiety. Forest plot of studies reporting the effect of dCBT-I on anxiety.

plots were used to estimate publication bias. The Egger's tests
were not significant for depression (t=0.03, df =19, p=0.98),
anxiety (t=0.02, df =16, p=0.98), and insomnia (t=0.63, df =
20, p = 0.54), indicating no significant publication bias.

DISCUSSION

The current meta-analysis aimed to assess the efficacy of dCBT-I
and examine the impact of adherence to dCBT-l on treatment
outcomes of depressive and anxiety symptoms, and sleep
disorders. By pooling the data obtained from eligible RCTs, our
results demonstrated that digital intervention for insomnia yielded
significant effects at post-treatment as compared to control
conditions on alleviating depressive and anxiety symptoms as well
as insomnia symptoms, SE, TST, SOL, and WASO.

The results were comparable to the findings reported in the
previous meta-analysis examining the effects of dCBT-I on
depression and anxiety, which showed small to moderate effects
on depression and anxiety?”. However, the previous study was
limited by the relatively small number of available studies (10
RCTs). With a substantially larger sample size of 22 RCTs, this
updated meta-analysis further supported the efficacy of dCBT-I.
Furthermore, we extended the findings of the meta-analysis
conducted by Ye et al, by demonstrating that fully automated
dCBT-l interventions without the support of human therapists, are
also effective for improving conditions of depression and
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anxiety'2. One previous study demonstrated a fully automated
dCBT-l integrated into an existing UK-based clinical service,
demonstrating its effectiveness in alleviating depression, anxiety,
and insomnia?®, Given that published trials on the automated
dCBT-l implementations in real-world environments are scarce, the
potential effects of a fully automated version of dCBT-I for people
with depression or anxiety warrant further evaluation.

Although the pooled effect of dCBT-I on depressive and anxiety
symptoms is small to moderate, there was considerable hetero-
geneity in the magnitude of the effects observed. This hetero-
geneity is comparable to previous research?® and expected given
the diversity of participants recruited, outcome measures, the
delivery format of CBT-I, and baseline severity levels of depression
and anxiety in the included studies. The effects of dCBT-I
interventions on depression and anxiety symptoms were relatively
robust after removing the three studies that included participants
with mental or medical comorbidities. Considering that the
majority of the studies included in this meta-analysis had
subclinical depression and anxiety samples, this suggests that
dCBT-l interventions are beneficial in reducing subclinical depres-
sion and anxiety symptoms. Whilst dCBT-lI is developed for
insomnia treatment, current findings suggest that dCBT-I has the
capability for an effective supplementary therapy beyond its
current potential.

Apart from the mitigation of depression and anxiety symptoms,
the improvement in insomnia severity in this study is generally
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Statistics for Each Study Sample Size N . o . .
Study Name SMD SE Variance Lower Limit Upper Limit z-value p-value Intervention Control Std Difference in Means and 95% CI Relative Weight
Sleep Outcome
Agyemang et al. (2017) 1.340 0418 0.175 -2.159 -0.520 -3.203 0.001 14 14 2.84
Ahorsu et al. (2020) -1.077 0.120 0.014 -1.312 -0.843 -9.003 0.000 160 160 539
Blom et al. (2015) 0.255 0.299 0.090 -0.332 0.842 0.851 0.395 22 23 —r— 3.80
Bostock et al. (2016) 0.749 0.142 0.020 -1.027 -0.471 -5.279 0.000 98 116 522
Cheng et al. (2019) 1.021 0.083 0.007 -1.184 -0.858 -12.271 0.000 358 300 5.62
Christensen et al. (2016) 1.143 0.090 0.008 -1.320 -0.966 -12.650 0.000 248 333 - 558
Espie et al. (2019) 0.041 0.064 0.004 -0.166 0.084 -0.646 0.518 468 517 E 3 5.71
Felder et al. (2020) -0.799 0.153 0.023 -1.099 -0.500 -5.230 0.000 91 94 i 513
Freeman et al. (2017) 0.711 0.049 0.002 -0.806 0.615 -14.583 0.000 733 1142 | 3 577
Glozier et al. (2019) -0.395 0.234 0.055 -0.853 0.063 -1.690 0.091 40 35 —— 4.40
Kalmbach et al. (2020) 0.548 0215 0.046 -0.969 0.127 -2.551 0.011 46 44 —— 4.58
Krieger et al. (2019) 0.729 0.226 0.051 -1.171 -0.286 -3.228 0.001 34 54 1| 4.48
Kyle et al. (2020) 1.176 0.118 0.014 -1.408 0.944 -9.927 0.000 155 181 — 540
Lancee et al. (2015) -0.696 0.278 0.077 -1.241 -0.151 -2.502 0.012 36 22 —1— 3.99
Lancee et al. (2016) 0.145 0.238 0.057 -0.322 0.612 0.610 0.542 26 55 —— 4.36
Lorenz et al. (2018) -0.961 0.293 0.086 -1.536 -0.387 -3.279 0.001 25 27 E 385
Majd et al. (2020) 0.759 0.117 0.014 -0.988 0.529 -6.471 0.000 156 156 540
Pillai et al. (2015) -0.936 0.456 0.208 -1.830 -0.043 -2.054 0.040 13 9 2.59
Sveen et al. (2021) 0.100 0.486 0.236 -0.853 1.053 0.206 0.837 9 8 2.41
van der Zweerde et al. (2019) 1.533 0.237 0.056 -1.998 1.068 -6.463 0.000 45 47 —— 437
van der Zweerde et al. (2020) 1.181 0.237 0.056 -1.644 -0.717 -4.991 0.000 43 41 —— 437
van Straten et al. (2014) 1.059 0.197 0.039 -1.444 -0.673 -5.385 0.000 59 59 —1— 475
Overall random effects model 0.760 0.098 0.010 -0.953 0.567 7.722 0.000 <
-2.00 -1.00 0.00 1.00 2.00
Favors dCBT-I Favors Control
Sleep Efficiency
Agyemang et al. (2017) 1.034 0.402 0.162 0.246 1.823 2.570 0.010 14 14 —_— 6.55
Ahorsu et al. (2020) 0.166 0.112 0.013 -0.053 0.386 1.486 0.137 160 160 Hl— 15.81
Blom et al. (2015) 0.210 0373 0.139 -0.521 0.941 0.563 0.573 11 21 7.19
Felder et al. (2020) 0.570 0.150 0.023 0.276 0.864 3.800 0.000 91 94 —— 14.45
Lancee et al. (2015) 1.106 0.331 0.110 0.456 1.755 3.337 0.001 25 18 —_— 823
Lancee et al. (2016) 0.133 0.261 0.068 -0.645 0.378 -0.511 0.609 21 49 —— 10.36
van der Zweerde et al. (2019) 0.592 0213 0.045 0.175 1.010 2.780 0.005 45 47 —— 12.06
van der Zweerde et al. (2020) 0.529 0.199 0.040 0.140 0919 2.663 0.008 55 50 —— 12.59
van Straten et al. (2014) 0.950 0.194 0.038 0.570 1331 4.893 0.000 59 59 12.77
Overall random effects model 0.528 0.129 0.017 0275 0.781 4.086 0.000 < _1_>
-2.00 -1.00 0.00 1.00 2.00
Favors Control Favors dCBT-I

Fig.4 The effect of dCBT-I on sleep outcome and sleep efficiency. Forest plot of studies reporting the effect of dCBT-I on sleep outcome and

sleep efficiency.

Statistics for Each Study Sample Size . . . .
Study Name SMD SE Variance Lower Limit Upper Limit z-value  p-value Intervention Control Std Difference in Means and 95% CI Relative Weight
Depression
Agyemang et al. (2017) -0.463 0.383 0.147 -1.213 0.288 -1.208 0.227 14 14 293
Cheng et al. (2019) -0.624 0.080 0.006 -0.781 -0.467 -7.786 0.000 358 300 k3 66.81
van der Zweerde et al. (2019) -0.839 0.218 0.047 -1.266 -0.413 -3.857 0.000 45 47 -1 9.07
van der Zweerde et al. (2020) -0.378 0.220 0.048 -0.809 0.054 -1.716 0.086 43 41 — 8.85
van Straten et al. (2014) -0.444 0.186 0.035 -0.809 -0.079 -2.382 0.017 59 59 —_—— 12.35
Overall random effects model -0.595 0.066 0.004 -0.723 -0.466 -9.079 0.000 <
Anxiety
Agyemang et al. (2017) 0.114 0.378 0.143 -0.627 0.856 0.302 0.763 14 14 12.51
van der Zweerde et al. (2019) -0.521 0.212 0.045 -0.936 -0.105 -2.456 0.014 45 47 —a— 28.12
van der Zweerde et al. (2020) -0.053 0.218 0.048 -0.481 0.375 -0.243 0.808 43 41 27.19
van Straten et al. (2014) -0.526 0.187 0.035 -0.893 -0.159 -2.810 0.005 59 59 —— 32.17
Overall random effects model -0.316 0.149 0.022 -0.607 -0.024 -2.124 0.034 <
Sleep Outcome
Agyemang et al. (2017) -1.340 0.418 0.175 -2.159 -0.520 -3.203 0.001 14 14 ﬁ 4.15
Cheng et al. (2019) -1.021 0.083 0.007 -1.184 -0.858 -12.271 0.000 358 300 55.28
van der Zweerde et al. (2019) -1.533 0.237 0.056 -1.998 -1.068 -6.463 0.000 45 47 —e— 11.95
van der Zweerde et al. (2020) -1.181 0.237 0.056 -1.644 -0.717 -4.991 0.000 43 41 —— 12.02
van Straten et al. (2014) -1.059 0.197 0.039 -1.444 -0.673 -5.385 0.000 59 59 —a— 16.60
Overall random effects model -1.121 0.087 0.008 -1.291 -0.951 -12.917 0.000 <
-2.00 -1.00 0.00 1.00 2.00

Favors dCBT-I

Favors Control

Fig. 5 The effect of dCBT- among dCBT-I completers (>65%). Forest plot of studies reporting the effect of dCBT-l among dCBT-lI completers
with more than 65% of completion rate.

well in line with those reported in a previous meta-analytic review
of dCBT-l for insomnia severity, SE, TST, SOL, and WASO',
Nonetheless, a direct comparison with the meta-analysis con-
ducted by Soh et al. is difficult as they calculated the effect size as
mean differences’. This shows dCBT-l as an effective treatment
method, not just as an adjunct to pharmacological or psychother-
apeutic treatment for depression and anxiety.

Prior research has reported treatment adherence to be
positively associated with treatment effectiveness of technology-
mediated treatments®°. As an extension of this, our study
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investigated the effects of dCBT-I adherence on depression,
anxiety, and insomnia outcomes by considering the proportion of
the participants who completed all dCBT-I sessions. The effect
sizes for depression, anxiety, and insomnia severity were
comparatively greater in high adherent group although the
treatment effects were significant in low adherent groups as well.
This presents the adherence moderates the effect of the dCBT-I
intervention.

Nonetheless, previous research has identified that even the
most effective apps have minimal effect if these lack user
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engagement, resulting in a high attrition rate®'. The attrition-
efficacy gap needs to be settled especially for those requiring
sustained mental health treatment®?. The problem of high
dropout rates is especially true for fully automated dCBT-I
intervention without any support of human therapists**33, There-
fore, adherence-promoting features such as ease of use, rewards,
ability to personalize app, tailored interventions, social or peer
support in app, personalized feedback, and integration with
clinical services should be considered®*. Although there’s lacking
evidence in research comparing the differences between auto-
mated support and with or without human support, automated
reminders have increased enhanced adherence to treatment®.
The fears around security and privacy inherent to digital
interventions might be an additional factor in adherence and
attrition for some participants, therefore user safety should be
considered upfront®2, Furthermore, most studies showed various
methods to assess adherence, which make it difficult to compare
outcomes meaningfully, though adherence was most often
assessed by the degree of program completion®®. Therefore, a
standardized method for assessing adherence is required to
reliably predict the impacts of adherence on treatment outcomes.

Given that few of the studies included in the current review
involve participants with clinically significant level of depression
and anxiety symptoms, our result of significant effects favoring
dCBT-I could be seen as pertaining to patients with subthreshold
level of depression and anxiety symptoms. In a previous study of
internet-delivered CBT-l, when comparing the differences
between severe and low to mildly depressed patients, those with
severe symptoms more likely to benefit from human support of
reminding and encouraging patients by e-mail, while those with
low level of depressive symptoms were demonstrated to benefit
adequately regardless of the support®’. This indicates that the
addition of some guidance could be preferred depending on the
baseline severity of depression although fully automated inter-
vention increases scalability. Thus, further research is needed to
determine the role of symptom severity of depression and anxiety
for the effect of digital intervention.

This meta-analysis supports the efficacy of dCBT-l on insomnia
and subclinical symptoms of depression and anxiety symptoms.
The current study demonstrated small-to-moderate effect sizes,
which was consistent with prior meta-analyses conducted to
evaluate the effectiveness of cognitive behavior therapies for
depression, anxiety, and sleep disorders®. Studies have identified
mostly small to moderate effect when having treatment as usual
or pill placebo as the control condition®°. Henceforth, based on
these results the small-to-moderate effects of dCBT-l treatment
can be considered as a clinically meaningful outcome. This study
also demonstrated that fully automated dCBT-I interventions were
able to alleviate comorbid depression and anxiety symptoms with
insomnia. To the best of our knowledge, there haven't been earlier
studies conducting meta-analysis to investigate the treatment
effect of fully automated dCBT-I. Overall, the results demonstrate
greater effect sizes for patients utilizing fully automated dCBT-l, in
addition to the significant effects of treatment adherence.

This meta-analysis had some limitations. First, 12 out of
22 studies had a small sample size of <50 which could lead to
an overestimation of effect sizes. Second, due to the hetero-
geneity in the details reported, long-term outcomes were difficult
to evaluate between studies. Also, details regarding the baseline
severity of depression and anxiety of the participants were also
not clearly presented; therefore, it was difficult to identify
differences between the studies included. Further studies
especially inclusive of individuals with clinical depression or
anxiety should be explored. Finally, the control groups were not
consistent among the included studies comparing the dCBT-l
group intervention with the waitlist, treatment as usual, and
psychoeducation, implicating the heterogeneity of the analyses.
To explore and determine the effectiveness of dCBT-l, future
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research should first consider having a consistent control group in
addition to potentially comparing the dCBT-I with individual face-
to-face CBT-l interventions. Furthermore, whilst the current study
did not investigate the interaction effects between adherence
levels with the type of dCBT-l delivery, whether or not the
treatment delivery was fully automated, future studies may
consider this interaction effect in their research. The outcomes
may show a clinically meaningful interpretation regarding
adherence levels and the different types of dCBT-l treatment
delivery.

The results of our meta-analysis emphasize the need for CBT-I
by digital means in patients with depression and anxiety
symptoms. Since dCBT-I can be implemented globally, further
research is needed to provide sufficient clinical evidence of its
effectiveness, especially in the fully automated version in
comparison to the traditional methods of face-to-face CBT-I.

METHODS

Data sources and searches

This study was conducted in reference to the Cochrane Handbook
for Systematic Reviews of Interventions*® and reported according
to the Preferred Reporting for Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines*'. The review protocol was
prospectively registered on the International Prospective Register
of Systematic Reviews (PROSPERO), registration number:
CRD42022315203. There was no prior published protocol for the
current study. Furthermore, PubMed, Embase, PsycINFO, and
Cochrane databases were accessed to search for studies published
from inception to January 15th, 2022. Full search strategies are
attached in Supplementary Table 1.

Study selection

The following inclusion criteria were established for study
selection: (1) comprised adult patients aged >18 years; (2) have
been formally diagnosed or had self-reported symptoms of
insomnia defined by any edition of the DSM*?, International
Classification of Sleep Disorders*?, or International Classification of
Diseases;** (3) with reported measures of depressive or anxiety
symptoms; (4) involving a dCBT-I intervention delivered by digital
technology including computer, Internet and smartphone applica-
tions, alongside a control group with other interventions for
managing insomnia, active controls, waitlist, or participants who
underwent usual care; (5) adopted an RCT design. In the current
study, dCBT-I consisted of multimodal components with at least
one key cognitive strategy (cognitive restructuring) and one key
behavioral strategy (stimulus control or sleep restriction). Hence-
forth, only CBT-I methods were considered as treatment methods
for this study. Furthermore, as long as the main CBT-l treatment
methods were delivered via a digital device listed above, studies
with additional feedback interactions via online guidance, emails
and text messages were also considered to meet the selection
criteria. The two researchers (SAL, JWO) independently extracted
and reviewed the studies to consider their inclusion based on the
eligibility criteria. Duplicate articles were removed; titles and
abstracts were screened for study inclusion. Full texts of the
remaining studies were further reviewed. The two reviewers (SAL,
JWO) assessed inter-rater reliability using Cohen’s Kappa value,
keeping the researchers blinded to each other's decisions
throughout the review process. All authors discussed any
disagreement between studies and reached a consensus. The
inter-rater reliability of study selection was considered strong
(Kappa = 0.82).
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Data extraction and risk of bias assessment

Two authors (SAL, JWO) each extracted data from the included
studies. Details including title, authors, year of publication, study
design, number of dCBT-I sessions, and treatment duration were
extracted in addition to sample size, mean age of each
intervention, and control groups. Moreover, assessment tools
were used to evaluate the relevant study variables, and pre and
post-scores of both intervention and control groups were
extracted. Any discrepancies were resolved through discussion
among all authors.

The revised Cochrane risk of bias tool for randomized trials was
used by the two researchers, independently assessing the risk of
bias of each included study. Five different domains were assessed:
(1) randomization process; (2) deviations from intended interven-
tions; (3) missing outcome data; (4) measurement of the outcome;
and (5) selection of the reported result. The risk of bias was
assessed and reported as “low risk,” “some concerns,” or “high risk
of bias.” Again, any discrepancies in the results were discussed to
reach a consensus.

Treatment outcomes

Self-reported insomnia-related measures including 1SI, SCI, and
PSQI were evaluated in addition to various sleep diary outcomes
such as TST, SE, SOL, and WASO. Symptoms of depression were
measured using the CES-D, PHQ-9, PHQ-2, EPDS, ADS-K, MADRS,
HADS-D, and BDI-Il. Whereas, GAD-7, GAD-2, HADS-A, BSI-Anxiety,
and BAI were used to assess anxiety. These outcome measures
were used to determine the efficacy of dCBT-I delivery
approaches. Any missing information from the included studies
was obtained by contacting the original study authors via email.

Data synthesis and analysis

Statistical analyses were performed using Comprehensive Meta-
Analysis software (version 3; Biostat Inc., Englewood, New Jersey,
USA). SMDs with 95% Cls were reported for sleep diary measures,
insomnia, depression, and anxiety symptoms. The overall
between-group SMDs were calculated based on the differences
in the post-intervention outcome measures between the dCBT-I
intervention and control groups. Changes between baseline and
post-intervention were not evaluated. This is in accordance with
previous studies which have conducted analysis on between-
group comparison of post treatment values®®. Studies have
demonstrated analyzing SMDs of post scores only is less prone
to bias in comparison to utilizing the change value between
baseline and post means, hence advising to avoid pre-post effect
sizes in meta-analyses**%, A pairwise meta-analysis was per-
formed using the Der-Simonian and Laird random-effects model
to compare the treatment effect differences. Heterogeneity was
assessed using the Cochrane Q test with a statistical significance
of P < 0.05 and P statistics. Egger’s test was also used to assess the
potential publication bias.

Furthermore, subgroup analysis for the adherence of partici-
pants was performed. As per the aim of the study, adherence in
this analysis was defined as the percentage of dCBT-l treatment
module completers in each study included. Studies were divided
into those with high adherence in comparison to those with low.
Considering the variation of the participants’ treatment comple-
tion between the studies, a threshold value was determined based
on prior research into adherence to insomnia treatment. A meta-
analysis on the technology-mediated insomnia treatments found
user adherence reported in various forms, including self-report
measures and treatment program completion based on user login
frequency recordings®°. Approximately 41% of the participants
met the adherence criteria based on the submitted response of
self-report assessments, whilst user logs found 64% of participants
completed the required sessions. From the two measures, an
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average of 52% of insomnia patients had completed their
treatments and relevant self-report assessments. Another sys-
tematic review into the adherence of cognitive behavioral therapy
for insomnia reported a mean adherence rate of 65.5%*. Thus, in
line with these studies, the threshold value for the current meta-
analysis was set at 65%, whereby studies with more than 65%

participant who have completed the provided dCBT-I programs
were determined as high treatment adherent studies.

Reporting summary

Further information on research design is available in the Nature
Research Reporting Summary linked to this article.
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Data collected and used in this meta-analysis can be requested from the
corresponding author.

CODE AVAILABILITY

No custom code or mathematical algorithms were used this study.

Received: 12 October 2022; Accepted: 10 March 2023;
Published online: 25 March 2023

REFERENCES

1. Koffel, E. A, Koffel, J. B. & Gehrman, P. R. A meta-analysis of group cognitive
behavioral therapy for insomnia. Sleep Med. Rev. 19, 6-16 (2015).

2. Trauer, J. M. et al. Cognitive behavioral therapy for chronic insomnia: a systematic
review and meta-analysis. Ann. Int. Med. 163, 191-204 (2015).

3. Buscemi, N. et al. Manifestations and management of chronic insomnia in adults.
Evidence Report/technology Assessment (Summary) 125, 1-10 (2005).

4. Bell, C. C. DSM-IV: Diagnostic and Statistical Manual of Mental Disorders. JAMA
272, 828-829 (1994).

5. Bhaskar, S., Hemavathy, D. & Prasad, S. Prevalence of chronic insomnia in adult
patients and its correlation with medical comorbidities. J Fam. Med. Prim. Care 5,
780-784 (2016).

6. Ford, D. E. & Kamerow, D. B. Epidemiologic study of sleep disturbances and
psychiatric disorders. An opportunity for prevention. Jama 262, 1479-1484
(1989).

7. Mellinger, G. D., Balter, M. B. & Uhlenhuth, E. H. Insomnia and its treatment.
Prevalence and correlates. Arch. Gen. Psychiatry 42, 225-232 (1985).

8. Neckelmann, D., Mykletun, A. & Dahl, A. A. Chronic insomnia as a risk factor for
developing anxiety and depression. Sleep 30, 873-880 (2007).

9. Tsuno, N., Besset, A. & Ritchie, K. Sleep and depression. J. Clin. Psychiatry 66,
1254-1269 (2005).

10. Taylor, D. J. et al. Epidemiology of insomnia, depression, and anxiety. Sleep 28,
1457-1464 (2005).

11. Khurshid, K. A. Comorbid Insomnia and Psychiatric Disorders: An Update. Innov.
Clin. Neurosci. 15, 28-32 (2018).

12. Ye, Y. Y. et al. Internet-Based Cognitive Behavioral Therapy for Insomnia (ICBT-i)
Improves Comorbid Anxiety and Depression-A Meta-Analysis of Randomized
Controlled Trials. PLoS ONE 10, e0142258 (2015).

13. Soh, H. L, Ho, R. C, Ho, C. S. & Tam, W. W. Efficacy of digital cognitive behavioural
therapy for insomnia: a meta-analysis of randomised controlled trials. Sleep Med.
75, 315-325 (2020).

14. Cunningham, J. E. & Shapiro, C. M. Cognitive Behavioural Therapy for Insomnia
(CBT-I) to treat depression: A systematic review. J. Psychosomatic Res. 106, 1-12
(2018).

15. Jansson-Fréjmark, M. & Jacobson, K. Cognitive behavioural therapy for insomnia
for patients with co-morbid generalized anxiety disorder: an open trial on clinical
outcomes and putative mechanisms. Behav. Cogn. Psychother. 49, 540-555
(2021).

16. Tsai, H.-). et al. Effectiveness of Digital Cognitive Behavioral Therapy for Insomnia
in Young People: Preliminary Findings from Systematic Review and Meta-
Analysis. J. Personalized Med. 12, 481 (2022).

17. Ye, Y-y et al. Internet-based cognitive-behavioural therapy for insomnia (ICBT-i):
a meta-analysis of randomised controlled trials. BMJ Open 6, e010707 (2016).

18. Park, K. M,, Lee, S. & Lee, E. Can Digital Therapeutics Open a New Era of Sleep
Medicine? Chronobiol. Med. 3, 142-148 (2021).

npj Digital Medicine (2023) 52



npj

S. Lee et al.

10

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

. Horsch, C. H. et al. Mobile Phone-Delivered Cognitive Behavioral Therapy for

Insomnia: A Randomized Waitlist Controlled Trial. J. Med. Internet Res. 19, e70
(2017).

Armitage, L. C, Kassavou, A. & Sutton, S. Do mobile device apps designed to
support medication adherence demonstrate efficacy? A systematic review of
randomised controlled trials, with meta-analysis. BMJ Open 10, €032045 (2020).
Jakob, R. et al. Factors Influencing Adherence to mHealth Apps for Prevention or
Management of Noncommunicable Diseases: Systematic Review. J. Med. Internet
Res. 24, e35371 (2022).

Donkin, L. et al. A Systematic Review of the Impact of Adherence on the Effec-
tiveness of e-Therapies. J. Med. Internet Res. 13, €52 (2011).

Edinger, J. D. & Means, M. K. Cognitive-behavioral therapy for primary insomnia.
Clin. Psychol. Rev. 25, 539-558 (2005).

Lorenz, N. et al. Randomized controlled trial to test the efficacy of an unguided
online intervention with automated feedback for the treatment of insomnia.
Behav. Cogn. Psychother. 47, 287-302 (2019).

Glozier, N. et al. Adjunctive Internet-delivered cognitive behavioural therapy for
insomnia in men with depression: A randomised controlled trial. Australian New
Zealand J. Psychiatry 53, 350-360 (2019).

Sterne, J. A. et al. RoB 2: a revised tool for assessing risk of bias in randomised
trials. BMJ 366, 14898 (2019).

Ye, Y. Y. et al. Internet-based cognitive-behavioural therapy for insomnia (ICBT-i):
a meta-analysis of randomised controlled trials. BMJ Open 6, e010707 (2016).
Luik, A. I. et al. Treating Depression and Anxiety with Digital Cognitive Beha-
vioural Therapy for Insomnia: A Real World NHS Evaluation Using Standardized
Outcome Measures. Behav. Cogn. Psychother. 45, 91-96 (2017).

Hertenstein, E. et al. Cognitive behavioral therapy for insomnia in patients with
mental disorders and comorbid insomnia: A systematic review and meta-analysis.
Sleep Med. Rev. 62, 101597 (2022).

Horsch, C. et al. Adherence to Technology-Mediated Insomnia Treatment: A
Meta-Analysis, Interviews, and Focus Groups. J. Med. Internet Res. 17, €214 (2015).
Torous, J., Lipschitz, J,, Ng, M. & Firth, J. Dropout rates in clinical trials of smart-
phone apps for depressive symptoms: A systematic review and meta-analysis. J.
Affect. Disord. 263, 413-419 (2020).

Nwosu, A., Boardman, S., Husain, M. M. & Doraiswamy, P. M. Digital therapeutics
for mental health: Is attrition the Achilles heel? Front. Psychiatry 13, 900615
(2022).

van Straten, A. & Lancee, J. Digital cognitive behavioural therapy for insomnia: the
answer to a major public health issue? Lancet Digit. Health 2, e381-e382 (2020).
Li, S. H. et al. Appropriate use and operationalization of adherence to digital
cognitive behavioral therapy for depression and anxiety in youth: systematic
review. JMIR Mental Health 9, e37640 (2022).

Horsch, C. et al. Reminders make people adhere better to a self-help sleep
intervention. Health Technol. 7, 173-188 (2017).

Achilles, M. R. et al. Adherence to e-mental health among youth: Considerations
for intervention development and research design. Digit. Health 6,
2055207620926064 (2020).

Lancee, J. et al. The Effect of Support on Internet-Delivered Treatment for Insomnia:
Does Baseline Depression Severity Matter? Behav. Ther. 45, 507-516 (2014).
Climent-Sanz, C. et al. Cognitive behavioral therapy for insomnia (CBT-i) in
patients with fibromyalgia: a systematic review and meta-analysis. Disabil.
Rehabil. 44, 5770-5783 (2022).

Cuijpers, P. et al. How effective are cognitive behavior therapies for major
depression and anxiety disorders? A meta-analytic update of the evidence. World
Psychiatry 15, 245-258 (2016).

Higgins, J. P. et al. Cochrane handbook for systematic reviews of interventions (John
Wiley & Sons, 2019).

Page, M. J. et al. The PRISMA 2020 statement: an updated guideline for reporting
systematic reviews. Syst. Rev. 10, 1-11 (2021).

American Psychiatric Association. Diagnostic and statistical manual of mental disorders,
5th ed (DSM-5) (American Psychiatric Publishing, Inc, Arlington, VA, US). (2013).
Sateia, M. J. International Classification of Sleep Disorders-Third Edition. Chest
146, 1387-1394 (2014).

World Health Organization. International Classification of Diseases, Eleventh
Revision (ICD-11). (2019).

Cuijpers, P., Weitz, E., Cristea, |. A. & Twisk, J. Pre-post effect sizes should be
avoided in meta-analyses. Epidemiol. Psychiatr. Sci. 26, 364-368 (2017).

Fu, R. & Holmer, H. K. Change score or follow-up score? Choice of mean difference
estimates could impact meta-analysis conclusions. J. Clin. Epidemiol. 76, 108-117
(2016).

DiMatteo, M. R., Giordani, P. J., Lepper, H. S. & Croghan, T. W. Patient adherence
and medical treatment outcomes a meta-analysis. Med. Care 40, 794-811 (2002).
Agyemang, A. A. Testing a low-intensity and accessible Cognitive Behavioral Ther-
apy for Insomnia (CBT-I) intervention in individuals newly diagnosed with cancer
(Virginia Commonwealth University, 2016).

npj Digital Medicine (2023) 52

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Ahorsu, D. K. et al. Testing an app-based intervention to improve insomnia in
patients with epilepsy: A randomized controlled trial. Epilepsy Behav. 112, 107371
(2020).

Blom, K. et al. Internet-vs. group-delivered cognitive behavior therapy for
insomnia: a randomized controlled non-inferiority trial. Behav. Res. Ther. 70,
47-55 (2015).

Bostock, S., Luik, A. I. & Espie, C. A. Sleep and productivity benefits of digital
cognitive behavioral therapy for insomnia. J. Occupational Environ. Med. 58,
683-689 (2016).

Cheng, P. et al. Efficacy of digital CBT for insomnia to reduce depression across
demographic groups: a randomized trial. Psychol. Med. 49, 491-500 (2019).
Christensen, H. et al. Effectiveness of an online insomnia program (SHUTi) for
prevention of depressive episodes (the GoodNight Study): a randomised con-
trolled trial. Lancet Psychiatry 3, 333-341 (2016).

Espie, C. A. et al. Effect of digital cognitive behavioral therapy for insomnia on
health, psychological well-being, and sleep-related quality of life: a randomized
clinical trial. JAMA Psychiatry 76, 21-30 (2019).

Freeman, D. et al. The effects of improving sleep on mental health (OASIS): a ran-
domised controlled trial with mediation analysis. Lancet Psychiatry 4, 749-758 (2017).
Felder, J. N. et al. Efficacy of digital cognitive behavioral therapy for the treatment
of insomnia symptoms among pregnant women: a randomized clinical trial.
JAMA Psychiatry 77, 484-492 (2020).

Kalmbach, D. A. et al. A randomized controlled trial of digital cognitive behavioral
therapy for insomnia in pregnant women. Sleep Med. 72, 82-92 (2020).

Krieger, T. et al. A randomized controlled trial comparing guided Internet-based
multi-component treatment and Internet-based guided sleep restriction treat-
ment to care as usual in insomnia. Sleep Med. 62, 43-52 (2019).

Kyle, S. D. et al. The effects of digital cognitive behavioral therapy for insomnia on
cognitive function: a randomized controlled trial. Sleep 43, zsaa034 (2020).
Lancee, J,, Eisma, M. C,, van Straten, A. & Kamphuis, J. H. Sleep-related safety
behaviors and dysfunctional beliefs mediate the efficacy of online CBT for
insomnia: a randomized controlled trial. Cogn. Behav. Ther. 44, 406-422 (2015).
Lancee, J. et al. Guided online or face-to-face cognitive behavioral treatment for
insomnia: a randomized wait-list controlled trial. Sleep 39, 183-191 (2016).
Majd, N. R. et al. Efficacy of a theory-based cognitive behavioral technique app-
based intervention for patients with insomnia: Randomized controlled trial. J.
Med. Internet Res. 22, e15841 (2020).

Pillai, V. et al. The anxiolytic effects of cognitive behavior therapy for insomnia:
preliminary results from a web-delivered protocol. J. Sleep Med. Disord. 2, 1017
(2015).

Sveen, J. et al. Feasibility and preliminary efficacy of guided internet-delivered
cognitive behavioral therapy for insomnia after the loss of a child to cancer:
Randomized controlled trial. Internet Interven. 25, 100409 (2021).

Van der Zweerde, T. et al. Does online insomnia treatment reduce depressive
symptoms? A randomized controlled trial in individuals with both insomnia and
depressive symptoms. Psychol. Med. 49, 501-509 (2019).

Van der Zweerde, T. et al. Nurse-guided internet-delivered cognitive behavioral
therapy for insomnia in general practice: results from a pragmatic randomized
clinical trial. Psychother. Psychosomatics 89, 174-184 (2020).

Van Straten, A. et al. Guided Internet-delivered cognitive behavioural treatment
for insomnia: a randomized trial. Psychol. Med. 44, 1521-1532 (2014).

ACKNOWLEDGEMENTS

The National Research Foundation of Korea funded by the Ministry of Science, ICT &
Future Planning, Republic of Korea, supported the present study (Grant number:
2022R1A2B5B03002611).

AUTHOR CONTRIBUTIONS

S.A.L. and JW.O. are contributed equally as first authors of this paper, conducted the
searches, screened the search records and full-text papers against the eligibility
criteria and extracted the study characteristics and effect size data. Data analysis and
preliminary paper was also drafted by S.A.L and J.W.O., and S.L. advised on the data-
extraction and analysis as well as providing overall feedback on the paper. E.L and
K.M.P also provided guidance and feedback to the paper in preparation for the final
paper development. S.L and E.L provided shared supervision of the overall project
and are co-corresponding authors.

COMPETING INTERESTS

The authors declare no competing interests.

Published in partnership with Seoul National University Bundang Hospital



ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41746-023-00800-3.

Correspondence and requests for materials should be addressed to San Lee or
Eun Lee.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Published in partnership with Seoul National University Bundang Hospital

S. Lee et al.

npj

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

npj Digital Medicine (2023) 52

11


https://doi.org/10.1038/s41746-023-00800-3
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Digital cognitive behavioral therapy for insomnia on depression and anxiety: a systematic review and meta-analysis
	Introduction
	Results
	Study flow
	Study characteristics
	Risk of bias
	Treatment effects
	Depression measures
	Anxiety measures
	Sleep measures

	Sensitivity analysis
	Subgroup analysis
	Treatment adherence
	Effects of fully automated dCBT-I

	Publication bias

	Discussion
	Methods
	Data sources and searches
	Study selection
	Data extraction and risk of bias assessment
	Treatment outcomes
	Data synthesis and analysis
	Reporting summary

	DATA AVAILABILITY
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




