
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Quantifying uncertainty in transdimensional Markov chain Monte Carlo using
discrete Markov models

Heck, D.W.; Overstall, A.M.; Gronau, Q.F.; Wagenmakers, E.-J.
DOI
10.1007/s11222-018-9828-0
Publication date
2019
Document Version
Final published version
Published in
Statistics and Computing
License
CC BY

Link to publication

Citation for published version (APA):
Heck, D. W., Overstall, A. M., Gronau, Q. F., & Wagenmakers, E-J. (2019). Quantifying
uncertainty in transdimensional Markov chain Monte Carlo using discrete Markov models.
Statistics and Computing, 29(4), 631-643. https://doi.org/10.1007/s11222-018-9828-0

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://doi.org/10.1007/s11222-018-9828-0
https://dare.uva.nl/personal/pure/en/publications/quantifying-uncertainty-in-transdimensional-markov-chain-monte-carlo-using-discrete-markov-models(e441584c-21e0-4b55-8a79-36b5a3d3a55b).html
https://doi.org/10.1007/s11222-018-9828-0


Digital Delivery of Cognitive Behavioral Therapy for Insomnia

Annemarie I. Luik1 & Tanja van der Zweerde2
& Annemieke van Straten2

& Jaap Lancee3,4

Published online: 4 June 2019

Abstract
Purpose of Review Digital cognitive behavioral therapy (dCBT) has been available for over a decade. We reviewed the evidence
that accumulated over the past 5 years and discuss the implications for introducing dCBT into standard healthcare.
Recent Findings Studies have consistently supported the use of dCBT to treat insomnia. Evidence is now demonstrating large
short-term effects and smaller long-term effects up to 1.5 years after treatment across populations with various co-occurring
health problems. The effects also extend into a range of psychological well-being factors. Mediators and moderators have been
studied to understand mechanisms and create new opportunities to enhance effectiveness and reduce dropout. Incorporating
personalized guidance in dCBT may further enhance effectiveness.
Summary The evidence for dCBT for insomnia is strong and suggests that dCBT is ready for application in standard healthcare.
Further research, digital innovation, and development of effective implementation methods are required to ensure dCBT fulfills
its potential.
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Introduction

Insomnia disorder is diagnosed when complaints of trouble
falling asleep, staying asleep, or waking up too early occur
three or more nights per week, for three or more months with
significant daytime effects [1]. A substantial percentage of the
population suffers from insomnia: estimates range up to 10%
for insomnia disorder and 25% for insomnia symptoms [2].

Even though insomnia is a very prevalent disorder, only
37% of those suffering from insomnia report consulting a
healthcare provider for their sleep problems [2]. Reasons for
these low numbers of help-seeking behavior in persons with

insomnia are likely varied, but a reason could be that insomnia
disorder is often treated with medication [3, 4]. This is against
American and European guidelines that recommend cognitive
behavioral therapy (CBT) as the first-line treatment for insom-
nia disorder [5•, 6] because of its substantial clinical evidence
base [7•]. CBT for insomnia is a structured therapy consisting
of several components [8, 9]. The therapy typically includes
educational, behavioral, and cognitive components. Often re-
laxation is also considered a standard component and other
techniques such as mindfulness are added frequently. More
detail about the components of CBT for insomnia can be
found in Table 1.

Yet, despite it being the recommended treatment, CBT for
insomnia is hardly omnipresent. One of the most important
factors for CBT not being widely available seems to be a short-
age of therapists and resources. Digital CBT (dCBT) for insom-
nia was suggested more than a decade ago [15] as a potential
solution to address this shortage: did it live up to its potential?

What Is Digital CBT?

Before discussing dCBT for insomnia, specifically, it is im-
portant to focus on dCBT in general. Interest for the digital
delivery of psychological therapies started in the 1990s. CBT
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turned out to be a particular suitable candidate because of its
highly structured nature. This has led to a wealth of programs
being developed and investigated, in particular for psycholog-
ical problems such as depression and anxiety; generally, these
programs have shown to be effective [16]. At first, digitalizing
CBT happened by merely translating self-help manuals to a
website. More elaborate programs that are highly personal-
ized, tailored, and fully automated have become available
since. In this manuscript, we will define dCBTas a “by digital
means communicated form of CBT,” where digital covers the
full spectrum of digital advances. This includes many other
terms that have been used commonly to describe this format
such as “online,” “electronic,” “mobile,” and “Internet.” To
recognize that the future will likely bring techniques yet un-
known, we choose to use the word “digital” here. The digital
innovation underlying dCBTwill have the capability to tailor
the selection and sequencing of CBT elements to the

individual, making dCBT highly adaptive. This fits with
a personalized behavioral medicine approach [17], cre-
ating a reproducible, evidence-based therapy for anyone,
anywhere, anytime.

Over the past decade, many dCBT programs have become
available with very different levels of digitalization and auto-
mation, typically moving away from just publishing self-help
information on the Internet. Three main ways have been rec-
ognized before [18] (see Table 2 for a short description and
example programs for treating insomnia). Briefly, supportive
dCBT is where dCBT is used mainly as a support function to
augment face-to-face individual or group therapy, but the in-
person therapy remains primary. Second is therapist-guided
dCBT, where actual therapy content is communicated to the
patient with the help of web pages or a mobile app containing
text, images, videos, audio, or animations but is supported by
a clinical professional. Third is fully automated dCBT, where

Table 1 Components of
cognitive behavioral therapy
(CBT) for insomnia

CBT for insomnia
component

Important techniques

Educational Explaining the process and function of normal and disturbed sleep

Explaining how behaviors can promote sleep, for example, by explaining the
importance of a healthy lifestyle (e.g., low caffeine and alcohol intake) and by
explaining the importance of bedtime routines (e.g., a dark bedroom and fixed
bedtimes)

Behavioral Stimulus control: advising a person to get out of bed when awake for more than 15 to
20 min, and only go back to bed when sleepy, to re-establish the connection
between bed and sleep [10]

Sleep restriction: restricting the time in bed to the average time slept in the past week
(typically with a minimum of 5 h) to heighten the homeostatic sleep drive. If the
sleep efficiency is above 85% or 90%, the amount of time in bed is lengthened [11]

Cognitive Identifying and challengingmisconceptions about sleep (such as “I have to sleep 8 h a
night”)

Addressing the “racing mind”: learning how to cope or deal with worries and thought
that prevent the person from falling asleep

Paradoxical intention: trying to stay awake instead of falling asleep [12]

Additive Relaxation: relaxation and breathing techniques to teach persons to unwind [13]

Mindfulness: using techniques from mindfulness to teach persons to unwind [14]

Table 2 Automation of digital
cognitive behavioral therapy
(dCBT)

Definition Automation Program examples

Supportive dCBT dCBT elements are used to
support face-to-face therapy

Limited Gehrman et al. [19]

Lichstein et al. [20]

Kuhn et al. [21]

Therapist-guided dCBT Automated dCBTwith guidance and
tailoring supported by human therapists

Partly Lancee et al. [22]

Van Straten et al. [23]

Blom et al. [24]

Fully automated dCBT Fully automated and tailored
dCBTwithout in-person clinical support

Fully Ritterband et al. [25]

Vincent et al. [26]

Espie et al. [27]
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the program is offered without any human support.
Personalization is built into the automated program using al-
gorithms to tailor all aspects of the program, including per-
sonalized feedback and a tailored treatment program.

We will use the term dCBT for all these intervention for-
mats, but it should be kept inmind that the literature comprises
everything from optimized websites through to advanced
algorithm-driven systems, each differing considerably in the
amount of clinician time, level of automatization, costs, and
scalability.

Evidence for dCBT for Insomnia

Returning to dCBT for insomnia specifically, it was in 2004
when Ström and colleagues published the first randomized con-
trolled study investigating an Internet-based treatment for insom-
nia [28]. They developed a guided program where dCBT was
combined with human support. Since then, many more studies
and digital programs for insomnia have been developed, both
integrating human support [22–24, 29–31] and fully automated
[25–27, 32–34] dCBT. The number of online treatments for in-
somnia has been growing rapidly and will likely continue to do
so. It is important to realize that only a small percentage of
programs have been studied in formal research studies, leaving
many more programs without clinical evidence available. As
scientists in this field, we should emphasize the need for clinical
evidence for these programs as they are offered to a vulnerable
population, potentially accompanied by unknown efficacy and
risks, with the possibility of even causing harm.

Overall, evidence has consistently been demonstrating that
dCBT for insomnia is efficacious in treating insomnia. Meta-
analyses [35•, 36] demonstrate sizeable effects of dCBT on
insomnia. Narrative reviews published over the past years have
addressed and identified multiple gaps in the evidence base [18,
37], and considerable amounts of new evidence have been pub-
lished since. Recent collected evidence mainly centers around
four themes: (1) short- and long-term efficacy across popula-
tions, (2) effects of dCBT beyond insomnia, 3) improvement of
dCBT effectiveness: attrition, non-response, moderators, and
mediators; and (4) the role of human support in dCBT.

Evidence for Short- and Long-term Efficacy
Across Populations

Since the 2016 meta-analyses of Zachariae et al. [35•] and
Seyffert et al. [36], a large number of randomized controlled
trials investigating existing and new dCBT for insomnia pro-
grams have been published [31, 33, 34, 38–59]. These studies
reliably show positive effects on insomnia, and most report
large effects with Cohen’s d > 1.0, which is similar or larger
to effects reported in the previous meta-analyses on dCBT for
insomnia. Additionally, the evidence for long-term effects of

dCBT has increased, with trials showing sustained effects in
uncontrolled follow-ups up to 1.5 years after randomization
[60–62]. One of these studies [62] also assessed the effect in
comparison with a control group after 1 year; no significant
difference was observed, probably due to improvement of in-
somnia complaints in the control group. A study assessing a 3-
year follow-up period did not find sustained effects for a reduc-
tion in insomnia severity, but this study did show that less sleep
medication was used by participants who had received dCBT
and that the control group had received more additional insom-
nia treatments during the follow-up period [63].

The positive effects of dCBT on insomnia symptoms are not
only seen in adults with insomnia solely. These effects were also
established in adolescents [31, 64], breast cancer survivors [65],
and patients with concurrent disorders such as depression [38,
57], tinnitus [45], asthma [54], or heightened blood pressure [48]
for example. This suggests that dCBTcan be of use in a range of
populations, even when the target population has insomnia con-
current with other disorders.

Evidence for Effects of dCBT for Insomnia
Beyond Insomnia

Much of the evidence collected in the past years has focused on
the improvement of symptoms of diseases that are often comor-
bid with insomnia, in particular symptoms of other mental health
disorders [66]. First and foremost, a wealth of evidence has dem-
onstrated that dCBT for insomnia is reducing depressive symp-
tomatology. This has been demonstrated by using dCBT for
insomnia not only as an adjunct therapy [57], but also as stand-
alone treatment in trials including participants with comorbid
symptoms of insomnia and depression [41, 55, 59], independent
of whether the treatment was fully automated or guided by
healthcare professionals. The effects sizes are typically in the
moderate-to-large range. Additionally, in audits of clinical ser-
vices, improvements in depression were equally seen [67, 68],
suggesting these effects hold in real-world, clinical settings. It has
even been suggested that the effect of dCBT for insomnia is in
the same range as CBT specifically aimed at treating depression
[59]. This was confirmed by a direct comparison which demon-
strated a within-group post-treatment effect of dCBT for insom-
nia on depressive symptoms (Cohen’s d 0.74) similar to that of
dCBT for depression on depressive symptoms (Cohen’s d 0.66)
[38]. The effects have been suggested to retain over time [38, 69],
although this was not confirmed by a study with an uncontrolled
follow-up [53]. Positive effects of dCBT for insomnia were also
seen on symptoms of other mental health disorders, for example,
a small-to-moderate effect on anxiety [52•, 68, 70, 71] and a
small effect on psychotic experiences and hallucinations [47].
Two randomized controlled trials specifically designed to test
mediation have now also demonstrated that a substantial propor-
tion of the improvements in mental health symptoms are medi-
ated by the improvement in insomnia symptoms [47, 52•]. It is
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important to note that most of the studies mentioned above have
been carried out in subclinical samples.

In addition to improvements in mental health, some evi-
dence has emerged that dCBT for insomnia is also effective in
reducing cognitive complaints [52•] and improving cognitive
performance when assessed with neuropsychological tests
[72]; although the effect sizes are typically small. Potentially
related to this, self-rated work productivity also shows a
small-to-moderate increase after dCBT, together with other
work-related constructs such as job satisfaction and work-
related rumination [39, 40, 46].

Improving dCBT Effectiveness: Attrition,
Non-response, Moderators, and Mediators

Although dCBT is generally effective in improving insomnia,
large steps can still be taken to improve the effectiveness and
decrease attrition. Several approaches have been taken to gain
more insight in these topics over the past few years.

First, average treatment adherence is around 50% for dCBT
for insomnia; attrition and adherence therefore need our attention
[73]. This is particularly true for studies with no telephone or
face-to-face contact, which might be more similar to
implementations in some large-scale, real-world scenarios. This
is however not unique to dCBT for insomnia; dCBT programs
for other disorders have equal, or even larger, problems with
attrition [74]. So far, it has proven difficult to find indicators of
dropout; studies have suggested that a lower social economic
status [55], a longer sleep duration, less severe insomnia com-
plaints, and more depressive symptoms increase dropout [75].

Second, moderators of treatment effects have equally proven
hard to establish. For example, no moderating effect of sex, age,
race, education, or income on treatment outcomewas established
[55]. Insomnia-specific indicators such as acceptance of
diagnosis-related problems as well as negative emotions and
cognitions were associated with better treatment results [76].

Third, knowing by which factors the improvement in
insomnia is mediated might help us gain insight in mech-
anisms underlying dCBT and potentially help us further
increase effectiveness. Several cognitive processes have
been hypothesized to mediate insomnia improvement. In
the past 5 years, the evidence for a role of dysfunctional
beliefs about sleep as a mediating factor in the improve-
ment of insomnia after dCBT has grown substantially [30,
51, 58]. Additionally, knowledge, locus of control, sleep-
related worry, and pre-sleep arousal have been suggested
to mediate improvement in sleep [51, 58].

dCBT: Do We Need a Human Therapist?

Substantial effects of programs both with and without human
guidance have been found [7•, 35•, 36], but formal compari-
sons are scarce. More support, whether via a human therapist

or automated, is generally thought to have positive effects on
adherence and efficacy of dCBT for depression and anxiety
[77]. A study comparing dCBT for insomnia with and without
additional motivational support via email showed increased
effects for the condition with support [78]. A study assessing
human support in a dCBT for insomnia program for adoles-
cents identified four factors that were part of support: forging a
working alliance, forging therapy integrity, and forging a pos-
itive attitude and sleep expertise. Of these four, only sleep
expertise seemed to contribute to improvements [79].

Of note, human support could also take place outside the
sphere of mental healthcare professionals; support via web fora
was experienced as positive by those taking a dCBT course [80]
for example. Research studies making a valid comparison of
automated support with no or human support are lacking, but
automated support in the form of reminders has been demonstrat-
ed to enhance adherence [81]. If dCBT does not reach the same
effectiveness without guidance, this does not reduce the value of
dCBT per se. It still creates a tremendous opportunity to offer
dCBT to those with less complicated complaints in a stepped
care approach, as has been previously suggested [15]. A recent
study assessed this by increasing the amount of therapist guid-
ance based on the treatment response in the first weeks of dCBT.
By increasing guidance, the treatment effect was increased and
the number of failed treatments reduced [56•].

Another question often asked is how dCBT compares to
face-to-face therapy. Meta-analyses have suggested effect
sizes of dCBT for other disorders are in a similar range as
face-to-face CBT [82]. Similarly, this has been suggested
by comparing effect sizes of meta-analyses incorporating
dCBT for insomnia programs with meta-analyses analyzing
face-to-face CBT programs [7•, 35•, 36]. However, direct
comparisons are still scarce. One study directly comparing
face-to-face CBT with dCBT demonstrated that face-to-
face CBT outperformed dCBT [43•]. A later study in mili-
tary personnel confirmed this [50]. A comparison of dCBT
against group CBT did however not show any significant
differences in improvement in insomnia [24].

Although it might very well be that human involve-
ment in treatment increases effectiveness, we have to
note that most dCBT programs so far do not take full
advantage of the possibilities that digital solutions can
offer to personalize feedback, tailor treatments, and cre-
ate a therapy bond. It could be that it might not be the
support of a human per se, but rather individual tailor-
ing and attention that is crucial to the effectiveness.

The Future of Digital Treatments for Insomnia

Although evidence has been mounting in the last 5 years, this
has only resulted in a relatively small increase in the use of
dCBT for insomnia in clinical services. The use of dCBT for
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insomnia seems to remain mostly ad hoc and limited as was
noted a decade ago [15]. New initiatives have been seen, for
example, by companies providing dCBT approaches for em-
ployees in the USA (e.g., www.bighealth.com/sleepio), the
UK National Health Service adopting dCBT for insomnia in
some of their standard care facilities (e.g., www.good-
thinking.uk), and initiatives to integrate dCBT into Dutch
GP practices [83]. A consistent overall approach is still
lacking, not at least due to different healthcare systems
across countries, a lack of knowledge about dCBT for
insomnia among professionals and patients, and missing
quality control standards for dCBT programs. The role that
dCBT for insomnia can play in general healthcare therefore
remains unclear for many healthcare professionals. Fulfilling
the full potential of dCBT for insomnia is thus a process that
still needs work, with many challenges in the field of science
and implementation.

The Research Gaps

Despite the fact that the evidence for the positive impact of
dCBT for insomnia is strong, several research gaps still exist
in the evidence base. We highlight three areas in this paper: (1)
negative side effects and harm, (2) insights in moderators and
mediators, and (3) costs and savings.

First, negative side effects and potential harm of CBT have
in general received little attention when studying CBT; for
dCBT, this has not been any different. Recently, one RCT
reported side effects of dCBT for insomnia. Participants that
received dCBT reported a higher occurrence of headaches,
fatigue, extreme sleepiness, reduced energy, irritability, diffi-
culty remembering, and difficulty concentrating than the
waitlist control group [52•]. Although based on other out-
comes of this trial there is a reason to believe these side effects
may be short-lived, they do deserve more of our attention,
particularly as they may play a role in attrition. Indeed, we
argue that assessing side effects should become standard in
each trial on dCBT, irrespective of the disorder investigated.

Second, we need to improve our understanding of modera-
tors and mediators of the effects of dCBT for insomnia to be
able to understand the mechanisms at work. This can also fur-
ther improve treatment and reduce attrition. Although several
studies have increased our understanding [30, 47, 51, 52•, 55,
58, 75, 76], we still have a limited understanding of why people
drop out and why some do not respond. This is also true for in-
person CBT; we still do not knowwhy a third of patients do not
respond to CBT for insomnia [84]. dCBTcan play a crucial role
in understanding thesemediators andmoderators as it facilitates
doing large-scale trials with standardized treatments, ensuring
the statistical power to study these associations. This also in-
cludes increasing attention for factors known to affect adher-
ence from the broader digital interventions literature, for exam-
ple, the use of persuasive technology elements [85].

Third, if we want to make dCBT for insomnia a success
and ensure implementation in healthcare, we have to demon-
strate the costs and savings that accompany dCBT. Some stud-
ies assessing costs have appeared over the past years. A cost-
benefit analysis of applying dCBT for insomnia in a working
population has been estimated to lead to a net benefit of USD
512 per participant [44]. A comparison of dCBT and group
CBT for insomnia in adolescents has suggested that dCBT
outperforms group CBTwith similar results but at lower costs
[42]. To really persuade the world dCBT for insomnia de-
serves a place, we will need more of these studies generating
convincing evidence on cost-effectiveness.

Lastly, we would like to end this paragraph with emphasiz-
ing that clinical evidence for one program does not mean
clinical evidence for all programs. We cannot simply assume
that every program that contains CBT is effective simply be-
cause it contains evidence-based CBT elements.

Advantages and Disadvantages for Implementing
dCBT in Routine Healthcare

The main advantage of dCBT is the ability to reach many more
persons with insomnia complaints than can ever be reached with
face-to-face CBT, especially in a fully automated format. It is
simply impossible to sufficiently train enough therapists to be
able to offer face-to-face CBT for insomnia to everyone in need,
because of high prevalence rates of insomnia and limited
healthcare budgets. Additionally, dCBT has the advantage of
being able to reach those who cannot take therapy sessions dur-
ing working hours as it is available 24/7, those in remote loca-
tions as it is available anywhere with a sufficient Internet con-
nection, and those not wanting to visit a mental healthcare clinic
as it can be available from the convenience of your own home.

Naturally, dCBT does not only have advantages. One of the
main disadvantages is that there is less clinical control over the
treatment process than in face-to-face settings, which can pose
problems for certain mental health complaints, most prominent-
ly suicidality. Therefore, dCBT will need rigorous methods to
ensure it can be acted upon when these complaints are en-
dorsed, in both guided and fully automated programs. So far,
programs have offered contact details of healthcare profes-
sionals or services such as local suicide prevention lifelines,
but potentially more can be done to help this group. However,
we do need to realize that this is not that dissimilar to face-to-
face CBT, as a therapist will not be available 24/7 either.
Currently, the regulation of dCBT is very limited and largely
dependent on the standards companies or institutions set them-
selves. A more regulated approach is urgently needed to ensure
that dCBT causes benefit and not harm. It is important to keep
inmind that the absence of an effect can also be harmful when it
limits motivation or faith in future or other treatment opportu-
nities. Next, while we live in a world that becomes more and
more digitalized, there will still be those who prefer or need in-
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person treatment. The use of dCBTcan however help to free up
time from healthcare professionals to treat those that need or
want in-person treatment. Lastly, it is important to realize that
digitalization is not a completed process. New digital tech-
niques appear constantly. This can lead to dCBT programs
quickly being becoming outdated. Therefore, dCBT will have
to continue changing, not just to keep up with the newest tech-
nologies, but because these technologies can help improve
dCBT. This however creates an additional challenge for regu-
lating bodies as the collection of scientific evidence is typically
much slower than any digital advance.

Conclusions

The clinical evidence for dCBT for insomnia has substantially
increased over the last few years. Additional evidence has
emerged around the short- and long-term efficacy across pop-
ulations; the effects of dCBT beyond insomnia, attrition, mod-
erators, andmediators of dCBT; and the role of human support
in dCBT. The field is by no means done however: important
research gaps exist around negative side effects and potential
harm, insights in moderators and mediators, and costs and
savings. However, we think that dCBT for insomnia is ready
for a wider application in healthcare. It will help us ensuring
that those in need of help for insomnia can receive the recom-
mended treatment.
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