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Abstract
Study Objectives: Sleep restriction therapy (SRT) is a core component of cognitive behavioral therapy for insomnia and an effective
stand-alone treatment. Although a theoretical model exists, few studies have empirically investigated how SRT works. In this network
study, we map how changes in insomnia symptoms and proposed treatment processes unfold during SRT.
Methods: We performed a secondary analysis of a randomized controlled trial (N = 147) in which adults with insomnia were allocated
to telephone-guided SRT or a sleep diary control group. Using network intervention analysis, we estimated weekly network series: (1)
with symptoms based on items from the insomnia severity index (ISI), and (2) with process measures of perpetuating behaviors, the
circadian rhythm, sleep pressure, and arousal.
Results: Symptom networks showed that SRT was associated with reduced difficulty initiating sleep and maintaining sleep (ISI-1, ISI-2,
weeks 1–6), reduced early morning awakenings (ISI-3, weeks 1–2), and reduced sleep dissatisfaction (ISI-4, weeks 2–4, 6), along with a
temporary increase in daytime interference (ISI-5, weeks 1–3). Process networks showed that SRT was first associated with reduced time
in bed (TIB) (weeks 1–6), reduced bedtime variability (weeks 1–6), and reduced risetime variability (weeks 1–4), followed by reductions
in sleep onset latency (weeks 3, 5, 6) and pre-sleep arousal (weeks 3–6).
Conclusions: Symptom findings suggest that SRT immediately and directly targets nighttime complaints, while daytime complaints
improve later. Process findings support SRT’s theoretical model, suggesting that SRT initiates change by restricting and regularizing
TIB, followed by increasing sleep pressure and reducing arousal.
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Statement of Significance

Insomnia is a prevalent sleep disorder, and sleep restriction is among the most effective behavioral interventions. We demonstrate
how sleep restriction affects specific insomnia complaints and processes that have been theoretically proposed to underlie SRT’s
effects. By capturing treatment-induced change in systems of symptoms and processes over time, this study moves beyond pre-to-
post comparisons, contributing to an understanding of what sleep restriction targets, when, and in what sequence. These insights may
inform expectations of the treatment trajectory and guide further studies on causal links between process and symptom change.

Sleep restriction therapy (SRT) is a core element of the recom-
mended first-line treatment for insomnia, cognitive behavioral
therapy for insomnia (CBT-I) [1–3]. In this behavioral intervention,
patients restrict and regularize their time in bed (TIB) to reduce
nighttime awakenings and consolidate sleep [4]. SRT is effective as
a stand-alone insomnia treatment [5–8] as well as cost-effective,
with potential for large-scale implementation in primary care
[9]. Despite robust evidence showing that SRT reduces insomnia
severity, it is still uncertain how SRT triggers clinical change.

A systematic review by Maurer et al. [10] identified four
proposed treatment processes that may explain how SRT works.
These processes include that SRT reduces perpetuating sleep
behaviors by restricting TIB, regularizes the circadian sleep–
wake cycle, increases homeostatic sleep drive, and reduces
hyperarousal. The authors then introduced the Triple R model,
which conceptualizes how different proposed processes may
jointly contribute to a cascade of change in SRT. The Triple
R model emphasizes three mechanistic pathways of SRT:
restricting time awake in bed, regularizing sleep–wake timing,
and reconditioning the association between bedroom cues and
sleep.

While the Triple R model theoretically describes how SRT may
operate, empirical evidence supporting the proposed treatment
processes is limited. Much of the early evidence relied on post-test
results from studies not designed to test treatment mechanisms
[10]. Since the systematic review [10], to our knowledge, three
studies with stronger designs have isolated the importance of
TIB restriction [11–13], and one study has demonstrated that
SRT increases sleep pressure and reduces arousal [14]. Still, little
is known about how the proposed treatment processes operate
in concert with each other. We need targeted empirical studies
to gain a more complete understanding of SRT, knowledge i.e.
essential to further optimizing SRT’s clinical application [15].

A better understanding of SRT requires going beyond pre-
post designs and instead tracking changes as they unfold during
treatment [15, 16]. In addition to more frequent assessments,
we can examine which specific symptoms are targeted, rather
than focusing on insomnia severity sum scores. When doing so,
we need to acknowledge that psychopathology symptoms are
generally interrelated [17]. To map how symptom change unfolds
during SRT, taking the symptom interrelations into account, we
can use network intervention analysis (NIA) [18]. NIA can estimate
the links between symptoms and visualize them as a symptom
network. By adding a treatment variable to this network, NIA
can be used on clinical trial data to identify which symptoms
are most directly affected by a treatment (compared to another
treatment or control group) at a specific time, while considering
all symptoms and their relations. This can also provide clues on
how improvements in one symptom might be indirectly linked to
other symptoms. By estimating weekly networks during SRT, NIA
can capture symptom change as treatment progresses.

In previous insomnia studies, we have applied NIA to ran-
domized controlled trial (RCT) data. We showed that behavioral

therapy targets different insomnia symptoms, as measured with
the insomnia severity index (ISI), than cognitive therapy [19, 20] or
Zolpidem [21]. However, these studies involved secondary analy-
ses of RCTs designed without NIA in mind; they did not test stand-
alone SRT, and effects were assessed in relation to other treatment
groups. Therefore, the first aim of this study is to explore how
stand-alone SRT, compared to a sleep-diary control group, affects
weekly networks of insomnia symptoms.

In addition to the symptom level, NIA can be used to examine
SRT’s effects at the level of proposed treatment processes. The
previously mentioned Triple R model conceptualizes how differ-
ent processes may relate and jointly trigger change; for instance,
a decrease in TIB may potentiate an increase in homeostatic
sleep drive, which in turn affects arousal [10]. However, as most
empirical studies investigated SRT’s processes in isolation, we
still know little about such interrelated co-changing processes.
Analogous to the symptom networks, NIA allows us to map if
and how various proposed SRT processes interrelate [20]. We can
then identify which of these processes SRT targets most directly
at different treatment weeks, if we account for all processes and
their interrelations. This network approach may also help uncover
pathways through which a targeted process may indirectly affect
other processes. The second aim of this study is, therefore, to
explore how SRT affects weekly networks of theoretically pro-
posed treatment processes.

To achieve our aims, we performed a secondary analysis of
data from an RCT (N = 147) comparing stand-alone telephone-
guided SRT to a sleep diary control group. In an earlier publication
from this trial [8], we established that from pre-test to post-
test compared to the control group, SRT was effective in improv-
ing insomnia severity (d = 1.52) and in changing most proposed
treatment processes as theoretically predicted (d = 0.50–1.18; TIB,
sleep safety behaviors, bedtime and rise time variability, sleep
onset latency [SOL], and pre-sleep arousal, with only daytime
sleepiness showing no effect). In the present study, we analyze
the symptom- and process-level changes that occurred during
treatment. To this end, we estimated two series of NIA models
using data collected weekly between pre- and post-test. The first
series captures insomnia symptoms based on items of the ISI
[22]. The second series captures measures of SRT’s proposed
processes [10].

Materials and Methods
Design
Participants with insomnia were randomized to telephone-guided
sleep restriction therapy (n = 76) or a sleep diary control group
(n = 71) in a 1:1 ratio. Due to a mid-study programming error,
three ineligible participants were assigned to the SRT group.
To compensate, the final 20 participants were randomized in
a 3:2 ratio, which explains the slight imbalance in group sizes.
Both groups kept sleep diaries daily from week 0 to week 6 and
completed measures of processes and insomnia symptoms at
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the end of each week. Before randomization, participants were
informed that they would either receive 6 weeks of treatment
immediately (SRT group) or first complete a sleep diary for
6 weeks and then receive treatment (sleep diary control group).
The RCT was registered at clinicaltrials.gov (NCT05548907) and
approved by the internal ethical committee of the University of
Amsterdam (2022-CP-15342). Recruitment took place in Septem-
ber 2022 and March 2023. For an elaborate trial description,
see [8].

Participants
We recruited participants via social media advertisement. The
inclusion criteria were: (1) ISI score ≥ 10 [22], (2) self-reported
insomnia complaints (≥ 30 min awake per night, for ≥3 nights
per week, for ≥3 months, causing daytime impairment), (3) sleep
efficiency (SE) < 85% based on a 7-day baseline sleep diary, (4)
Dutch-speaking, and (5) age ≥ 18 years. The exclusion criteria
included: (1) CBT-I within the last 12 months, (2) recently started
(<6 months ago) or planned psychological treatment, (3) psy-
choactive medication changes in the last 6 weeks, (4) self-reported
diagnosis of psychosis or schizophrenia, (5) severe depression or
suicidal ideation as measured with the Beck Depression Inventory
Second Edition (BDI-II score ≥ 29, or suicidality item 9 ≥ 2; [23]), (6)
pregnancy or currently breastfeeding, (7) night shift work, and (8)
no internet access. We did not assess or exclude the presence of
other sleep or circadian rhythm disorders. Sleep medication use
was permitted during the trial, provided the dosage was stable and
had not changed within the last 6 weeks.

Treatment
SRT consisted of a treatment booklet explaining the principles
of sleep restriction therapy (PDF) supported by weekly 10 to 15-
min telephone coaching sessions. Participants completed weekly
assignments to prepare for each session, in which they proposed
sleep window adjustments based on their previous week’s sleep
diary averages. Coaches were researchers or clinical psychology
graduate students from the University of Amsterdam, who were
trained and supervised in providing SRT. In the first session, the
coach made sure the SRT rationale was clear, addressed questions,
and discussed the initial sleep window. The initial TIB was set to
the average total sleep time (TST) of the baseline sleep diary week,
with a minimum of 5 hours [24]. The position of the sleep window
(i.e. more restriction at night, in the morning, or a combination)
was based on patient preference. Subsequent sessions focused
on monitoring progress, offering support for challenges such as
fatigue, and adjusting the sleep window based on participants’
weekly SE. Sleep window adjustments followed Spielman’s guide-
lines [24]: SE < 85% TIB minus 15 min; SE 85%–90% no change in
TIB; and SE > 90% TIB plus 15 min.

As in the SRT group, the sleep diary control group completed
daily sleep diaries and weekly measures. The control group
received treatment after the post-test (week 8), consisting of
the iSleep CBT-I workbook [25], with optional telephone support
for SRT.

Measures
Insomnia symptoms. Measures for the symptom networks were
based on the individual items of the ISI [22]. We administered the
ISI as part of a weekly online assessment, with questions referring
to the previous week. The ISI is a widely used psychometrically
sound tool for measuring the severity of insomnia symptoms
[1, 26]. Its seven items measure: (1) difficulty falling asleep, (2)

difficulty staying asleep, (3) early morning awakening, (4) dis-
satisfaction with sleep, (5) sleep-related interference with daily
functioning, (6) noticeability of impairment in quality of life, and
(7) worry or distress about sleep. Each item is rated on a scale from
0 to 4, with higher scores indicating higher symptom severity. The
combined items of the ISI have demonstrated adequate reliability
and validity as an online questionnaire [27, 28].

Proposed processes. Operationalizations of proposed processes
follow previous measurement suggestions ([10], Table 2). We
assessed TIB and sleep safety behaviors as proxies for perpet-
uating practices; bedtime and rise time variability as proxies for
circadian rhythmicity; SOL and daytime sleepiness as proxies for
sleep pressure; and pre-sleep arousal as a proxy for hyperarousal.

We collected process measures in two ways. We administered
daily sleep diaries using an online version of the Consensus Sleep
Diary [29], from which we calculated weekly averages for TIB,
SOL, bedtime variability, and rise time variability. Additionally,
we administered questionnaires on safety behaviors, daytime
sleepiness, and pre-sleep arousal in weekly online assessments,
with all questions referring to the previous week.

Perpetuating Practices. We derived weekly averages of the
TIB (in minutes) from the sleep diary. Additionally, we assessed
sleep-related safety behaviors with the sum score of the sleep-
related behaviors questionnaire (SRBQ) [30]. The SRBQ is a 32-
item questionnaire (range 0–128), with higher scores indicating
more safety behaviors. The SRBQ has shown good internal con-
sistency and can discriminate normal sleepers from those with
insomnia [30].

Circadian Sleep–Wake Cycle. From the sleep diary, we com-
puted weekly averages of variability in bedtimes and rise times
(BTv and RTv, in minutes). We calculated the BTv and RTv as
the standard deviation of the mean bedtime and rise time per
participant per assessed sleep diary week [31, 32].

Homeostatic Sleep Drive. We computed weekly averages of
SOL (in minutes) from the sleep diary. Additionally, we evaluated
daytime sleepiness with the sum score of the Epworth Sleepiness
Scale (ESS) [33]. The ESS is an 8-item scale (range 0–24), with
higher scores indicating greater daytime sleepiness. The ESS has
adequate internal consistency in insomnia samples [34].

Arousal. We assessed arousal using the sum score of the pre-
sleep arousal scale (PSAS) [35], a 16-item questionnaire (range 16–
80), with higher scores indicating more cognitive and physiological
pre-sleep arousal. The PSAS has shown good internal consis-
tency and convergent and discriminant validity in a community
sample [36].

Statistical analysis
We first plotted simple line graphs of weekly group mean scores
for symptoms and processes, with 95% confidence intervals (CIs).
These descriptive graphs visualize how means developed over
time, without controlling for other variables.

We then applied NIA to investigate how treatment effects
unfold in a system of variables of interest. NIA employs mixed
graphical models [37] to estimate the conditional dependencies
between a randomized treatment allocation variable and vari-
ables of interest. By estimating networks at sequential points
in time, we can identify symptom-specific or process-specific
effects throughout treatment [18]. The conditional dependencies
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reflect the unique associations between pairs of variables (such
as between treatment allocation and a specific symptom) when
accounting for all other variables in the estimated model [38]. We
coded the treatment allocation variable (binary) as 0 for the sleep
diary control group and 1 for the SRT group.

First, to investigate the symptom-specific effects of SRT relative
to controls, we applied NIA with the seven items of the ISI (contin-
uous) as variables of interest. Second, to investigate the proposed
process-specific effects of SRT relative to controls, we applied NIA
with the seven process measures (i.e. TIB, SRBQ, BTv, RTv, SOL, ESS,
and PSAS; all continuous) as variables of interest.

The model estimations were based on all available data per
weekly assessment. As the response rates varied across weeks,
the sample size per network model also varied weekly (147,
131, 119, 115, 113, 108, and 112 for weeks 0 to 6, respectively).
Response attrition relative to baseline was 8, 13, 14, 16, 18, and
13 in the control group and 8, 15, 18, 18, 21, and 22 in the SRT
group (weeks 1 to 6). Chi-square tests indicated no significant
differences in response rates between the groups at any week
(all p > .05).

We applied LASSO regularization to minimize the inclusion
of spurious connections due to sampling variation [39]. Given
the relatively low sample size compared to the high number of
estimated parameters, this is the recommended procedure [40].
The amount of regularization applied is controlled by a tuning
parameter: a higher tuning parameter results in more regular-
ization, which reduces the chance of false positives but increases
the chance of missing true effects [39]. To determine the optimal
tuning parameter, we used ten-fold cross-validation.

We also inspected the accuracy of edges by performing a
bootstrap analysis with 1000 bootstrap samples [39]. Using the
bootstrap samples, we computed bootstrapped confidence inter-
vals to evaluate the stability of included edges (i.e. the proportion
of bootstrapped samples in which each edge was included) as
well as the uncertainty around included edges in the network
(i.e. the width of the 5%–95% quantiles); see Supplementary Mate-
rial 1. All network analyses were conducted in R using the mgm
package [37].

Interpretation of networks
The estimated models are visualized as networks with nodes
connected by edges. The nodes represent the variables included
in the network estimation, where the binary treatment alloca-
tion variable is visualized as a square and all other variables
are depicted as circles. An edge (i.e. link) represents the unique
association between two variables when accounting for all other
variables in the network. The edges from the treatment node can
be interpreted as likely direct effects of SRT relative to the control
group, suggesting group differences that cannot be accounted for
by the influence of other variables in the network. All blue edges
represent positive conditional associations, while red edges rep-
resent negative conditional associations. Following our objectives
to investigate the effects of SRT, we focus on edges related to the
treatment allocation variable, which represent direct treatment
effects. These edges can be interpreted as follows: blue edges indi-
cate higher scores in the SRT group compared to the control group,
and red edges indicate lower scores in the SRT group compared
to the control group. The edge’s thickness and color saturation
signify the conditional association’s strength, with a thicker and
darker color representing a stronger conditional association. To
allow comparison of edge strength across weekly networks, we
scaled the edge thickness and color according to the strongest
edge observed within each set of seven networks, separately for
the symptom and process networks.

Results
Sample characteristics
The sample included 147 adults (112 females, 76.2%) aged 19 to
74 years (M = 46.78, SD = 14.51) of whom most were born in the
Netherlands (89.8%). Of the sample, 38.1% reported using sleep
medication, and 10.2% reported using other psychoactive medica-
tion in the month prior to baseline. The mean baseline depressive
symptom severity score (BDI-II) was 16.22 (SD = 6.76, range = 2 to
28), indicating mild to moderate levels of depressive symptoms
[23]. The mean baseline ISI score was 18.51 (SD = 3.35, range = 10
to 18), consistent with moderate levels of insomnia [22]. None of
the characteristics differed between the groups at baseline (see
Supplementary Material 1 for a Table of demographics per group).
The use of sleep medication and psychoactive medication (type
and frequency) during the trial, as reported retrospectively at
post-test, also did not differ between the groups.

The mean development of study variables per group, along with
95% CIs, is presented in Figure 1. These line graphs are based on
the weekly means for the SRT and sleep diary control group.

Networks of insomnia symptoms
Figure 2 presents the estimated networks of ISI items. Before
treatment (week 0), we found no edges between treatment and
any of the symptoms, which indicates successful randomization.
After randomization (from week 1), we observed negative edges
between treatment and ISI-1, ISI-2, and ISI-3, indicating that
the SRT group reported less difficulty falling asleep (weeks 1–6),
staying asleep (weeks 1–6), and early morning awakenings (weeks
1–2) than the control group. From week 2 onward (except week
4), we also observed negative edges between treatment and ISI-4,
indicating that the SRT group reported less sleep dissatisfaction
(weeks 2, 3, 5, and 6) than the control group. Lastly, during the first
half of treatment, we observed a positive edge between treatment
and ISI-5, indicating that the SRT group reported more sleep-
related interference with daily functioning (weeks 1–3) than the
control group.

Networks of proposed processes
Figure 3 presents the estimated networks of treatment processes.
We observed no edges between treatment and any of the pro-
cesses at baseline (week 0), consistent with successful random-
ization. After randomization (from week 1), we found negative
edges between treatment and TIB, BTv, and RTv, indicating that
the SRT group reported less TIB (weeks 1-6), less variability in
bedtimes (weeks 1-6), and less variability in rise times (weeks 1–4)
than the control group. From week 3 onwards, we also observed
negative edges between treatment and PSAS and SOL, indicating
that the SRT group reported less pre-sleep arousal (weeks 3-6) and
a shorter SOL (weeks 3, 5, and 6) than the control group.

Discussion
This study aimed to map how SRT influences insomnia symptoms
and processes. Taking a network approach, we explored how
insomnia symptom-specific effects and processes hypothesized
to underlie SRT’s effects [10] unfolded weekly throughout SRT,
compared to a sleep diary control group.

Symptom-specific effects
In the insomnia symptom networks, SRT showed direct effects
on nighttime symptoms from the first treatment week onward.
SRT was associated with reduced difficulty initiating sleep (weeks
1 to 6), reduced difficulty maintaining sleep (weeks 1 to 6), and
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Figure 1. Weekly group means of insomnia symptoms and proposed processes. This figure illustrates the weekly symptom means and process means
(lines), with 95% CIs (transparent band), for the sleep diary control group and the SRT group. The x-axis includes the weeks from pre-treatment (week
0) to post-treatment (week 6). ISI-1 = difficulty initiating sleep, ISI-2 = difficulty maintaining sleep, ISI-3 = problems with early morning awakening,
ISI-4 = sleep dissatisfaction, ISI-5 = sleep-related interference with daytime functioning, ISI-6 = noticeability of sleep problems by others, ISI-7 = worry or
distress caused by sleep difficulties, TIB = time in bed, SOL = sleep onset latency, RTv = rise time variability, BTv = bedtime variability, PSAS = pre-sleep
arousal scale, SRBQ = sleep-related behaviors questionnaire, ESS = Epworth sleepiness scale.

reduced problems with early morning awakening (weeks 1 and 2).
These nighttime symptom effects are consistent with Spielman’s
original proposition that SRT quickly changes the experience of
insomnia by improving sleep [4]. These effects also align with
the results of another NIA study, where, compared to Zolpidem,
behavioral therapy showed direct effects mainly on nighttime
symptoms [21]. From the second treatment week (weeks 2 to 4
and week 6), SRT also showed a direct effect on reduced dissatis-
faction with sleep. The order of direct effects on nighttime symp-
toms from week 1 and sleep satisfaction from week 2 suggests
a sequential effect, where more satisfaction with sleep followed
improvements in nighttime symptoms. Like in previous studies
[41–43], we also observed that SRT temporarily (weeks 1 to 3)
increased daytime sleep-related interference, an effect likely due
to initial sleep loss and difficulty adjusting to the restricted sleep
window [41].

Process-specific effects
In the process networks, SRT showed direct effects on reduced
TIB (weeks 1 to 6), reduced bedtime variability (weeks 1 to 6),

and reduced rise time variability (weeks 1 to 4). Starting mid-
treatment, SRT also showed direct effects on reduced SOL (weeks
3, 5, and 6) and reduced pre-sleep arousal (weeks 3 to 6). The
order of these process-specific effects suggests that behavioral
indices under voluntary control were affected first (i.e. TIB and
rise and bedtime variability), followed by changes in involuntarily
controlled processes (i.e. SOL and PSAS). As in the symptom net-
works, we observed direct effects mainly on nighttime variables
(i.e. bedtimes, SOL, pre-sleep arousal), in contrast to daytime
processes such as daytime sleepiness.

The direct effects on TIB, bedtime variability, and rise time
variability support the idea that SRT regularizes and restricts TIB,
consistent with the SRT theory [4, 10]. So far, the role of TIB
restriction has been most emphasized. For instance, compared
to regularizing TIB only, regularizing and restricting TIB is more
effective in reducing insomnia [11]. Also, greater TIB restriction at
the start of treatment has been associated with faster symptom
improvement compared to more gradual TIB restriction [12, 13].
Here, we demonstrate that SRT directly and concurrently reduces
both TIB and variability in rise time and bedtime. Future studies
will need to delineate their effects on insomnia improvement [10,
15], for instance, by comparing the efficacy of restricted TIB with
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Figure 2. NIA of insomnia symptoms (ISI) throughout SRT compared to sleep diary control. See “Interpretation of Networks” for an explanation of how
to interpret the networks. Negative edges (red) indicate lower scores in the SRT group compared to controls; Positive edges (blue) indicate higher scores
in the SRT group compared to controls.

fixed bed- and rise times (i.e. SRT) to restricted TIB where bed-
and rise times are allowed to vary.

Potential indirect effects of SRT
Although NIA cannot test the causal direction of these paths,
the networks also provide clues as to potential indirect effects of
SRT. In the symptom networks, SRT showed no symptom-specific

effects on sleep-related worry or noticeability of impaired qual-
ity of life. However, mean levels of these symptoms gradually
decreased in the SRT group compared to the control group. Likely,
the effects on worry and noticeability of impaired quality of
life were therefore indirect, occurring via links with directly tar-
geted symptoms, such as improved nighttime symptoms or sleep
dissatisfaction.
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Figure 3. NIA of proposed processes throughout SRT compared to sleep diary control. See “Interpretation of Networks” for an explanation of how to
interpret the networks. Negative edges (red) indicate lower scores in the SRT group compared to controls; Positive edges (blue) indicate higher scores in
the SRT group compared to controls.

In all process networks, we observed a positive link between
TIB and SOL (i.e. a positive conditional dependence relation-
ship). Given this process-process link and the sequential effect
we observed where SRT targeted TIB first and SOL later, it is
possible that SRT affected SOL via TIB, consistent with the idea
that reducing TIB relates to increased sleep pressure [4, 10].

Additionally, in the process networks, SRT showed no direct
effect on safety behaviors (as measured with the SRBQ), despite
mean levels gradually decreasing compared to the control group.
This suggests an indirect effect, where safety behaviors may have

improved via links with other directly targeted processes, such as
reduced arousal. While safety behaviors play a key role in the
development and maintenance of insomnia [44], we speculate
that, aside from excessive TIB, safety behaviors may improve later
in SRT’s cascade of process change.

Choices in selecting process variables
The process networks included TIB as a core treatment mech-
anism of SRT [10, 11]. A known consequence of restricting TIB
is that it can temporarily reduce TST, which in turn, may help
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to increase sleep pressure [43]. The process networks did not
include both TIB and TST, as during SRT, TIB is initially restricted
to match TST, creating a strong dependency between these two
variables that could lead to problems in estimating the network
models [39]. For clarity, we provide the process networks with
TST instead of TIB in the Supplementary Material 1. In line with
SRT theory [4, 10], treatment was associated with reduced TST
during the early weeks (weeks 1 to 4). Furthermore, the TST
networks showed largely similar patterns, with slightly more and
earlier direct effects. For example, increased daytime sleepiness
as measured by the ESS was directly linked to treatment at week
2. This is consistent with previous reports of increased daytime
sleepiness in the first weeks of SRT and can be interpreted as
both a side effect and an indicator of increased sleep pressure [14,
43]. It is possible that in the TIB networks, the strong conditional
association between TIB and treatment masked an effect on
daytime sleepiness.

Furthermore, our variable selection focused on the most com-
mon operationalizations of SRT’s mechanisms, as listed in Table 2
of the systematic review on how SRT may work [10]. It is important
to note that these operationalizations do not capture all the
Triple R processes. Particularly, we did not succeed in measuring
reconditioning of the sleep–bed association (reported in the trial
registry), for which, to our knowledge, no established measure
exists. We developed a five-item scale to measure the sleep–bed
association, but found that it showed low internal consistency
and almost no convergent validity. As such, we could not reliably
include it in the networks.

Lastly, following a previous study on behavioral therapy medi-
ators [31], we operationalized the regularization component of
SRT as variability in bedtimes and rise times. The regularization
component can, however, also be operationalized as variability in
sleep parameters [10]. Especially variability in the timing of sleep,
i.e. the moment of falling asleep and waking up, may provide
a more direct proxy for circadian rhythmicity. We encourage
future studies to explore this possibility, e.g. using physiological
measures to index sleep timing [42].

Strengths, limitations, and future directions
This study applied a network approach to model the interdepen-
dencies among symptoms or processes. Beyond comparing group
means, the networks indicate what SRT likely directly intervenes
on: treatment effects that cannot be explained by co-changing
associated symptoms or processes. The networks also provide
insights that would be overlooked when only examining group
means. For example, although the means of sleep-related inter-
ference with daily functioning did not differ between the groups
in weeks 1 to 3, the networks revealed that SRT was associated
with an increase in interference. This is because the networks
consider that the level of interference co-depends on the level of
other symptoms. And whereas SRT already decreased nighttime
symptoms and dissatisfaction in the first treatment weeks, inter-
ference remained high, indicating a temporary adverse symptom
effect that only became apparent when the relations between
symptoms were considered.

The process network included variables assessed at both daily
and weekly intervals during the acute treatment phase. To ensure
all variables were represented on the same temporal scale, daily
sleep diary data were aggregated to weekly averages, resulting in
a loss of day-to-day granularity. Given that SRT produces rapid
short-term changes, measuring daily changes in sleep param-
eters may reveal additional information on tipping points or
more precisely timed co-changing processes in the first treatment
weeks. Moreover, longitudinal studies are needed to investigate

the processes contributing to long-term insomnia resolution, as
these may differ from those driving acute change. For instance,
cognitive or physiological changes following repeated positive
sleep experiences may play a role [10, 45].

Studying processes over short timescales also raises practical
challenges regarding the instruments used for frequent assess-
ment. For example, the ISI is designed for 2- or 4-week assess-
ments [22], yet we applied it weekly. While weekly ISI scores
captured treatment-induced changes, formal validation of this
usage is warranted. Of note, we did observe that the baseline
symptom network reflected the ISI’s two-factor structure [46],
with connections between items of severity (1–4) and impact (5–
7). These connections also replicate previous ISI networks [47],
where sleep dissatisfaction (item 4) is linked to both nighttime
complaints (items 1–3) and daytime complaints (items 5–7).

Two other limitations are important to consider. First, although
the trial’s preregistered objective was to provide informative data
on the week-to-week mechanisms of SRT, we did not pre-register
the specific NIA analyses, which would have strengthened the
study. Second, the sleep diary control group does not account for
factors such as expected benefit or therapist attention. While the
findings of this study highlight changes consistent with SRT the-
ory, the design cannot rule out non-specific therapeutic effects.

Finally, some general points should be kept in mind when inter-
preting the network findings. The relationships we observed in the
networks are specific to the systems of variables examined, and
different variable selections could yield different results. As we
included only self-report measures, we encourage future studies
to explore effects on physiological measures. Also note that the
relationships are based on mixed graphical models that estimate
bidirectional links; the models do not test the direction of effects.
We can infer the direction of the edges connected to treatment
allocation (i.e. direct effects) because allocation could influence
insomnia symptoms or processes, but not vice versa. We cannot
infer the direction of indirect effects (via symptom-symptom or
process-process links); they highlight potential pathways that
need to be tested by studies with fitting designs. A final note is that
the absence of a direct effect is no evidence that an effect does not
exist (e.g. SOL at week 4); rather, it implies that an indirect effect
is more likely, given the data. Weak associations may have gone
undetected due to the relatively small number of observations
compared to estimated links and the use of LASSO regularization
to prevent overfitting [40].

Conclusions
Considering the relations between insomnia symptoms, SRT
appears to directly and immediately target nighttime complaints.
Considering various processes proposed to underlie SRT’s effects
and their interrelations, SRT appears to first affect modifiable
behavioral factors (i.e. TIB, variability in rise and bedtimes)
and then improve arousal and sleep parameters (i.e. SOL, pre-
sleep arousal). The observations made in this network study
are compatible with SRT’s theoretical treatment rationale,
which suggests that SRT operates by limiting TIB, regularizing
the circadian sleep–wake cycle, increasing homeostatic sleep
drive, and reducing arousal [10]. The current findings may help
clinicians explain how SRT operates and motivate patients to
persist through initial discomfort, as nighttime complaints can
improve quickly, and daytime complaints will likely follow.

Supplementary material
Supplementary material is available at SLEEP online.
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