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Study Objectives: Sleep variability is a clinically significant variable in understanding and treating insomnia in older adults. The current study examined 
changes in sleep variability in the course of brief behavioral therapy for insomnia (BBT-I) in older adults who had chronic insomnia. Additionally, the 
current study examined the mediating mechanisms underlying reductions of sleep variability and the moderating effects of baseline sleep variability 
on treatment responsiveness.
Methods: Sixty-two elderly participants were randomly assigned to either BBT-I or self-monitoring and attention control (SMAC). Sleep was assessed by 
sleep diaries and actigraphy from baseline to posttreatment and at 3-month follow-up. Mixed models were used to examine changes in sleep variability 
(within-person standard deviations of weekly sleep parameters) and the hypothesized mediation and moderation effects.
Results: Variabilities in sleep diary-assessed sleep onset latency (SOL) and actigraphy-assessed total sleep time (TST) significantly decreased in BBT-I 
compared to SMAC (Pseudo R 2 = .12, .27; P = .018, .008). These effects were mediated by reductions in bedtime and wake time variability and time in bed. 
Significant time × group × baseline sleep variability interactions on sleep outcomes indicated that participants who had higher baseline sleep variability were 
more responsive to BBT-I; their actigraphy-assessed TST, SOL, and sleep efficiency improved to a greater degree (Pseudo R 2 = .15 to .66; P < .001 to .044).
Conclusions: BBT-I is effective in reducing sleep variability in older adults who have chronic insomnia. Increased consistency in bedtime and wake time and 
decreased time in bed mediate reductions of sleep variability. Baseline sleep variability may serve as a marker of high treatment responsiveness to BBT-I.
Clinical Trial Registration: ClinicalTrials.gov, Identifier: NCT02967185
Keywords: CBT-I, insomnia, mechanisms of change, older adults, sleep variability, treatment efficacy moderator
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in older adults with chronic insomnia: mediators and moderators in a randomized controlled trial of brief behavioral therapy (BBT-I). J Clin Sleep Med. 
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INTRODUCTION

Chronic insomnia is the most prevalent sleep disorder and 
affects 15% to 35% of older adults.1–3 Recent research sug-
gests that night-to-night sleep variability is an important 
clinical characteristic and therapeutic target in treating in-
somnia in older adults.4,5 Higher objective sleep variability 
is associated with poorer subjective sleep quality,4,6,7 poorer 
subjective well-being,7 and greater risks of cardiometabolic 
diseases5,6 in older adults with chronic insomnia. Although 
objective sleep is often found to be similar in those with and 
without insomnia, significantly greater sleep variability was 
observed in older adults with insomnia than in older adults 
without insomnia.5,7 Although evidence supports the clini-
cal significance of sleep variability in understanding and 
treating insomnia, little is known with regard to changes 
in sleep variability in the treatment of insomnia for older 
adults, the mechanisms by which changes in sleep variabil-
ity occur, and the clinical significance of sleep variability in 
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moderating intraindividual changes in sleep outcomes in the 
course of treatment.

Reduction of sleep variability in the treatment of insomnia 
has been observed in young and middle-aged adults following 

BRIEF SUMMARY
Current Knowledge/Study Rationale: High night-to-night sleep 
variability is prevalent in older adults who have chronic insomnia, is 
associated with poorer health outcomes, and may maintain insomnia. 
It is unclear if and how sleep variability decreases over the course 
of a brief behavioral therapy for insomnia (BBT-I) and whether 
pretreatment sleep variability moderates treatment efficacy.
Study Impact: The current findings indicate that BBT-I is efficacious 
in reducing sleep variability through increasing consistency of 
bedtime and wake time and reduced time in bed. Baseline sleep 
variability moderated the efficacy of BBT-I on primary sleep 
outcomes; individuals who had higher baseline sleep variabilities 
responded more positively to BBT-I. Sleep variability might be a 
useful measure for clinicians to identify patients who will or will not 
benefit from behavioral sleep interventions.
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cognitive behavioral therapy for insomnia (CBT-I). However, 
prior studies did not examine whether the reduction of sleep 
variability was greater in individuals who received CBT-I 
compared to those who received usual care or sleep educa-
tion only. Baron et al. examined changes in sleep variability 
in a randomized controlled trial of a 16-week sleep hygiene 
plus exercise intervention compared to a sleep hygiene-only 
control condition in a sample of older adults who had chronic 
insomnia.4 Although significant reductions in variability in 
wake after sleep onset (WASO) and sleep efficiency (SE) were 
found following the sleep hygiene plus exercise intervention, 
they were not significantly greater than those observed in the 
sleep hygiene-only control group. It remains unclear whether 
any treatment of insomnia, especially CBT-I, the recom-
mended treatment of insomnia,8 would be more efficacious 
than control in reducing sleep variability in older adults who 
have chronic insomnia.

Behavioral treatment of insomnia has been shown to have 
comparable effectiveness to CBT-I in older adults.9 In par-
ticular, brief behavioral therapy for insomnia (BBT-I), an 
especially cost-effective intervention that can be easily dis-
seminated in primary care settings, has been shown to be ef-
ficacious in reducing sleep onset latency (SOL) and WASO, 
improving SE and sleep quality, and increasing total sleep time 
(TST) in older adults who had chronic insomnia.10 However, 
the impact of BBT-I on sleep variability—an important clinical 
outcome—has not been examined.

CBT-I is theorized to improve sleep by promoting cogni-
tive and behavioral changes that restore circadian synchrony, 
balance homeostatic sleep needs, establish positive associa-
tions and break negative ones between the sleep setting and 
sleep, and reduce cognitive and physiological arousal.11 High 
sleep variability in individuals with insomnia is thought to 
be the consequence of the interaction between sleep homeo-
stasis and poor stimulus control.12 The greater tendency to 
engage in “sleep recovery” behavior following poor sleep 
often leads to elevated sleep-incompatible activities and ir-
regular sleep schedules. Therefore, behavioral techniques 
such as setting a consistent sleep schedule, reducing time 
in bed (TIB), and reducing nap duration might be especially 
relevant in the reduction of sleep variability. The mediating 
role of these processes in reducing sleep variability has not 
been previously tested.

In addition to being the therapeutic target in the treat-
ment of insomnia, sleep variability might moderate treatment 
outcomes. Sanchez-Ortuno and Edinger found that higher 
baseline sleep variability was associated with worse sleep out-
comes following CBT-I,13 but Suh et al. found the opposite.14 
These inconsistent results might be due to methodological 
limitations. Sanchez-Ortuno and Edinger examined the cor-
relations between baseline variability and sleep outcomes at 
posttreatment. These correlations could not inform how base-
line sleep variability affects the change in sleep outcomes. Suh 
et al. compared the average sleep improvements in patients 
with chronic insomnia who had high sleep variability and 
those who had low sleep variability. This analytical approach 
did not examine intraindividual changes. The use of multilevel 
modeling is needed to elucidate the effect of baseline sleep 

variability on the intraindividual changes in sleep outcomes in 
the course of treatment.

The Current Study
The current study analyzed data from a randomized con-
trolled trial of BBT-I in community-dwelling older adults in 
whom chronic insomnia was diagnosed. The aims of this study 
were to examine whether (1) BBT-I was more efficacious in 
reducing variability in SOL, WASO, TST, and SE than a self-
monitoring and attention control (SMAC); (2) changes in the 
theorized behavioral mediators11—bedtime variability, wake 
time variability, nap duration, and TIB—mediated changes in 
sleep variability; and, (3) baseline sleep variability moderated 
intraindividual changes in sleep outcome (SOL, WASO, TST, 
and SE). It was hypothesized that (1) there would be significant 
reductions of sleep variability in BBT-I recipients compared 
to the SMAC participants; (2) changes in bedtime variability, 
wake time variability, nap duration, and TIB would partially 
mediate the reduction of sleep variability; and (3) sleep vari-
ability at baseline would moderate intraindividual changes of 
sleep outcomes.

METHODS

Participants and Procedures
This study investigates changes in sleep variability in older 
adults with insomnia over the course of a 4-week BBT-I. 
BBT-I included 4 main components: sleep hygiene, stimulus 
control, sleep restriction, and relaxation. The University of 
Florida’s Institutional Review Board (UF IRB-02) approved 
the protocol, and all participants signed informed consent 
forms prior to participating. Inclusion criteria were: (1) in-
dividual reports insomnia (sleep onset or awake time dur-
ing night > 30 minutes) for more than 6 months15; (2) sleep 
diary confirms insomnia (sleep onset or awake time during 
night > 30 minutes) at least 6 nights during 2-week baseline 
period; (3) daytime dysfunction due to insomnia (mood, 
cognitive, social, or occupational impairment); and (4) no 
prescribed or over-the-counter sleep medication for at least 
1 month, or stabilized on medication for at least 6 months. 
Exclusion criteria were: (1) significant medical or neurologi-
cal disorder; (2) major psychopathology; (3) other sleep dis-
orders (eg, sleep apnea, periodic limb movements) assessed 
through single-night ambulatory monitoring and structured 
interview; (4) severe depressive symptomatology based on a 
score of 24 or higher on the Beck Depression Inventory-II16 
or a score of 13 or higher on the Geriatric Depression Scale17; 
(5) cognitive impairment based on Mini-Mental State Exami-
nation (MMSE) score lower than 23 (ninth-grade education 
or higher) or lower than 18 (less than ninth-grade educa-
tion); and (6) suspected sleep-disordered breathing based on 
a single-night ambulatory monitoring (Compass F10; Embla, 
Broomfield, Colorado, United States) of blood oxygen satu-
ration and respiration indicating an apnea-hypopnea index 
greater than 15.1 and minimum oxygen desaturation less than 
93%. A board-certified sleep medicine physician (RBB) re-
viewed all ambulatory monitoring records.D
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A total of 62 older adults with insomnia (age: mean = 69.45, 
standard deviation = 7.71; sex: 68% female; ethnicity: 82.26% 
non-Hispanic White, 6.45% Hispanic White, 3.23% Black, 
3.23% Asian, and 4.84% multiracial) were recruited from 
Gainesville and surrounding areas through newspaper and 
other community advertisements for treatment of late-life in-
somnia. Participants were randomly assigned to either the BBT-
I or SMAC group. Participants in the SMAC group completed 
the same set of assessments as BBT-I participants, including 
completing daily diaries and wearing an actigraph throughout 
the study. Hence, any effects of self-monitoring of sleep were 
held equal in both groups. To control for the weekly attention 
received from the therapist, SMAC participants also met with 
the therapist once a week for an hour. During that hour, SMAC 
participants and the therapist engaged in social conversations 
unrelated to sleep or any aspect of BBT-I. The CONSORT dia-
gram is presented in Figure 1. Details of screening and random-
ization procedures and procedures taken to ensure treatment 
fidelity are included in the supplemental material. This clini-
cal trial is registered on ClinicalTrials.gov (NCT02967185). 
Table 1 presents the demographic and clinical characteristics 

of the entire sample and those of the BBT-I and SMAC groups. 
The BBT-I and SMAC groups did not differ significantly on 
any of the demographic and clinical characteristics except the 
duration of insomnia. The SMAC group had significantly lon-
ger duration of insomnia. The primary outcomes of this trial 
(the mean levels of sleep diary-assessed SOL, WASO, and SE) 
significantly improved in BBT-I compared to SMAC.18 In the 
BBT-I group, SOL improved from 51 minutes to 29 minutes 
at 3-month follow-up; WASO from 67 minutes to 42 minutes; 
and SE from 70% to 81%. TST improved marginally from 350 
minutes to 372 minutes (P = .08). The current study examined 
improvements in sleep variability across treatment, controlling 
for the improvements in the primary mean-level outcomes.

Most of the sample and clinical characteristics were not sig-
nificantly different between the groups with higher baseline 
sleep variability and the groups with lower baseline sleep vari-
ability, except that the groups with higher baseline variability 
in diary-assessed SOL, TST, or SE were more likely taking 
medications for sleep than the groups with lower baseline vari-
ability (48% to 53% versus 21% to 23%, P = .02 to .03). Ad-
ditionally, the group with higher baseline diary-assessed SOL 

Figure 1—CONSORT flow diagram.

BBT-I, brief behavioral therapy for insomnia; LOCF, last observation carried forward, Obs, observation, SMAC, self-monitoring and attention control.
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variability were less likely to have received a bachelor’s or 
graduate degree (43% versus 68%, P = .03). Controlling for the 
duration of insomnia, education, and taking sleep medications 
in the subsequent analyses did not alter the patterns or signifi-
cance of results.

Measures
Sleep Diaries
Participants were instructed to complete a sleep diary upon 
arising each morning throughout the study (10 weeks total = 2 
weeks at baseline, 4 weeks of treatment, 2 weeks at posttreat-
ment, and 2 weeks at 3-month follow up). The sleep diaries 
provided the following variables: (1) SOL—time from initial 
lights-out until sleep onset, (2) WASO—time spent awake af-
ter initial sleep onset until last awakening; and, (3) TST—time 

between sleep onset and the last awakening, and, (4) SE—
computed by dividing TST by total TIB and multiplying it by 
100. The sleep outcome variables were the weekly averages of 
SOL, WASO, TST, and SE throughout the 10-week assessment 
period. The sleep variability variables were the within-person 
standard deviations of 1-week measures of SOL, WASO, TST, 
and SE (varSOL, varWASO, varTST, and varSE). The sleep 
variables derived from sleep diaries are denoted by an “s” at 
the end of each variable (ie, SOLs, WASOs, TSTs, and SEs). 
The sleep variability variables were varSOLs, varWASOs, var-
TSTs, and varSEs.

Actigraphy-Assessed Sleep
Participants wore an Actiwatch-L (ACTL) (Mini Mitter Co., Inc., 
Bend, Oregon, United States) on their nondominant wrists con-
tinuously throughout the study (10 weeks); the device contains 

Table 1—Demographics and clinical characteristics of participants.
Total Sample (n = 62) BBT-I (n = 32) SMAC (n = 30)

Age, years, mean (SD) 69.45 (7.71) 67.97 (5.97) 71.03 (9.06)
Sex, n (%)

Men 20 (32.26) 10 (31.25) 10 (33.33)
Women 42 (67.74) 22 (68.75) 20 (66.67)

Ethnicity, n (%)
Asian 2 (3.23) 1 (3.13) 1 (3.33)
Black 2 (3.23) 2 (6.25) 0 (0.00)
Multiracial 3 (4.84) 2 (6.25) 1 (3.33)
White (Hispanic) 4 (6.45) 2 (6.25) 2 (6.67)
White (non-Hispanic) 51 (82.26) 25 (78.13) 26 (86.67)

Employment, n (%)
Employed 18 (30.00) 7 (23.33) 11 (36.67)
Not employed 42 (70.00) 23 (76.67) 19 (63.33)

Education, n (%)
Bachelor degree or above 37 (64.91) 20 (68.97) 17 (60.71)
Community college or some college 12 (21.05) 5 (17.24) 7 (25.00)
High school diploma 6 (10.53) 3 (10.34) 3 (10.71)
No high school diploma 2 (3.51) 1 (3.45) 1 (3.57)

Marital status, n (%)
Divorced or separated 12 (19.67) 7 (21.88) 5 (17.24)
Married or cohabited 34 (55.74) 19 (59.38) 15 (51.72)
Single 7 (11.48) 1 (3.13) 6 (20.69)
Widowed 8 (13.11) 5 (15.63) 3 (10.34)

No. medical conditions, mean (SD) 2.17 (1.29) 1.90 (1.06) 2.43 (1.45)
Duration of insomnia, years, mean (SD) 13.88 (15.33) 9.51 (12.37)* 18.55 (16.95)*
No. prescribed medications, mean (SD) 3.32 (2.58) 2.92 (1.16) 3.69 (3.43)
No. OTC medications, mean (SD) 2.18 (1.88) 2.11 (2.17) 2.25 (1.57)
Taking prescribed sleep medications, n (%) 17 (31.48) 9 (30.00) 8 (33.30)
Body mass index, kg/m2, mean (SD) 24.88 (3.94) 24.24 (4.00) 25.35 (3.88)
BDI-II score, mean (SD) 10.25 (9.43) 10.46 (11.64) 10.04 (6.63)
STAI-T score, mean (SD) 36.42 (12.22) 33.64 (13.45) 39.30 (10.27)
MMSE score, mean (SD) 28.46 (1.29) 28.40 (1.19) 28.72 (1.39)

* = significant difference between groups (P = .019). BBT-I = brief behavioral therapy for insomnia, BDI-II = Beck Depression Inventory-II, MMSE = Mini-
Mental State Examination, OTC = over the counter, SD = standard deviation, SMAC = self-monitoring and attention control, STAI-T = State and Trait Anxiety 
Inventory – Trait.
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an omnidirectional piezoelectric accelerometer with sensitivity 
of 0.01 λg force or greater. The sensor of the ACTL is sampled 32 
times per second and records peak values for each second. These 
peak values are then summed into 30-second “activity” counts. 
These activity counts are downloaded to a personal computer 
and analyzed using Actiware-Sleep v. 3.3 (Philips Respironics, 
Murrysville, Pennsylvania), which uses a validated algorithm to 
identify periods of sleep or wake. Actiware-Sleep determined 
sleep start automatically by searching for the first 10 minutes 
during which no more than one epoch was scored as wake. Like-
wise, sleep end was the last 10 minutes during which no more 
than one epoch was scored as wake. Bedtime and time out of 
bed in the morning were based on sleep diary entries as recom-
mended in the software manual. They were used to compute the 
total TIB for subsequent calculations of SOL, WASO, TST, and 
SE. If there was a discrepancy greater than 30 minutes between 
diary and actigraphy values of bedtime and time out of bed, a 
3-step procedure was used to determine the bedtime and time 
out of bed. (1) If diary times fall within 15 minutes of a sharp 
decrease/increase of activity (50% change of activity), the diary 
times were used. (2) If diary times did not fall within 15 minutes 
of a sharp change of activity, but actigraphy times did, the ac-
tigraphy times were used. (3) If both diary and actigraphy times 
did not fall within 15 minutes of a sharp change of activity, the 
times at which there was a sharp change of activity closest to 
the diary times were used. The same set of variables provided 
by the sleep dairies were provided by the actigraphy. The sleep 
variables that were derived from actigraphy were denoted by an 
“a” at the end of each variable (ie, SOLa, WASOa, TSTa, and 
SEa). The sleep variability variables were varSOLa, varWASOa, 
varTSTa, and varSEa.

Behavioral Mediators
The behavioral mediator variables included bedtime variabil-
ity (varBT) and wake time variability (varWT)—the standard 
deviations of the weekly measures of bedtime and wake time 
based on sleep diaries, the weekly averages of nap duration, 
and the 2-week average of TIB.

Data Analysis
The intent-to-treat approach was used in all analyses. Weekly 
averages of sleep outcome variables were computed when 
there were 4 days or more data for that week. Weekly sleep 
variability variables were computed only when there were 7 
days of data for that week, given that the estimate of variability 
(within-person standard deviation) would be strongly affected 
by number of days included in the computation. The last ob-
servation carried forward technique was used for the missing 
weekly variables due to dropout. Missing data in assessments 
not due to dropout were handled using mixed modeling—all 
available data were analyzed.19

Multilevel modeling was used to model intraindividual 
changes in sleep variability measured by sleep diaries (var-
SOLs, varWASOs, varTSTs, and varSEs) and actigraphy (var-
SOLa, varWASOa, varTSTa, and varSEa) from baseline to 
posttreatment and follow-up using the lmer package20 in RStu-
dio version 0.99.486 (RStudio, Boston, Massachusetts). As 
recommended by Enders and Tofighi,21 time-varying variables 

(sleep variability variables, sleep outcome variables, behav-
ioral mediators) were centered by their group means to capture 
within-individual variability. Between-individual variables 
(baseline sleep variability variables) were centered by their 
grand means to capture between-individual variability.

Hypothesis 1: Sleep Variability Would Decrease 
Across Time in BBT-I Versus SMAC
An initial model with a random intercept, a random linear 
slope of change, and the fixed effects of both linear and qua-
dratic slopes to model changes across time was examined for 
each sleep variability variable. The quadratic slope remained 
in the following interaction models only if it was significant. 
To examine whether there were significantly greater changes 
in sleep variability for BBT-I than SMAC, each sleep variabil-
ity variable was regressed on the fixed effects of the intercept, 
time (linear slope of change), group (BBT-I versus SMAC), 
and the time × group interaction. Pseudo R 2 was computed 
to indicate the proportion of random effect of the linear slope 
of change (ie, between-individual variability in the intra-indi-
vidual change of the outcome) explained by the time × group 
interaction.

Hypothesis 2: Changes in the Behavioral Mediators 
Would Mediate the Reduction of Sleep Variability in 
BBT-I Versus SMAC
For variables with significant reductions in variability, media-
tion analyses were conducted to test whether those reductions 
were mediated by varBT, varWT, TIB, and nap duration. In 
other words, the indirect effect of BBT-I on sleep variability 
through each behavioral mediator was estimated. The indirect 
effect was the product of path a (the effect of BBT-I on the 
mediator) and path b (the effect of the mediator on the sleep 
variability variable). The distribution-of-the-product method 
implemented in the RMediation package was used to estimate 
the 95% confidence interval of the indirect effect, so as to eval-
uate the significance of the indirect effect.22 This method has 
been shown to be less biased than the traditional Sobel signifi-
cance test, even in small samples with a sample size of 50.22,23

In order to evaluate the effect of BBT-I on the intra-indi-
vidual changes of sleep variability, path a was estimated by 
regressing the intraindividual change of the mediator on BBT-
I and path b was estimated by regressing the intraindividual 
change of the sleep variability variable on the intraindividual 
change of the mediator. The intraindividual change of the me-
diator was the individual linear slope of change of the mediator 
extracted from the random effect in the mixed model, in which 
the mediator was regressed on the fixed and random effects 
intercept and time. The intraindividual change of the sleep 
variability variable was extracted the same way. The group 
variable (BBT-I versus SMAC) was a between-individual vari-
able, coded as 1 (BBT-I) and 0 (SMAC).

Hypothesis 3: Baseline Sleep Variability Would 
Moderate Intraindividual Changes in Primary 
Sleep Outcomes
To examine whether baseline sleep variability moderated 
changes in sleep outcomes (SOL, WASO, TST, and SE), each D
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outcome variable was regressed on the fixed effects of time, 
group, the respective baseline sleep variability, and the time × 
group, time × baseline sleep variability, group × baseline sleep 
variability, and the time × group × baseline sleep variability 
interactions.

RESULTS

Descriptives
The means and standard deviations of the sleep variability 
variables at baseline, posttreatment, and follow-up are pre-
sented in Table 2. Table 3 presents the correlations between 
sleep variability and sleep outcomes at baseline. As expected, 

higher sleep variability was associated with poorer mean levels 
of sleep outcome except for TST.

Changes in Sleep Variability in BBT-I 
Compared to SMAC
As shown in Table 4, the time × group interaction effect was 
significant on varSOLs and varTSTa, indicating that there were 
significant reductions of variability in SOLs and TSTa follow-
ing BBT-I compared to SMAC (see Figure 2). The effect sizes 
of the interactions ranged from medium to large. Seventeen 
percent of between-individual variability in the changes of 
SOLs across time and 29% of between-individual variability in 
the changes of TSTa across time were explained by group. var-
SOLs decreased by about 48% in BBT-I recipients versus about 
22% in SMAC. varTSTa decreased by about 24% in BBT-I but 
increased by 3% in SMAC. Because sleep variability, espe-
cially variability in SOLs, was strongly correlated with the 
mean level of sleep outcomes, we examined whether the time 
× group interactions on varSOLs and varTSTa remained sig-
nificant when the time-varying mean levels of SOLs and TSTa 
were included in the models. The time × group interaction on 
varSOLs became nonsignificant (b = −.86, P = .307). However, 
the time × group interaction on varTSTa remained significant 
even when the time-varying mean level of TSTa were included 
(b = −2.37, P = .009).

Behavioral Mediators on Changes in Sleep Variability
As expected, varBT, varWT, and TIB decreased significantly 
in BBT-I compared to SMAC (see Table 4 and Figure 3). The 
effect sizes ranged from medium to large. Eleven percent, 31%, 
and 17% of the between-individual variability in the changes of 
varBT, varWT, and TIB across time were explained by group. 
The main effect of time was significant on nap duration; how-
ever, the time × group interaction was not significant. The re-
sult indicated that BBT-I, compared to SMAC, did not have a 
significant effect in reducing nap duration. One of the prereq-
uisites for significant mediation of treatment effects on sleep 
variability is that there are significant treatment effects on the 
mediator. Nap duration did not meet this prerequisite and thus 
was excluded from the subsequent mediation analysis.

Table 2—Sleep variability variables by time and group.
Baseline Posttreatment Follow-Up

BBT-I Group
varSOLs 33.76 (32.54) 16.32 (20.83) 18.65 (20.48)
varWASOs 46.02 (33.99) 25.53 (22.52) 23.92 (19.60)
varTSTs 78.59 (37.43) 60.60 (35.99) 66.78 (52.93)
varSEs 12.40 (6.52) 9.33 (5.83) 9.10 (5.79)
varSOLa 20.96 (18.64) 14.20 (12.89) 22.40 (21.19)
varWASOa 17.59 (9.92) 11.55 (6.53) 14.23 (8.00)
varTSTa 61.30 (19.64) 45.05 (23.05) 46.83 (24.90)
varSEa 5.95 (3.07) 5.63 (2.88) 6.11 (3.25)

SMAC Group
varSOLs 30.21 (38.14) 27.78 (39.37) 23.60 (28.44)
varWASOs 40.78 (26.70) 28.90 (24.90) 34.19 (27.83)
varTSTs 83.73 (49.27) 68.90 (37.75) 65.13 (26.00)
varSEs 12.16 (6.23) 9.19 (5.29) 9.77 (5.91)
varSOLa 22.67 (17.99) 20.11 (12.30) 23.58 (14.21)
varWASOa 18.87 (15.05) 17.89 (9.17) 19.81 (9.07)
varTSTa 58.29 (21.79) 60.17 (33.87) 59.80 (24.85)
varSEa 6.70 (4.86) 6.00 (2.84) 7.38 (3.40)

Values presented as mean (standard deviation). Variables ending with 
an “a” were measured by actigraphy. Variables ending with an “s” were 
measured by sleep diaries. BBT-I = brief behavioral therapy for insomnia, 
SMAC = self-monitoring and attention control, varSE = variability in sleep 
efficiency, varSOL = variability in sleep onset latency, varTST = variability 
in total sleep time, varWASO = variability in wake after sleep onset.

Table 3—Correlations between sleep variability and sleep outcomes at baseline.
SOLs WASOs SEs TSTs SOLa WASOa SEa TSTa

varSOLs .89*** .37** −.62*** −.45*** .30* .29* −.31*  < .01
varWASOs .56*** .67*** −.57*** −.39** .19 .39** −.35* −.03
varSEs .36** .41** −.44*** −.45*** .25 .15 −.38** −.40**
varTSTs .34* .22 −.25 −.12 .31* .16 −.34* −.23
varSOLa .56*** .10 −.37** −.18 .86*** .20 −.65*** −.15
varWASOa .40** .42** −.34* −.23 .25 .63*** −.58*** −.16
varSEa .37** .21 −.42** −.36* .70*** .18 −.73*** −.41**
varTSTa .39** .18 −.38** −.35* .45** .13 −.47*** −.28

* = P < .05, ** = P < .01, *** = P < .001. Values in the shaded cells are the correlations between the variability and mean level of the same sleep parameter. 
Variables ending with an “a” were measured by actigraphy. Variables ending with an “s” were measured by sleep diaries. SE = sleep efficiency, SOL = sleep 
onset latency, TST = total sleep time, WASO = wake after sleep onset, varSE = variability in sleep efficiency, varSOL = variability in sleep onset latency, 
varTST = variability in total sleep time, varWASO = variability in wake after sleep onset.
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As shown in Table 5, the intraindividual changes of varBT 
and TIB significantly mediated the effects of BBT-I on the in-
traindividual changes of varSOLs. The indirect effect of BBT-I 
on varSOLs through the reduction of varBT was significant and 
explained almost all of the total effect of BBT-I on varSOLs 
(the regression coefficient of the total effect decreased from 
−1.38 to −.10 when the indirect effect was taken into account). 
The indirect effect of BBT-I on varSOLs through the reduction 
of TIB was significant also and explained some of the total ef-
fect of BBT-I on varSOLs (the regression coefficient of the total 
effect decreased from −1.38 to −1.07 when the indirect effect 
was taken into account).

Likewise, the intraindividual changes of varBT and varWT 
significantly mediated the effects of BBT-I on the intraindi-
vidual changes of varTSTa (see Table 5). The indirect effect 
of BBT-I on varTSTa through the reduction of varBT was sig-
nificant and explained some of the total effect of BBT-I on 

varTSTa (the regression coefficient of the total effect decreased 
from −1.15 to −.76 when the indirect effect was taken into ac-
count). The indirect effect of BBT-I on varTSTa through the 
reduction of varWT was significant and explained some of the 
total effect of BBT-I on varTSTa (the regression coefficient of 
the total effect decreased from −1.15 to −.76 when the indirect 
effect was taken into account).

Moderations of Baseline Sleep Variability on Changes 
in Sleep Outcomes in BBT-I Compared to SMAC
As shown in Table 6, the time × group × baseline variabil-
ity 3-way interaction effects were significant on SOLs, SOLa, 
SEa, and TSTa. As shown in Figure 4, these interactions in-
dicated that the improvements in SOLs, SOLa, SEa, and TSTa 
in BBT-I compared to SMAC were greater in individuals 
who had higher baseline sleep variability than those who had 
lower baseline sleep variability. The effect sizes of the 3-way 

Table 4—Fixed effects (P values) of time, group, and time × group interactions on sleep variability variables and behavioral 
mediators.

Time (Linear) Time (Quadratic) Group
Time (Linear) ×

Group
Effect Size of Time × 

Group Effect (Pseudo R 2)
Sleep Variability

varSOLs 10.13 (.309) – −.48 (.463) −2.19 (.018) .12
varWASOs −1.30 (.067) – 6.28 (.437) −1.56 (.116) .08
varSEs −.93 (.003) .05 (.038) −.41 (.793) −.04 (.830)  < .01
varTSTs −9.27 (< .001) .64 (.002) −12.53 (.186) 1.05 (.445) .03
varSOLa −2.75 (.006) .24 (.004) −4.26 (.422) −.03 (.959) .01
varWASOa .004 (.988) – −.001 (.999) −.63 (.066) .29
varSEa .02 (.835) – −.79 (.435) −.04 (.761) .03
varTSTa −3.20 (.008) .30 (.014) 4.56 (.423) −2.33 (.008) .27

Behavioral Mediators
varBT .01 (.988) – 6.05 (.403) −1.52 (.044) .11
varWT −3.74 (.007) .35 (.003) −2.33 (.678) −1.76 (.023) .31
Nap duration −2.84 (< .001) .23 (< .001) −6.24 (.168) .16 (.715)  < .01
TIB −11.83 (< .001) 1.17 (< .001) 4.10 (.798) −4.99 (.007) .17

Values in bold represent significant time × group interaction effects. Variables ending with an “a” were measured by actigraphy. Variables ending with an “s” 
were measured by sleep diaries. TIB = time in bed, varBT = variability in bedtime, varSE = variability in sleep efficiency, varSOL = variability in sleep onset 
latency, varTST = variability in total sleep time, varWASO = variability in wake after sleep onset, varWT = variability in wake time.

Figure 2—Significant time × group interactions.

Significant time × group interactions on (A) sleep diary-assessed sleep onset latency variability (varSOLs) and (B) actigraphy-assessed total sleep time 
variability (varTSTa). BBT-I = brief behavioral therapy for insomnia, SMAC = self-monitoring and attention control.
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interactions ranged from medium to very large. These inter-
action effects remained significant even when baseline levels 
of SOLs, SOLa, SEa, and TSTa were included in the models, 
indicating that the interaction effects were not explained by 
worse baseline sleep in individuals who had higher baseline 
sleep variability.

As shown in Figure 4A, SOLs decreased by about 65% 
from 85 minutes to about 30 minutes following BBT-I in older 

adults who had higher baseline SOLs variability. SOLs de-
creased by about 40% following BBT-I in older adults who 
had lower baseline SOLs variability. A slope difference test 
indicated that the greatest decrease of SOLs was observed in 
BBT-I recipients who had higher baseline variability in SOLs, 
significantly greater than the decreases of SOLs in BBT-I re-
cipients who had lower baseline variability in SOLs and SMAC 
participants (t values for slope differences: −4.63 to −6.35, 
P < .001). This pattern of results was corroborated by actigra-
phy data (see Figure 4B). The greatest decrease in SOLa was 
observed in BBT-I recipients who had high baseline variability 
in SOLa (SOLs decreased by 60% from about 37 minutes to 
15 minutes), significantly greater than the decreases of SOLa 
in BBT-I recipients who had low baseline variability in SOLa 
and SMAC participants (t values for slope differences: −3.19 to 
6.05, P = .001 to .003).

A similar pattern of interaction was observed with SEa. The 
greatest improvements in SEa were observed in BBT-I recipi-
ents who had high baseline variability in SEa, significantly 
greater than the improvements observed in BBT-I recipients 
who had low baseline SEa variability and SMAC participants 
(see Figure 4D; t values for slope differences; 3.83 to 5.94, 
P < .001). Unexpectedly, there was a decrease in TSTa in BBT-I 
recipients who had high baseline TSTa variability, significantly 
different from the slope of change of TSTa in SMAC partici-
pants who had high baseline TSTa variability (t value for slope 
difference: −2.26, P = .028).

DISCUSSION

The current study examined, in a randomized controlled trial 
of BBT-I for older adults, whether (1) there were significant 
reductions of variability in SOL, WASO, TST, and SE in BBT-
I compared to SMAC; (2) changes in bedtime and wake time 
variability, nap duration, and TIB mediated the reductions of 
sleep variability; and (3) baseline variability in SOL, WASO, 
SE and TST moderated intraindividual changes in SOL, 
WASO, TST, and SE in BBT-I compared to SMAC.

Reduction of Sleep Variability in BBT-I
Consistent with our hypothesis, BBT-I was efficacious in re-
ducing variability in some sleep parameters, SOLs, and TSTa, 
with medium to large effect sizes. These findings are consis-
tent with prior studies in young and middle-aged adults.13,14 
Extending from previous research, this study showed that a 
4-session BBT-I was efficacious in reducing sleep variability 
in older adults with chronic insomnia. The decreases in per-
centage in SOLs variability and TSTa variability were com-
parable to those in a prior study implementing a 4-session 
CBT-I in middle-aged adults.13 The current study included a 
SMAC group that provided a more stringent test of the effects 
of the treatment of insomnia in reducing sleep variability than 
prior studies, in which a control group was not included.4,13,14 
A prior randomized controlled trial of a 12-month exercise 
intervention showed that SOLs variability significantly de-
creased in the intervention group, compared to the health 
education control group, by about 20% (~15 minutes) from 

Figure 3—Significant time × group interactions.

Significant time × group interactions on (A) variability in bedtime 
(varBT), (B) variability in wake time (varWT), and (C) time in bed (TIB). 
BBT-I = brief behavioral therapy for insomnia, SMAC = self-monitoring 
and attention control.
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baseline to posttreatment.24 It is fairly impressive that 4 ses-
sions of BBT-I over 4 weeks was adequate in reducing SOLs 
by 65% (~55 minutes) in the current study, and that the treat-
ment gains were maintained at 3-month follow-up. However, 
it should be noted that the time × group effect on varSOLs 
became nonsignificant when the changes of the mean level 
of SOLs were taken into account. This finding might indicate 
that the reduction of SOLs variability might be concomitant 
of the reduction of mean SOLs.

The significant reduction of varTSTa in BBT-I compared 
to SMAC was novel. Significant reduction of objective TST 
variability was not found in prior trials of CBT-I in middle-
aged adults13 nor in exercise interventions for older adults 
with chronic insomnia4,24 Additionally, the time × group 
interaction on varTSTa remained significant even when the 
mean levels of TSTa were taken into account. Taken to-
gether, the present study provided compelling evidence that 
BBT-I is an efficacious and efficient treatment for reducing 
variability in some sleep parameters in older adults with 
chronic insomnia.

Bedtime Variability, Wake Time Variability, and TIB 
Mediated Reduction in Sleep Variability
Reductions of bedtime variability, wake time variability, and 
TIB mediated the time × group interaction effect on sleep vari-
ability. This was the first study to empirically examine the pu-
tative mechanisms by which behavioral techniques bring about 
reduction of sleep variability. The findings are consistent with 
the theoretical underpinning of CBT-I11,12 Specifically, the me-
diation of bedtime variability on the effect of BBT-I on varSOLs 
can be considered a full mediation.25 Establishing a more con-
sistent bedtime helps stabilize circadian rhythm. A consistent 
bedtime might also lead to increased homeostatic sleep drive 
by preventing one from going to bed too early, and subsequently 
restore the “automaticity” of sleep12 (ie, falling asleep more eas-
ily without having to try). Reducing TIB helps decrease sleep-
incompatible activities in bed and strengthen sleep cues, which 
could also explain the increased consistency of SOLs.

Likewise, the significant mediations of the effect of BBT-I 
on the reduction of varTSTa by increased bedtime consistency 
and wake time consistency are consistent with the theoretical 

Table 5—Mediated effects of the changes in varSOLs and varTSTa in BBT-I versus SMAC.
Path a Path b Mediation Effect Direct Effect Total Effect

b P b P b 95% CI b P b P
varSOLs −1.38 .03

varBT −.79 .052 .57 .010 −.447 −.997 to −.045 −.10 .132
varWT −.91 .010 −.07 .802 .060 −.349 to .496 −1.51 .039
Nap .10 .680 .56 .100 .055 −.178 to .336 −1.44 .022
TIB −3.24 .007 .12 .091 −.402 −.927 to −.008 −1.07 .122

varTSTa −1.15 .011
varBT −.79 .052 .49 .001 −.388 −.796 to −.057 −.76 .068
varWT −.91 .010 .43 .010 −.398 −.798 to −.009 −.76 .094
Nap .10 .680 −.46 .045 −.045 −.262 to .142 −1.10 .013
TIB −3.24 .007 .06 .233 −.191 −.520 to .065 −.96 .043

Path a = the effect of BBT-I on the mediator. Path b = the effect of the mediator on the outcome. Values in bold represent significant mediation effects. 
BBT-I = brief behavioral therapy for insomnia, CI = confidence interval, SMAC = self-monitoring and attention control, TIB = time in bed, varBT = variability in 
bedtime, varSOLs = variability in sleep diary-assessed sleep onset latency, varTSTa = variability in actigraphy-assessed total sleep time, varWT = variability 
in wake time.

Table 6—Moderation effects of baseline sleep variability on time × group interaction effects on sleep outcomes.

Time Group
Baseline 

Variability Time × Group

Time × 
Baseline 

Variability

Group × 
Baseline 

Variability

Time × Group 
× Baseline 
Variability

Effect Size of 
Moderation Effect 

(Pseudo R 2)
SOLs −.09 (.839) 8.16 (.114) .87 (< .001) −2.88 (< .001) .06 (< .001) .04 (.794) −.14 (< .001) .66
WASOs −1.39 (.008) 7.03 (.283) .92 (< .001) −2.02 (.007) −.08 (< .001) −.28 (.217) .02 (.317) .02
SEs .45 (.038) −5.26 (.056) −1.21 (< .001) 1.07 (.001) .04 (.227) .86 (.050)  < .01 (.966)  < .01
TSTs 1.75 (.439) −40.25 (.050) −.53 (.076) 4.40 (.170)  < .01 (.960) .62 (.205) .06 (.419) .01
SOLa .06 (.875) −4.61 (.152) .979 (< .001) −.23 (.685)  < .01 (.967) .03 (.847) −.12 (< .001) .32
WASOa .14 (.747) 1.79 (.678) .69 (.002) −.87 (.149)  < .01 (.965) .72 (.054) −.08 (.115) .10
SEa −.16 (.234) .20 (.884) −1.21 (< .001) .32 (.078) −.02 (.545) −.04 (.918) .17 (.004) .20
TSTa .34 (.769) 3.79 (.821) −1.26 (.030) −1.91 (.234) .06 (.262) 1.13 (.173) −.16 (.044) .15

P values are presented inside parentheses. Bold values represent significant time × group × baseline sleep variability interaction effects. Variables ending 
with an “a” were measured by actigraphy. Variables ending with an “s” were measured by sleep diaries. SE = sleep efficiency, SOL = sleep onset latency, 
TST = total sleep time, WASO = wake after sleep onset.
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underpinning of behavioral therapy for insomnia. Although 
nap duration decreased across time in the sample, BBT-I did 
not have a significant effect on the decrease of nap duration 
compared to SMAC. A lack of treatment effects on nap dura-
tion precluded the possibility of mediation effects of nap dura-
tion on treatment outcomes.

Sleep Variability Moderates Effectiveness of BBT-I on 
Sleep Improvements
The moderation effects of baseline sleep variability on the 
effects of BBT-I on the improvements of SOLs, SOLa, SEa, 

and TSTa were novel. This was the first study to examine the 
moderation effects of sleep variability on the intraindividual 
changes of sleep outcomes in treatment. Older adults who 
had high baseline sleep variability appeared to benefit from 
BBT-I to a significantly greater extent than those who had low 
baseline sleep variability. This pattern of relationships was ob-
served in both subjective and objective SOL and objective SE 
and TST. These findings are congruent with prior studies in 
young and middle-aged adults in which higher baseline sleep 
variability was found to be associated with better subjective 
sleep quality at posttreatment.14 The current study extended 

Figure 4—Significant time × group × baseline sleep variability interactions.

Significant time × group × baseline sleep variability interactions on (A) sleep diary-assessed sleep onset latency (SOLs), (B) actigraphy-assessed sleep 
onset latency (SOLa), (C) actigraphy-assessed total sleep time (TSTa), and (D) actigraphy-assessed sleep efficiency (SEa). B_varSEa = baseline variability 
of SEa, B_varSOLa = baseline variability of SOLa, B_varSOLs = baseline variability of SOLs, B_varTSTa = baseline variability of TSTa, BBT-I = brief 
behavioral therapy for insomnia, SMAC = self-monitoring and attention control.
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beyond examining the snapshots of changes at pretreatment 
and posttreatment and provided evidence for the moderating 
role of sleep variability on the trajectories of changes in sleep 
outcomes in BBT-I for older adults.

The moderation effects of sleep variability on the changes 
of sleep outcomes were not explained by worse baseline sleep 
parameters. It does not appear that the higher responsiveness 
to BBT-I in older adults who had high baseline sleep variability 
was due to poorer sleep at baseline. However, it should be noted 
that older adults who had low baseline variability did have 
much better sleep, especially objective sleep (see Figure 4). 
Their average SOLa was below 30 minutes and SEa was above 
85%. There might be a ceiling/flooring effect in detecting sig-
nificant improvements in objective sleep in this subgroup of 
participants. They were included in the study because they 
did show poorer sleep measured by sleep diaries, the recom-
mended diagnostic tool for chronic insomnia.26

The literature on motivation suggests that if a person is more 
aware of the discrepancy of their current state and the ideal 
state, he/she is more motivated to make changes to achieve the 
ideal state, especially when the strategies for change are per-
ceived as within one’s control.27 Older adults who have more 
variable sleep might be more receptive to making changes 
with respect to setting regular sleep schedules and stimulus 
control. Older adults who have insomnia but have much less 
variable sleep patterns might not see the link between bedtime 
and wake time consistency and their insomnia. It is possible 
that perceived treatment ineffectiveness might negatively in-
fluence treatment outcomes by hampering patients’ motivation 
not only in adhering to the behavioral components but also in 
overall engagement in treatment, quality of the therapeutic 
alliance, and/or treatment-related self-efficacy. Additional re-
search is needed before any definitive conclusions can be made. 
Additionally, the group with lower SOLs variability was more 
educated. It is possible that this group might benefit more from 
the cognitive component of CBT-I, which was not included in 
the behavioral-only treatment of insomnia in this study.

Alternatively, the co-occurrence of insomnia and high sleep 
variability might indicate elevated dysregulation of autonomic 
functioning.28 There is increasing evidence suggesting that 
circadian disorganization is associated with dysregulation of 
the autonomic system.29 It is possible that older adults with 
insomnia who also have high sleep variability might have el-
evated baseline dysregulation of autonomic arousal and more 
room for improvements to occur in the treatment of insom-
nia. Increased consistency of circadian timing and relaxation 
strategies in BBT-I might improve autonomic functioning and 
subsequently sleep outcomes, especially in older adults who 
have high sleep variability.

Limitations and Strengths
This study has several limitations. First, sleep diaries were 
collected on paper. Although they were instructed to complete 
their diaries daily, participants could have completed the dia-
ries not as instructed, such as filling out several days of diaries 
at once, and resulted in biases and inaccuracies. Second, the 
majority of the sample are White. Findings might have lim-
ited generalizability to non-White populations. Third, this trial 

is an efficacy trial conducted in an academic setting. Future 
studies are needed to examine whether findings generalize to 
non-academic community settings. Lastly, polysomnography 
data of sleep were not collected. Although diary is the gold 
standard for diagnosing and evaluating insomnia, polysom-
nography measures of sleep might aid the interpretation of 
sleep improvements, especially improvement in SE. Given that 
TIB was not standardized in the calculation of sleep diary- and 
actigraphy-assessed SE, changes of SE across treatment might 
be attributable to simply a reduction of TIB. Nonetheless, there 
were significant increases in TST in the treatment group, in-
dicating that improvement in SE was not due to a reduction of 
TST. Despite the aforementioned issues, the current study is 
a well-controlled clinical trial that allowed for more stringent 
tests of the effectiveness of BBT-I in reducing sleep variability 
than currently available in the literature. In particular, it has 
several methodological strengths: (1) the use of both sleep dia-
ries and actigraphy in assessing sleep; (2) assessments of sleep 
for a total of 70 days from pretreatment to follow-up; (3) the use 
of a self-monitoring and attention control group that allowed 
for the evaluation of the efficacy of BBT-I on sleep variability 
beyond the effects of self-monitoring and therapist’s attention, 
and (4) the use of mixed modeling and mediation models to 
examine intra-individual changes and putative mechanisms of 
change in treatment.

CONCLUSIONS

The current study found that a 4-session BBT-I is efficacious in 
reducing some parameters of sleep variability in older adults. 
The reduction of sleep variability was mediated by the increase 
of bedtime and wake time consistency and the decrease of TIB. 
Older adults who had higher baseline sleep variability bene-
fited more from this BBT-I than those who had lower baseline 
sleep variability. Given the ease of assessing sleep variability, 
sleep variability could be a useful and cost-effective measure 
clinicians use to identify older adults who will benefit more 
from behavioral sleep interventions, or those who might not 
benefit much from behavioral sleep interventions. Future re-
search is needed to explore the mechanisms by which sleep 
variability affects treatment efficacy.

ABBRE VI ATIONS

BBT-I, brief behavioral therapy for insomnia
CBT-I, cognitive behavioral therapy for insomnia
LOCF, last observation carried forward
MMSE, Mini Mental State Examination
SE, sleep efficiency
SEa, sleep efficiency assessed by actigraphy
SEs, sleep efficiency assessed by sleep diaries
SMAC, self-monitoring and attention control
SOL, sleep onset latency
SOLa, sleep onset latency assessed by actigraphy
SOLs, sleep onset latency assessed by sleep diaries
TIB, time in bedD
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TST, total sleep time
TSTa, total sleep time assessed by actigraphy
TSTs, total sleep time assessed by sleep diaries
varBT, variability of bedtime
varSE, variability of sleep efficiency
varSEa, variability of sleep efficiency assessed by actigraphy
varSEs, variability of sleep efficiency assessed by sleep diaries
varSOL, variability of sleep onset latency
varSOLa, variability of sleep onset latency assessed by actigraphy
varSOLs, variability of sleep onset latency assessed by sleep 

diaries
varTST, variability of total sleep time
varTSTa, variability of total sleep time assessed by actigraphy
varTSTs, variability of total sleep time assessed by sleep diaries
varWASO, variability of wake after sleep onset
varWASOa, variability of wake after sleep onset assessed by 

actigraphy
varWASOs, variability of wake after sleep onset assessed by 

sleep diaries
varWT, variability of wake time
WASO, wake after sleep onset
WASOa, wake after sleep onset assessed by actigraphy
WASOs, wake after sleep onset assessed by sleep diaries
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