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Study Objectives: Determine the relationship of non-rapid eye movement (NREM) electroencephalographic (EEG) spectral measures and the
response to cognitive behavioral therapy (CBT) in primary insomnia (PI).

Design: Patients with P| were randomly assigned to CBT or a placebo intervention (PC). Ambulatory polysomnography was performed before and
after treatment.

Setting: University medical center sleep laboratory.

Participants: Thirty Pl patients with sleep maintenance difficulty evident in subjective sleep measures.

Interventions: CBT and PC.

Results: CBT led to a more rapid decline in EEG delta power over the night, compared with PC. This change was associated with subjective im-
provement in response to CBT. Furthermore, lower pretreatment peak EEG delta power in the first NREM cycle and a more gradual decline in delta
power predicted a better response to CBT. Increased wake time during the day produced by CBT was correlated with an increase in the steepness
of the slope of EEG delta power and subjective improvement. Traditional polysomnography measures were associated with the subjective CBT
response to a greater degree among patients whose total sleep time estimates better approximated polysomnography-derived total sleep time.
In contrast, changes in all-night averaged NREM EEG spectral indices were more strongly related to subjective improvement in individuals who
underestimated total sleep time to a greater extent.

Conclusions: CBT led to a more rapid decline in EEG delta power over the night. This change is linked to the therapeutic effect of CBT, which
appears to occur in conjunction with an increase in homeostatic sleep drive. Traditional polysomnography indices and all-night averaged NREM

EEG measures appear to be related to subjective improvements with CBT in subsets of patients with PI.
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PRIMARY INSOMNIA (PI) IS A COMMON CONDI-
TION THAT HAS A SIGNIFICANT IMPACT ON PUBLIC
HEALTH.'* BOTH PSYCHOLOGICAL/BEHAVIORAL AND
medication treatments have proven to be effective for the treat-
ment of PI in many instances but are all associated with sig-
nificant limitations.** As a result, there is a need to develop
improved treatments for this condition. One factor limiting this
effort is that there is limited understanding of the pathophysiol-
ogy of PI and of the neurophysiologic changes associated with
the treatment response. Improved understanding of the patho-
physiology of PI and physiologic correlates of the response to
treatments would be helpful to develop new therapies that are
specifically targeted to the physiologic aberrations that underlie
PI symptoms.*

Toward this end, we sought to study the neurophysiologic
effects of cognitive behavioral insomnia therapy (CBT), a psy-
chological and behavioral treatment with well-established ef-
ficacy.” Only very limited data exist concerning CBT’s effects
on neurophysiology. One prior study examined the effects of a
similar behavioral treatment on the frequency spectrum of the
electroencephalogram (EEG) in the presleep period among 12
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individuals with sleep-onset insomnia.'® This study showed that
individuals with sleep-onset insomnia had greater 13- to 31-Hz
relative spectral power (power in the 13- to 31-Hz band divided
by the sum of power in all frequency bands) prior to sleep onset
than did healthy subjects without subjective reports of sleep-
onset difficulty. Following behavioral therapy, those with in-
somnia showed a decrease in 13- to 31-Hz relative power in
their presleep EEG.

Another open-label study evaluated the effects of CBT on
non-rapid eye movement (NREM) EEG spectral indices in 9
psychophysiological insomnia patients.!! That study showed
that CBT increased the power of delta (0.5-4.75 Hz) activity,
reduced the power of sigma (12-16 Hz) and beta (16-30 Hz) and
led to a more rapid decline in delta power over the night. Based
on these findings, the authors hypothesized that CBT may in-
crease the homeostatic pressure for sleep.

In the current investigation we sought to further evaluate the
neurophysiologic effects of CBT. This study builds on the stud-
ies discussed above, as well as our prior research comparing all
night averaged NREM EEG spectral indices derived from PI
patients with sleep maintenance difficulties and from healthy
individuals without evidence of sleep difficulty based on sub-
jective measures.* In our previous study, we found that patients
with PI who underestimated their polysomnography-measured
sleep time by at least 10% had decreased NREM EEG delta
(0.5-3.5 Hz) and elevated alpha-(8.5-12 Hz), sigma-(12.5-16
Hz), and beta-(16.5-30 Hz) power, compared with both non-
complaining control subjects and PI sufferers who more accu-
rately estimated their sleep times. This finding was consistent
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Table 1—Demographic and baseline data for subjects with primary
insomnia who received CBT or PC
CBT(n=16) PC(n=14)
7 men 5men

Sex 10 women 8 women
Age, y 54.1 (11.5) 55.8(9.9)
Baseline mean sleep-diary data

SOL, min 24.9 (16.1) 22.8(16.2)

WASO, min 97.3(46.2)  115.2(52.3)

TST, min 361.1(44.8)  350.8 (66.7)

Sleep efficiency, % 75 9(9.9) 71.8 (11.4)

Sleep quality, score .9(0.6) 2.9(0.5)

TIB, min 470 4 (49.2)  489.1(49.7)
Baseline polysomnographic data

SOL, min 16.5 (11.1) 17.0 (15.5)

WASO, min 95.5(44.9)  109.3 (48.6)

TST, min 360.9 (81.5)  348.4(79.3)

Sleep efficiency, % 78.5(10.6) 72.7 (12.7)
Data are presented as mean (SD), except sex, which is shown as
a number. CBT refers to cognitive behavioral therapy; PC, placebo-
controlled condition; SOL, sleep-onset latency; WASO, wake time after
sleep onset; TST, total sleep time; TIB, time in bed. There were no
significant differences between groups on any of these variables.

with the results of a previous study that found an association
between increased high-frequency beta and gamma (> 30-Hz)
NREM EEG spectral power and underestimation of polysom-
nography-measured total sleep time (TST) in a PI sample."?
We also found that traditional polysomnographic indices (e.g.,
sleep-onset latency [SOL], TST, wake time after sleep onset
[WASO], number of awakenings, and duration and percentage
of sleep in each of the sleep stages) were correlated with subjec-
tive sleep measures only among a subset of PI patients who did
not underestimate their sleep time. In contrast, the subjective
sleep measures of those who underestimated sleep time by at
least 10% were correlated with NREM EEG spectral indices
and not with traditional polysomnography measures. These
findings suggest that, in some individuals with PI, alterations in
NREM EEG frequency content are associated with a perception
of wakefulness and/or a sense of impaired sleep that goes un-
detected by the traditionally-scored polysomnogram. For other
patients with PI, traditional polysomnographic indices more
strongly reflect subjective measures of sleep.

The study reported herein employed the same NREM EEG
spectral indices as our prior study but, in addition, examined
measures of the time course of sleep EEG delta (0.5-3.5 Hz)
power over the night based on the study of Cervena and co-
workers on the EEG effects of CBT described above.!' We did
not analyze data from the presleep or perisleep onset periods
because of the extreme variability of the EEG in drowsiness,
the presence of slow-eye movements during drowsiness, and
the absence of artifact-free, waking, eyes-closed, nondrowsy
data in a large number of subjects.*!* Furthermore, in our
prior study, we did not find evidence that the EEG frequen-
cy content in those with PI differed from normal sleepers in
stage 1 sleep.*
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In addition to the study of Cervena and colleagues, further
rationale for the inclusion of indices of the time course of EEG
delta power over the night comes from investigations suggest-
ing that these indices are affected by behaviors such as spend-
ing excessive time in bed (TIB) and napping, practices that are
common among patients with insomnia and are thought to per-
petuate PL.'*"¥ Moreover, the amount of delta power in the early
part of the night and the rate of decline in delta power are puta-
tive indices of homeostatic “sleep drive” that have been shown
to be responsive to the types of manipulations of sleep-disrup-
tive behaviors implemented with CBT. This therapy, in fact, is
designed to increase the time awake throughout the day and,
thereby, increase “sleep drive.”'*?* As a result, we hypothesized
that changes in these delta power indices would correlate with
improvement in CBT and, further, that lower initial NREM
EEG delta power and a more gradual decline in delta power
over NREM episodes might predict a successful response to
CBT. Thus, we sought to test whether (1) some individuals have
a relative deficit in initial “sleep drive,” as manifested in lower
initial NREM EEG delta power and less rapid decline of delta
power over time that is associated with their insomnia and (2)
this deficit is addressed with CBT.

This study also allowed us the opportunity to replicate our
previous finding showing that traditional polysomnography in-
dices and all-night averaged NREM EEG relative power indices
are not correlates of subjective measures of sleep when studied
across all individuals with PI. Instead, the relationship of these
indices with subjective measures of sleep is dependent on the
degree to which patients with PI underestimate their sleep time
compared with polysomnography-derived TST.* In the present
investigation, we sought to test the hypothesis that the subjec-
tive improvement with CBT might follow a similar pattern.

To test these hypotheses, we analyzed traditional polysom-
nography indices, all-night averaged NREM EEG relative
power indices, and measures of the time course of sleep EEG
delta power in individuals with PI before and after receiving
a 6-week course of CBT (n = 16) or a placebo control therapy
(PC) (n=14).

METHODS

Participants

Study patients were 30 individuals with PI selected from a
larger study in which 75 patients with PI were randomly as-
signed to receive CBT, PC, or relaxation therapy.’ The subjects
included here were all the CBT- and PC-treated subjects from
the parent study for whom artifact-free (see below) NREM
EEG data were available at both pretreatment and posttreatment
time points. This included 16 patients who received CBT and
14 who received PC. Demographic data for the subjects from
these 2 groups appear in Table 1. The subject group included
18 women and 12 men between 40 and 80 years old (mean age
54.9 years), who (1) met diagnostic criteria for PI, (2) were
thoroughly screened via structured psychiatric and sleep in-
terviews,”?¢ (3) had no significant medical illnesses affecting
sleep, (4) had normal thyroid function tests, (5) had fewer than
15 apneas or hypopneas and periodic limb movement-related
arousals per hour of sleep, (6) and had a mean WASO of at least
60 minutes in 2 weeks of sleep-log monitoring.
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Polysomnography

Subjects underwent a single night of ambulatory polysom-
nography prior to their treatment (CBT or PC) and following the
completion of their treatment.” The polysomnography montage
included 2 EEG channels (C,-M,, Oz-Cz), 1 chin electromyog-
raphy channel, 2 channels of electrooculography (left eye-M ,
right eye-M,), 1 channel of airflow (nasal-oral thermistor), and
2 channels of anterior tibialis electromyography (right and left
legs). Studies were all conducted using Oxford 9000 series re-
corders (Oxford Medical, Inc., Tampa, F1.).”* The EEG data
were digitized at 128 Hz with 8-bit accuracy with filter set-
tings of 0.5 and 64 Hz (with -3 dB roll off at both ends and
a third-order Butterworth antialiasing filter at 64 Hz) using an
Oxford Vision System (Oxford Instruments Inc., Oxford, UK).
The digitized data were scored in 30-second epochs using stan-
dard scoring criterion*** by ADK, who is board certified in sleep
medicine and was unaware of the subject group, time (pretreat-
ment vs posttreatment), and response to treatment. The results
were used to generate the traditional polysomnography indices
used in analyses (TST, WASO, SOL, sleep efficiency percentage
[100 x TST /TIB], number of awakenings, number of arousals,
and time spent in each sleep stage). Polysomnography data were
always collected on a night during the 2-week period in which
sleep-log data were collected (see Sleep Log section).

EEG Analysis

Much of the EEG analysis was conducted as previously de-
scribed.* This analysis was carried out on a single C3-M2 (left
central to right mastoid) EEG channel. All epochs of data in-
cluded in spectral analysis were free of movements, artifacts,
arousals, or transitions between sleep stages. We included data
only from stage 2 and slow-wave sleep because it was only
with NREM EEG data that we found both differences between
patients with PI and control subjects and correlations between
EEG measures and subjective sleep ratings.* Also, because our
prior study found that the results were the same when stage 2
and slow-wave sleep data were combined or analyzed separate-
ly, the data are presented in combined form herein as NREM.*

The EEG data underwent autoregressive high-pass filtering
and Hanning windowing and were subsequently decomposed in
2-second epochs using the fast Fourier transform into 6 frequen-
cy bands averaging over both time and frequency: delta (0.5-3.5
Hz), theta (4.0-8.0 Hz), alpha (8.5-12 Hz), sigma (12.5-16 Hz),
beta (16.5-30 Hz), and gamma (30.5-60 Hz).* These bands were
used in our prior work and chosen to be comparable to those
used by others carrying out sleep EEG spectral analysis.*?'
This analysis was carried out as in our prior study using custom
software written in Visual C++ by ADK, utilizing MATLAB
(The MathWorks, Inc., Natick, MA) for computing fast Fourier
transforms.* The results of the spectral analysis were verified as
previously described.* For each of these frequency bands, we
computed power in uV2 Based on the findings of our previous
study, relative spectral power was used for all-night averaged
EEG spectral indices. Relative EEG power was computed by
dividing the power in each band by the sum of the power across
all bands."? We logarithmically transformed both absolute and
relative power data because we found that this transform best
led to distributions that approximated the normal distribution,
as has been previously reported.**
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As described above, we also derived measures of EEG ab-
solute delta power in the first NREM period and the slope of
absolute delta power over the night because such measures
reportedly are affected by naps and wake time throughout the
day.'*152° Because several related measures have been studied
to reflect these phenomena and there is no consensus about
which is optimal, we computed the average, peak (the greatest
delta power in any 30-second epoch in a NREM period), and
total (summed) power separately for each NREM episode and
computed the best-fit exponential functions of these measures
across NREM periods. We also studied delta power as a per-
centage of total delta power over the night, as was done in prior
studies of NREM EEG delta dynamics.'*'523740 An advantage
of studying delta power indices as a percentage is that it de-
creases the effects of interindividual variations in power that
are unrelated to the dynamic changes over the early portion of
the night.

A challenge facing the computation of such indices is how
to best define NREM periods, given that epochs of NREM
sleep are frequently interspersed with brief state changes. This
is particularly likely for individuals with insomnia. Other in-
vestigators have defined NREM periods as at least 15 minutes
of NREM sleep that is (1) terminated by a REM episode of at
least 5 minutes'**' or (2) terminated by at least 5 minutes of
wakefulness or any amount of REM sleep.’*4? Because, in an
exploratory analysis we found that many subjects had very few
NREM periods using the first criterion, we used the latter of
these 2 criteria.

Using this NREM period definition, we first carried out ex-
ploratory correlation analyses with the indices of delta dynam-
ics (delta power in the first NREM episode and the slope of
delta power) derived using each of the 3 forms of delta power
employed in prior research (average, peak, and total delta pow-
er) to determine which form of delta power best represented all
3 methods in terms of having the highest correlation with the
indices derived using the other 2 types of delta power indices.
Although the correlations were high across all the measures,
the strongest correlations were found for the measures derived
from peak delta power: (1) peak delta power for the first NREM
period of the night, expressed as a percentage of the total delta
power over the night, and (2) the slope of peak delta power
over NREM periods. It is important to note that this slope was
the best-fit line of logarithmically transformed data and so rep-
resents a best-fit exponential function. Based on these explor-
atory findings, the percentage peak NREM EEG delta power
for NREM period 1 and the best-fit slope (exponential) of peak
NREM EEG delta power in NREM periods were the focus of
the analyses.

Sleep Logs

Subjective estimates of nocturnal sleep were obtained from
sleep logs maintained by subjects for a 2-week baseline period
and for 2 weeks following CBT or PC. From these logs, we de-
rived the following measures that were employed based on our
previous analysis: WASO, TST, sleep efficiency, sleep quality
(5-point rating) ,and the degree of perceived restedness upon
arising each day (5-point scale).* The a priori primary outcome
measure for this study was WASO derived from the average of
the 2 weeks of sleep log data. This variable was chosen as the
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Table 2—Effects of CBT and PC on the change in sleep-diary and
traditional polysomnography indices of sleep

Mean sleep-diary data ~ CBT (n = 16) PC (" =14)
SOL, min -7.3(9.9) .7 (11.6)
WASO, min? -48.6 (29.2) -25 8 (20.6)
TST, min 22.4 (37.6) 14 5 (36.5)
Sleep efficiency, %? 10.6 (6.1) 2(4.9)
Sleep quality, score 0.56 (0.6) 0. 23 (0.5)
TIB, min? -48.4 (29.4) -13.1(31.4)

Polysomnographic data
SOL, min -3.2(10.4) 1.2 (7.5)
WASO, min2 -28.1(20.9) 6.5 (28.7)
TST, min 10.1(51.9) 5.1 (49.3)
Sleep efficiency, %? 5.8(8.2) 1.2(6.3)

Data are presented as mean (SD) CBT refers to cognitive behavioral
therapy; PC, placebo-controlled condition; SOL, sleep-onset latency;
WASO, wake time after sleep onset; TST, total sleep time; TIB, time in
bed; 2P < 0.05.

primary outcome measure because all subjects enrolled were re-
quired to have sleep maintenance insomnia based on this mea-
sure. Sleep-log WASO was employed in all outcome analyses.
All sleep-log variables included in the comparison of CBT and
PC were also derived from 2-week averages. Sleep-log data for
the single day prior to polysomnography were used to determine
the time awake over the course of the day prior to lights out
for the polysomnogram. Analysis of the difference between self-
reported TST and polysomnography-derived TST employed
sleep-log TST data from the night of the polysomnogram.

Treatments Administered
The 2 treatments employed in this study, CBT and PC, were
both administered at 6 weekly sessions.

Cognitive behavioral therapy

CBT was carried out, as has been previously described in
detail.” Briefly stated, this treatment consisted of sleep educa-
tion (via standardized audiocassette recording) designed to cor-
rect unrealistic sleep expectations and unhelpful sleep beliefs as
well as a behavioral regimen designed to correct sleep-disrup-
tive habits. The latter consisted of combined stimulus-control
and-sleep restriction instructions that asked patients to (1) es-
tablish a standard wake-up time; (2) get out of bed whenever
awake for more than 20 minutes; (3) avoid reading, watching
TV, eating, worrying, and other sleep-incompatible behaviors
in the bed and bedroom; (4) refrain from daytime napping; and
(5) limit their total TIB to a specific individually prescribed
amount. Initial TIB prescriptions were mean TST (obtained
from diaries) + 30 minutes (to allow for normal SOL and brief
awakenings). The subsequent 5 treatment sessions were used to
reinforce instructions and to make needed adjustments in TIB
prescriptions. TIB was increased by 15 minutes each week in
which subjects had a mean sleep efficiency of at least 85% ac-
cording to the sleep logs and reported daytime sleepiness. TIB
was decreased by 15 minutes each week subjects had an aver-
age sleep efficiency of less than 80%.
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PC condition

PC was also administered, as it had been in 1 of our prior
studies.” PC was modeled after the quasi-desensitization proto-
col described by Steinmark and Borkovec.* This placebo has
been shown to be associated with credibility as an insomnia
treatment and a high expectation of positive outcome. PC was
presented as a means of desensitizing the “conditioned arousal”
that prolongs nocturnal awakenings. The therapist helped each
subject develop a hierarchy of 12 activities in which the sub-
ject engaged upon awakening in the middle of the night (e.g.,
opening eyes, looking at the clock, etc.). The therapist also in-
structed the subject to develop 6 imaginal scenes of himself or
herself engaged in neutral activities during the daytime (e.g.,
watching TV, reading the newspaper, etc.). Subjects were then
taught to pair images of each neutral scene with each item on
the 12-item hierarchy with 2 items reviewed at each of the 6
treatment sessions.

Statistical Analysis

Analysis was carried out using SAS statistical software (SAS
Institute, Inc. Carey, NC) using 2-tailed tests of significance.
To assess for differences between CBT and PC, analysis of co-
variance was carried out controlling for age and sex because
of reports indicating that NREM EEG indices may differ as a
function of sex and age.?”***46 It should be noted that the parent
study was powered to detect differences among treatments in
sleep log-derived WASO and not to detect effects with NREM
EEG indices.” Relationships of polysomnography and spectral
indices with self-reported improvement with CBT were evalu-
ated with multiple regression analyses that also controlled for
age and sex.

RESULTS

Demographic data, baseline polysomnography indices, and
baseline 2-week averaged sleep-log data for the CBT and PC
subjects included in analyses appear in Table 1. There were no
significant differences in any of these variables between the
treatment groups.

Effects of CBT vs PC

The change in diary- and polysomnography-derived indices
of sleep with CBT versus PC appear in Table 2. Inter-treatment
differences were the same as previously reported in the publica-
tion of the parent study, which included 9 more subjects receiv-
ing CBT and 11 more receiving PC.°?

Sleep Diary-Derived Sleep Indices

The differences between CBT and PC in 2-week averaged
sleep-diary indices were the same as previously reported in the
publication of the parent study, which included 9 more subjects
receiving CBT and 11 more receiving PC (See Table 2).° CBT
led to a significantly greater decrease than PC in self-reported
WASO and a significantly greater increase in sleep efficien-
cy. There were no significant treatment-group differences for
diary-derived SOL, TST, or sleep quality. An a priori-defined
measure of CBT adherence for this study was the pretreatment-
to-posttreatment change in the average TIB derived from the
sleep diaries. A greater decrease in TIB from before to after
treatment indicated better CBT adherence. As reported with
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the parent study subject population, we
found that CBT led to a significantly
greater decrease in sleep diary—derived
TIB (48.4 min), as compared with PC
(13.1 min) (P < 0.05), indicating reason-
able CBT treatment adherence.’

Traditional Polysomnography-Derived
Sleep Indices

CBT was associated with significantly
greater improvement in WASO and sleep
efficiency, as compared with PC (See
Table 2). No differences between CBT

Table 3—Effects of CBT and PC on the change in spectral power-derived indices

Peak 1 delta Delta Delta Theta Alpha  Sigma Beta
% power? slope® power power power  power  power

0.066 (.26) -0.00018 (.001) 1.4 (2.9) -0.029 (0.06) -0.41 (.9) -0.52 (1.1) 0.13 (5)
-0.22(.37)  0.0012(.001) 2.2 (2.3) -0.037 (0.09) -0.46 (.8) -0.50 (.7) -0.23(.3)

CBT (n=16)
PC (n=14)

Data are shown as mean posttreatment minus pretreatment differences (SD). Differences in power
indices were computed with logarithmically transformed data. Delta, alpha, sigma, and beta power
is relative power (power in the indicated frequency band divided by the sum of power in all bands
and therefore dimensionless) averaged over the entire night. Peak 1 delta % power is the peak delta
power in the first non-rapid eye movement period expressed as a percentage of total power over the
night. Delta slope is the slope of the best-fit line of peak delta power over the night. Because it is fit to

and PC were found for SOL and TST.
These findings are the same as reported
for the parent study except that a sig-

logarithmically transformed power, it is the exponent of the best-fit exponential function.
3P < 0.10 for cognitive behavioral therapy (CBT) vs placebo-controlled condition (PC) difference.
®P < 0.05 for CBT vs PC difference.

nificant effect on TST was found in the
parent-study analysis.’

Indices of the time course of NREM EEG delta power

CBT led to a significantly greater increase in the rate of expo-
nential decline (the slope became more negative) in delta power
over NREM periods across the night compared with PC (F =
4.5, P <0.05) (See Table 3). Although CBT led to a numerically
greater increase in peak delta power in the first NREM period
expressed as percentage of total delta power over the night, this
effect was not significant (F = 3.6, P < 0.07). No sex or age ef-
fects were found for the delta power indices.

NREM EEG relative spectral power indices averaged over the night

No significant CBT-versus-PC differences were found for
NREM EEG relative spectral power for any frequency band
(See Table 3). We repeated this analysis with all-night averaged
NREM EEG absolute spectral power indices and confirmed
that the lack of significant treatment effects was not due to the
use of relative power measures.

Relationship of the Change in polysomnography and Spectral
Indices with Self-Reported Improvement with CBT

Traditional polysomnography derived sleep indices

No significant relationships between the change in sleep-
diary WASO and the change in any traditional polysomnog-
raphy-derived indices (WASO, TST, SOL, sleep efficiency,
or percentage of stage 1 or stage 2 sleep, slow-wave sleep, or
REM sleep) with CBT were found.

Indices of the time course of NREM EEG delta power

An increase in the peak delta power for the first NREM pe-
riod (R2 = 0.63, F = 24, P < 0.0003) and an increase in the
steepness of the decline in delta power over the night (R?=0.25,
F = 4.7, P <0.05) were associated with greater self-reported
improvement in WASO with treatment (See Figures 1-2). No
significant age or sex effects were found. This analysis was re-
peated for the PC subjects, and no association was found be-
tween subjective improvement and EEG delta power indices.
We also found that a greater increase in wake time over the
course of the day with CBT was significantly associated with
an increase in the steepness of the slope of delta power over the
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night (R?=0.32, F = 5.8, P <0.04), though the relationship with
the change in initial delta power was not significant (R? = 0.21,
F = 3.4, P <0.09). Furthermore, greater improvement in self-
reported WASO was significantly associated with a greater in-
crease in the period of wake time before going to bed achieved
with CBT (R?=0.50, F = 14, P < 0.003).

NREM EEG relative spectral power indices averaged over the night

No significant relationships were found between the change
in sleep diary—derived WASO with CBT and the change in any
all-night averaged relative spectral power indices.

Accuracy of estimation polysomnography-derived TST and the
relationship of self-reported improvement and polysomnography-
derived and all-night averaged spectral power

Based on our prior study, we carried out additional regres-
sion analyses to assess whether the relationship of self-reported
improvement with CBT and both traditional polysomnography
indices and all-night averaged spectral indices might be depen-
dent on accuracy with which subjects estimated their polysom-
nography-derived TST.* The pretreatment difference between
polysomnography-derived TST and sleep-diary—derived TST
estimates on the night of the sleep study served as the measure
of estimation accuracy. The regression analyses included the
following predictor variables: TST estimation accuracy, chang-
es with CBT in the traditional polysomnographic and averaged
spectral power indices, and the interaction of TST estimation
accuracy and the polysomnography and spectral power mea-
sures.

For traditional polysomnography indices, we found that the
degree of improvement in sleep diary WASO with CBT was
significantly predicted by the interactions of improvements in
polysomnographic WASO (R? = 0.29, F = 6.9, P < 0.02) and
sleep efficiency (R? = 0.28, F = 6.5, P < 0.03) with the degree
of underestimation of TST.* Subjects with less underestimation
of TST at baseline who had greater improvement in polysom-
nographic WASO and polysomnographic sleep efficiency with
treatment also experienced greater subjective improvement in
WASO with CBT. For all-night averaged NREM spectral pow-
er measures, we found that greater improvement in self-report-
ed WASO was significantly associated with the interaction of
less underestimation of TST at baseline and (1) an increase in
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Figure 1—Scatter plot of the change in the percentage of peak
electroencephalographic delta power in the first non-rapid eye movement
sleep period with cognitive behavioral therapy (CBT) vs the percentage
of improvement in subjective wake time after sleep onset (WASO) ratings
with CBT. The dotted line indicates the best-fit line.
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Figure 2—Scatter plot of the change in the slope of the logarithm of the
percentage of peak electroencephalographic delta power in the first non-
rapid eye movement sleep period with cognitive behavioral therapy (CBT)
vs the percentage of improvement in subjective wake time after sleep
onset (WASO) ratings with CBT.

delta relative power (R? = 0.35, F = 6.6, P < 0.03) with CBT
and (2) a decrease in alpha (R? = 0.51, F = 12.5, P < 0.005),
sigma (R*=0.32, F = 5.6, P<0.04, and beta (R, = 0.35, F=6.1,
P < 0.04) relative power with CBT.

Pretreatment prediction of subsequent response to CBT

We also carried out additional regression analyses to deter-
mine if pretreatment traditional polysomnography and spec-
tral power indices might predict the CBT treatment response.
These analyses indicated that lower peak delta power in the first
NREM period (R?=0.33, F=8.0, P<0.02) and a slower decline
in peak delta power over the night (R>=0.23, F=4.9, P <0.05)
were both associated with greater subjective improvement with
CBT. No significant effects were found for traditional polysom-
nography indices, all-night averaged NREM spectral power
measures, age, or sex.

DISCUSSION

Whereas this study must be considered preliminary, there
were a number of notable findings. We found evidence for a
relationship among the subjective response to CBT, indices of
the time course of sleep EEG delta power, and an increase in the
amount of wake time throughout the day with CBT. Specifically
we found that (1) CBT led to a more rapid decline in peak EEG
delta power over NREM periods compared with the placebo
treatment; (2) CBT was associated with an increase in the period
of waking throughout the day that, in turn, was correlated with
the change in the slope of delta power over the night with treat-
ment; (3) changes in the period of wakefulness throughout the
day and changes in the slope of EEG delta power were both as-
sociated with the subjective improvement in WASO with CBT;
and (4) lower initial peak EEG delta power in the first NREM
period and more gradual decline in peak EEG delta power over
NREM periods prior to treatment predicted a greater subjective
response to CBT.
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We also found support for the hypothesis that traditional
polysomnography indices and all-night averaged NREM EEG
relative spectral power indices are not related to subjective mea-
sures of sleep overall but relate to subjective sleep indices in
subgroups of those with PI. Our analyses indicate that changes
in traditional polysomnography indices did not correlate with
the subjective improvement in WASO for the CBT group as
a whole, but changes in these indices correlated with subjec-
tive improvement to a greater degree among those individu-
als with more accurate estimation of polysomnography TST.
In contrast, for those whose TST estimates were shorter than
polysomnography-derived TST to a greater extent, subjective
improvement was unrelated to traditional polysomnography in-
dices but was associated with a decrease in all-night averaged
NREM delta relative power and increased all-night averaged
higher frequency activity.

The Time Course of EEG Delta Power and the Subjective
Response to CBT

The results of this study suggest a relationship between
the therapeutic effect of CBT as a treatment for PI and the
dynamics of EEG delta power. The data indicate that a rela-
tively lower peak EEG delta power in the first NREM cycle
and slower decline of peak EEG delta power over NREM
cycles prior to treatment predict a greater likelihood of re-
sponse to CBT, which may achieve its therapeutic effect in
conjunction with an increase in the steepness of the slope of
delta power. An increase in the speed of decline of EEG delta
power over the night was reported to occur with CBT in a
prior open-label study of 9 patients with psychophysiologi-
cal insomnia.!'" An increase in the steepness of the decline of
peak EEG delta power over cycles has also been reported to
occur in sleep-deprivation studies that increase the period of
waking prior to bedtime and presumably increase sleep drive,
need, or pressure.'>*
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The implied link of the therapeutic CBT effect and an in-
crease in sleep drive is further supported by evidence that the
observed changes in EEG delta-power dynamics and improve-
ment with CBT were both associated with an increase in the
period of waking throughout the day among those receiving
this therapy. Hence, as has been the case in experimental stud-
ies, increasing the period of wakefulness prior to bedtime with
CBT enhances sleep drive and appears to be associated with
its therapeutic effect in PL."*** It is important to note, however,
that the apparent increase in sleep drive with CBT does not
reflect that individuals are sleepier after treatment because of
sleep deprivation. Although there may be a sleep-deprivation
effect in the early phases of treatment, there is no evidence for
a sustained decrease in sleep with CBT (see Table 2). Whereas
this suggests that CBT is not simply a sleep-deprivation inter-
vention, our findings could be interpreted to suggest that an
important component of CBT is increasing time awake prior
to going to bed at night and that adherence with this aspect of
CBT accounts for some of its therapeutic effects. Two com-
ponents of the CBT were aimed at increasing the time awake
over the course of the day: sleep restriction and nap avoidance.
However, it cannot be ruled out that other aspects of the treat-
ment—such as establishing a standard wake-up time, getting
out of bed whenever awake for more than 20 minutes (stimulus
control), and avoiding sleep-incompatible behaviors in the bed
and bedroom—might have had an impact on delta power by di-
minishing arousal and/or modulating circadian aspects of sleep.
In this regard, our study must be viewed as focusing on only 1
component of CBT related to sleep homeostasis and the associ-
ated neurophysiology. Future studies will be needed to assess
the neurophysiologic effects of arousal and circadian aspects
of CBT.*78

Thus, the findings of this study suggest the hypothesis that
CBT exerts its therapeutic effect in association with increasing
wake time throughout the day, which, in turn, is associated with
an increase in sleep drive as reflected in an increase in the steep-
ness of the decline in delta power over time. Individuals for
whom delta power declines relatively rapidly prior to treatment
presumably stand to gain relatively little from this aspect of
the CBT intervention. As a result, they fail to respond to treat-
ment. In contrast, individuals with low pretreatment sleep drive
are more likely to improve with CBT, which achieves its effect
by addressing the relative lack of sleep drive, as reflected in
of the steepness of the decline in delta power over time. For
such individuals without a pretreatment sleep-drive deficit, oth-
er treatments might be preferred, such as pharmacotherapy or
more extensive cognitive therapies. Further studies are needed
to replicate these findings and to determine whether indices of
the time course of sleep EEG delta power could be of clinical
utility in optimizing treatment selection.

The Relationships of Traditional Polysomnography Indices
and All-night Averaged NREM EEG Measures with Subjective
Improvement with CBT

The results of this study suggest that neither traditional poly-
somnography indices nor all-night averaged NREM EEG indi-
ces reflect the subjective response to CBT in all patients with PI.
Changes in these measures do not appear to be intrinsic to the
process by which CBT improves people’s perception of their
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sleep. Instead, the findings are consistent with our prior report.*
As in that study, we found that averaged relative power indices
in the delta and 3 higher-frequency bands are related to subjec-
tive WASO estimates in those who tend to underestimate their
polysomnography-measured TST to a greater degree prior to
CBT. Also as previously found, patients with more accurate es-
timates of TST have a greater association between their subjec-
tive WASO and traditional polysomnography sleep measures.*

That traditional polysomnography measures correlate with
subjective measures of sleep more in individuals whose esti-
mates of sleep correspond with polysomnographic sleep mea-
sures prior to treatment could reflect a selection effect. Those
subjects for whom subjective sleep estimates match polysom-
nography estimates well prior to treatment have been selected
for good polysomnography/subjective agreement. Those indi-
viduals for whom there is a large mismatch prior to treatment
have already demonstrated that traditional polysomnographic
indices do not reflect their subjective assessments, and it is not
surprising, therefore, that these indices do not reflect their de-
gree of subjective improvement with treatment.

These findings are consistent with the hypothesis that there
are 2 types of neurophysiologic alterations in patients with PI.
One is characterized by alterations in traditional polysomnog-
raphy indices indicative of a problem with the quantity and/or
timing of sleep. The other is marked by an alteration in physiol-
ogy that occurs during sleep in the form of decreased delta and
increased higher-frequency all-night averaged NREM EEG rel-
ative power.* The reason that a tendency to underestimate sleep
with respect to polysomnography is specifically associated with
alterations in all-night averaged NREM EEG frequency con-
tent is unclear. It is also not clear whether the identification of
these 2 types of neurophysiologic alterations in patients with PI
has implications for understanding the pathophysiology of PI.
For example, the findings could reflect differences in disorder
severity among subgroups of patients with PI. However, to the
extent that traditional polysomnography measures and spectral
power indices reflect the pathophysiology of PI, our data sug-
gest that PI may not have 1 unified pathophysiology but that the
physiologic mechanisms may differ among subgroups.

Some preliminary evidence links less delta and greater
high-frequency NREM EEG relative power to a relative hy-
perarousal and greater awareness during periods when there is
traditional polysomnographic evidence of NREM sleep.*!? This
has been the basis for speculation that those with altered fre-
quency content may be individuals with PI who are relatively
hyperaroused. Whereas they appear to be asleep by traditional
scoring criteria, they may have relatively intact awareness and
therefore tend to underestimate their sleep time.*'>4-52 Further
studies are needed to assess whether these different pathophysi-
ologic mechanisms are represented in individuals with PI, to
determine their relative frequency of occurrence, and to begin
to tease apart their underlying causes.

These findings may be of relevance for the development of
treatments for PI. Studies of potential new treatments generally
seek to employ physiologic sleep measures to provide objective
validation for the subjective reports of the subjects. Studies that
employ a polysomnographic screening procedure to select indi-
viduals with PI who have altered traditional polysomnographic
indices are more likely to find concordance of changes in tra-
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ditional polysomnography and subjective sleep assessments in
response to treatment. Although it is understood that the use of
such a screening procedure excludes many individuals with PI,
our results raise the possibility that such procedures may ex-
clude a subset of subjects who could have a different underlying
pathophysiology. This subset seeks and receives clinical treat-
ment for PI but could respond differently to treatment than the
selected group. It will be important to study whether traditional
research screening procedures could lead to a discrepancy be-
tween outcome in research studies and clinical practice. We did
not find any evidence in the current study that those who tend
to underestimate their objective sleep times respond differently
to CBT than do others with PI. However, the capacity to assess
this was limited by the number of subjects evaluated. Further
studies will be needed to determine if these subgroups of pa-
tients with PI respond differentially to insomnia therapies.

Limitations

The major limitation of the present study is the relatively
small number of subjects included. This constrained the statis-
tical analysis and limited our ability to study interactions and
relationships among the variables. A related limitation is that
this study was powered to detect differences in self-reported
WASO and not NREM EEG indices.’ As a result, our analyses
may have been underpowered to demonstrate significant effects
with a number of the NREM EEG indices studied. Additional
limitations include (1) a restricted age range (there were no in-
dividuals less than 40 years of age in this study), (2) the objec-
tive baseline and posttreatment measures were derived from a
single night of polysomnography, (3) no objective measures of
the period of wakefulness prior to bedtime were employed, and
(4) there were no corroborative measures of sleep drive em-
ployed, such as the Multiple Sleep Latency Test.

Future Directions

It will be important to carry out studies with a larger num-
ber of subjects so as to allow for analyses of the relationships
among indices of the time course of delta power, traditional
polysomnography measures, and all-night averaged NREM
EEG power measures and to make it possible to study inter-
actions among these variables. Studies employing additional
polysomnograms and other measures of sleep drive will also be
needed. In addition, it remains unknown whether the changes
in EEG delta power that were associated with the therapeutic
response to CBT might be seen with other effective treatments
for PI.

Although we are not aware of any studies addressing this
issue, a few studies have reported the effects of zolpidem, 10
mg, on the NREM EEG power spectrum in individuals with
PI. One study reported a significant increase in 0.25- to 1-Hz
power with treatment,® whereas another study reported a de-
crease in 12-Hz power.>* Clearly, additional studies of this na-
ture are needed.

Lastly, the physiologic mechanisms whereby CBT could al-
ter sleep EEG delta power dynamics remain unknown. Several
lines of research, primarily involving animal studies, suggest
that such effects could involve the basal forebrain adenosine
system, though future studies will be required to determine the
mechanisms of the observed findings.**>-6?
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