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PTSD vs. non-PTSD — discovery analysis
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Figure 1. Topographical differences between the PTSD (n = 18) and non-PTSD (n = 29) groups in delta power (1-4 Hz) during nonrapid eye movement (NREM) sleep,
theta power (4-8 Hz) during rapid eye movement (REM) sleep, sigma power (12-15 Hz) during stage N2 sleep, and high-frequency power in the beta-1 (15-20 Hz), beta-2
(20-30 Hz), and gamma (3040 Hz) bands during NREM and REM sleep, for the discovery analysis. The maps show the individual-electrode effect size (a robust version of
Cohen’s d) for comparisons between PTSD and non-PTSD subjects in terms of log power. Blue areas show a decrease in EEG power in PTSD subjects relative to non-PTSD
subjects (PTSD < non-PTSD), whereas red areas show an increase (PTSD > non-PTSD). Black dots indicate electrodes with uncorrected p-values less than .05. White dots
indicate electrodes that belong to a statistically significant cluster (p < .05) after accounting for multiple comparisons across electrodes.

Table 3 summarizes the p-values and effect sizes for the ROI-
based delta and gamma powers for the discovery and replication
analyses, allowing us to evaluate the extent to which the original
findings were reproduced in the replication analysis. Although
the replication analysis did not show significant p-values (Table
3, column 3), the effect sizes were in the same direction and fell
within the 95% CI of the initial indings (Table 3, columns 5-7). In
addition, the analysis combining the discovery and replication
data showed significant or nearly significant effects (Table 3, last
two columns). These results indicate a reproducible trend of our
original findings. Figure 3 shows a side-by-side comparison of
the topographical maps from the discovery and replication ana-
lyses, which allows a visual assessment of reproducibility.

We report the participant characteristics, sleep diaries, and
sleep architecture measures for the replication analysis in
Supplementary Tables S1 and S2. We provide the replication re-
sults for all analyzed frequencies in Supplementary Figure S1.
It is worth noting that we performed an age correction prior to
statistical analyses for sleep features that were correlated with
age (see Methods). We found that this affected the significance
of the NREM delta findings but not that of the NREM and REM
gamma findings. Supplementary Table S3 shows the correlations

between sleep features and age among all non-PTSD partici-
pants. Supplementary Table S4 shows the uncorrected results
for the ROI-based analyses.

Relationship between sleep EEG power and PTSD
symptom severity

As an exploratory analysis, we computed the correlations of NREM
delta as well as NREM and REM gamma powers with the CAPS total
and subscale scores for all PTSD participants (n = 31). We computed
the NREM delta power for the centro-parietal ROI and the NREM
and REM gamma powers for the antero-frontal ROI Table 4 and
Figure 4 summarize the results. We observed a trend of negative
correlation between NREM delta power and the CAPS hyperarousal
score (CAPS-D) for both Night 1 (Spearman’s rho = -0.30, uncor-
rected p = .097) and Night 2 (Spearman’s rho = -0.42, uncorrected
p = .019). We observed no other significant correlation.

Delta and gamma powers across sleep cycles

To explore the extent to which group differences might also
be captured across sleep cycles, we evaluated EEG delta and
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Figure 2. Group differences in delta power (1-4 Hz) during nonrapid eye movement (NREM) sleep and gamma power (30-40 Hz) during NREM and rapid eye movement
(REM) sleep for the selected regions of interest (ROIs), for the discovery analysis (18 PTSD and 29 non-PTSD). We selected the ROIs based on the topographical maps in
Figure 1, with a centro-parietal (CP) ROI and an antero-frontal (AF) ROI selected to show differences in NREM delta power and NREM and REM gamma power, respect-
ively. We computed ROI-based powers by averaging electrodes within the ROIs. The plotted values are the group means of the ROI-based powers. Error bars indicate
standard errors of the mean. Asterisks indicate significant group differences at p < .05.

Table 3. Summary of ROI-based p-values and effect sizes for evaluating reproducibility

P Effect size (95% CI) Replication effect size Combined
Sleep EEG Replication within discovery Combinedc effect size
measure Discovery®  Replication® p < .05 (Yes/No) Discovery Replication ~ 95% CI (Yes/No) p-value (95% CI)
NREM delta
Night 1 .035* 435 No -0.70 -0.35 Yes .040" -0.51
(-1.53,-0.05)  (~1.32,0.57) (~1.04, -0.03)
Night 2 .031* .238 No -0.69 -0.44 Yes .030* —-0.46
(-1.44,-0.02) (-1.34,0.40) (-1.04,-0.03)
NREM gamma
Night 1 .039* 222 No 0.75 0.48 Yes .025* 0.55
(0.11,1.50)  (-0.36, 1.55) (0.12, 1.00)
Night 2 .010* .057 No 0.86 0.74 Yes .002* 0.74
(0.21,1.91)  (0.08,1.81) (0.31,1.27)
REM gamma
Night 1 .013* .307 No 0.84 0.55 Yes .038* 0.52
(0.29,1.62)  (-0.49,1.65) (0.03,0.98)
Night 2 .028* .535 No 0.79 0.39 Yes .067 0.47
(0.20,1.48)  (-0.51,1.59) (-0.02, 0.89)

218 PTSD, 29 non-PTSD.

*13 PTSD, 18 non-PTSD.

€31 PTSD, 47 non-PTSD.

CI = confidence interval; NREM = nonrapid eye movement; REM = rapid eye movement; ROI = region of interest.

NREM delta power for the centro-parietal ROI in Figure 2. NREM and REM gamma power for the antero-frontal ROI in Figure 2. * values indicate p < .05.

gamma powers across consecutive sleep cycles for all partici- effect for Night 2 (F,,, = 6.6, p = .012), but no significant Group

pants who had at least 3 sleep cycles (31 PTSD and 46 non-
PTSD). Figure 5 illustrates the time courses of delta power
(from the centro-parietal ROI in Figure 2) and gamma power
(from the antero-frontal ROI in Figure 2) across the first 3 con-
secutive NREM-REM sleep cycles. For delta power during NREM
sleep, a two-way rANOVA with Group (PTSD and non-PTSD)
as the between-subject factor and sleep cycle (1, 2, and 3) as
the within-subject factor revealed a nearly significant group
effect for Night 1 (F ,. = 3.7, p = .058) and a significant Group

1,75

Sleep Cycle interaction (p > .162). Similarly, we identified Group
effects that were significant or approached significance for
gamma power during NREM (Night 1: F, . = 4.5, p = .036; Night
2:F,, =10.9,p =.002) and REM sleep (Night 1: F, . = 4.2, p =.045;
Night 2: F . = 3.7, p = .059), but no significant Group Sleep
Cycle interaction (p > .133). The lack of Group Sleep Cycle
interaction indicates that the group differences in the NREM
delta as well as the NREM and REM gamma powers were per-

sistent across the first three sleep cycles.
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Figure 3. A side-by-side comparison of the results from the discovery analysis (18 PTSD and 29 non-PTSD) and the replication analysis (13 PTSD and 18 non-PTSD). The
topographical maps show the individual electrode effect size (a robust version of Cohen’s d) for comparisons between the PTSD and non-PTSD groups in terms of log
power. Black dots indicate electrodes with uncorrected p-values less than .05. White dots indicate electrodes that belong to a statistically significant cluster (p < .05)

after accounting for multiple comparisons across electrodes.

Table 4. Correlations (Spearman’s rho) between sleep EEG measures
and CAPS total and subscale scores among all PTSD participants
(n=31)

Intrusion  Avoidance  Hyperarousal
Total CAPS  (CAPS-B)  (CAPS-C) (CAPS-D)

NREM delta

Night1 -0.21 -0.01 -0.10 -0.30

Night 2 -0.23 0.00 -0.10 -0.42*
NREM gamma

Night 1 0.11 0.24 0.07 0.02

Night 2 -0.01 0.10 0.02 -0.14
REM gamma

Night 1 0.06 0.25 0.11 -0.14

Night 2 0.06 0.16 0.11 —-0.06

CAPS = Clinician Administered PTSD Scale; NREM = nonrapid eye movement;
REM = rapid eye movement.

NREM delta power from the centro-parietal region of interest (ROI). NREM/REM
gamma powers from the antero-frontal ROI. * value indicates significant correl-
ation at p <.05.

Discussion

This study aimed to identify sleep EEG spectral features that are
altered in PTSD. By performing hd-EEG recordings on two con-
secutive nights, we found evidence of lower NREM delta power
over the centro-parietal regions and higher NREM and REM
gamma power over the antero-frontal regions in PTSD subjects
compared with non-PTSD subjects. Importantly, these findings
were consistent across nights and their trend was reprodu-
cible across subsamples of our study population. The identified

alternations in sleep EEG activities point to candidate neural
mechanisms that may contribute to sleep disturbances that
characterize PTSD.

PTSD is associated with a decrease in NREM
delta power

The reduced delta power during NREM sleep in PTSD is con-
sistent with several prior reports [3, 10, 11]. Delta power has
been considered as an indicator of sleep depth [6]. In healthy
individuals, high delta power during NREM sleep has been asso-
ciated with better performance on memory, learning, and atten-
tion tasks in the morning [42, 43], suggesting that delta activity
may reflect some restorative functions of sleep. Hence, the delta
power reduction in PTSD identified here may reflect the fact that
sleep in PTSD subjects is less restorative than the same amount
of sleep in healthy subjects. Furthermore, a leading theory has
postulated that delta activity is involved in downscaling syn-
aptic strengths to restore the plasticity of the brain network [44].
Reduced delta activity during NREM sleep in PTSD may con-
tribute to the neuropathophysiology of the disorder. This study
cannot determine whether this reduced delta power is a marker
of vulnerability to PTSD following trauma exposure or a result
of chronic PTSD. Nevertheless, the findings raise the possibility
that sleep enhancement strategies, such as auditory stimula-
tion [45] or transcranial electrical stimulation [46] that targets
delta activity during sleep, may have beneficial impacts on sleep
quality and daytime symptoms of PTSD.

Delta activity is also an established marker of sleep homeo-
stasis [5], with the delta power during initial sleep (i.e., the first
sleep cycle) reflecting the level of sleep pressure accumulated
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Figure 4. Scatterplots showing the correlation between delta power (1-4 Hz) during nonrapid eye movement (NREM) sleep and the Clinician Administered PTSD Scale
(CAPS) hyperarousal score among all PTSD participants (n = 31). The delta power was measured from the centro-parietal region of interest in Figure 2. Asterisks indicate

significant correlations at p <.05.
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Figure 5. Time course of delta power (1-4 Hz) (upper panels) and gamma power (30-40 Hz) (lower panels) in PTSD (n = 31) and non-PTSD (n = 46) participants across
the first 3 nonrapid eye movement (NREM)-rapid eye movement (REM) sleep cycles. Individual NREM and REM sleep episodes were subdivided into 7 and 3 time bins,
respectively, of equal size. The data were aligned with respect to sleep onset and plotted against the mean timing of NREM and REM episodes averaged across partici-

pants. Error bars indicate standard errors of the mean.

during prior wakefulness [47]. According to this view, the ob-
served reduction of delta power in PTSD may indicate that
homeostatic sleep pressure was lower in PTSD subjects than
in non-PTSD subjects. However, our data do not support this
explanation, as the PTSD group reported less total sleep time
than the non-PTSD group prior to the laboratory visit (Table
1), suggesting that PTSD subjects had higher sleep pressure
in the laboratory. In addition, the group differences in delta
power persisted across sleep cycles and were not specific to the
first sleep cycle. Taken together, our findings suggest that the
homeostatic regulation of delta activity is disrupted in PTSD.
Such a disruption may contribute to PTSD hyperarousal symp-
toms, which we found to be negatively related to NREM delta
power (Figure 4).

Interestingly, although delta activity is mostly generated in
the frontal regions [48], we found that the group differences
in delta power were greatest over the centro-parietal regions
(Figure 1). Although it is unclear what cortical sources were re-
sponsible for these differences, the posterior topography is con-
sistent with a recent study that showed an association between
local decreases in NREM and REM delta activity in the posterior
cortical regions and reports of dream experiences [49].

PTSD is associated with an increase in NREM and
REM gamma power

High-frequency beta and gamma activities have been proposed
as putative markers of central arousal during sleep in research
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on insomnia [7-9]. Although it has long been postulated that in-
creased beta and gamma activities during both NREM and REM
sleep could serve as an index of the “persistent symptoms of
hyperarousal” that characterize PTSD [10], the handful of ex-
isting studies have yet to demonstrate evidence for this hypoth-
esis [3, 10, 12-14]. This could partly be attributed to the limited
use of EEG derivations (i.e., 1 or 2 central channels) in these prior
studies. By using hd-EEG recordings and performing topograph-
ical analysis, we were able to examine regional brain activity in
greater detail and, thereby, identify a characteristic frontal in-
crease of gamma activity in PTSD subjects. Thus, studies that
use only a few central channels may fail to detect such a change.

Increases in gamma activity during sleep have also been found
in insomnia, schizophrenia, and depression [9, 50]. However, the
scalp distributions of these increases were unclear given the lack
of evidence from hd-EEG recordings. Recently, a small-sample-
size pilot study of insomnia using hd-EEG recordings found that
increases in gamma power during NREM sleep occurred over a
widespread area [51], unlike the more restricted frontal topog-
raphy we observed in PTSD. It is unclear whether the topography
of increases in gamma power during sleep in frontal channels is
unique to PTSD. Importantly, a study that combined functional
magnetic resonance imaging and EEG sleep recordings dem-
onstrated that, in healthy subjects, an overnight dissipation of
amygdala activity in response to previous emotional experiences
was specifically correlated with a reduction of prefrontal gamma
power during REM sleep [52]. This suggests the possibility that the
abnormally high level of gamma activity over the frontal regions
in PTSD during sleep reflects amygdala dysregulation, which is
conceptualized as a core neuropathology of PTSD [53].

Although high-frequency EEG activity, particularly within the
gamma band, is prone to muscle artifacts, several lines of evi-
dence suggest that the gamma effects observed here primarily
originated in the brain. First, the gamma activity for both the
PTSD and non-PTSD groups exhibited the greatest power over
the midline frontal regions (Supplementary Figure S2). If scalp
measures of gamma activity were muscle artifacts propagated
from nonscalp regions, we would expect the power to be greatest
over peripheral regions. Second, we found no significant group
differences in submentalis EMG activity during REM sleep on
both nights and during NREM sleep on Night 2 (Supplementary
Figure S3). Third, although EMG activity was higher in PTSD
subjects than in non-PTSD subjects during NREM sleep on Night
1 (Supplementary Figure S4, top-left panel), the group difference
in NREM gamma power remained even after statistically con-
trolling for EMG-related effects (Supplementary Figure S4).

No group differences in REM theta power and N2
sigma power

We examined REM theta power because theta waves during REM
sleep have been associated with emotional memory consolida-
tion [28], a function that has been postulated to be affected in
PTSD [52]. In addition, a previous study reported that REM theta
power was lower in trauma-exposed participants who had de-
veloped PTSD when compared with those who had not [15].
Contrary to this previous study but consistent with two others
[10, 14], we found no significant group differences in REM theta
power. Our results suggest that theta power during REM sleep
may not be a stable feature that reliably distinguishes between
PTSD and non-PTSD subjects.

Sigma power in stage N2 sleep is an indicator of the ac-
tivity level of sleep spindles, which have been associated with
sleep protection mechanisms as individuals who generate more
spindles exhibit higher tolerance for disruptive stimuli [30]. We
examined N2 sigma power, given that a common complaint of
PTSD subjects is the difficulty of maintaining sleep [1]. However,
it is unclear whether sleep spindles and sleep protection mech-
anisms are affected in PTSD, as N2 sigma power did not signifi-
cantly differ between the two groups. Although this finding is
consistent with two existing studies [10, 14], further investiga-
tions of the architecture of sleep spindles, such as their density,
amplitude, duration, and frequency, will be necessary to eluci-
date potential changes of sleep spindles in PTSD.

Group differences in sleep architecture measures

Prior PSG studies of sleep architecture in PTSD have yielded
inconsistent results. Whereas some studies have found sleep
architecture measures among PTSD subjects to be worse than
those among healthy controls [2-4], others have not [54, 55]. Our
findings on sleep architecture also varied greatly across nights
and across subsamples of our study population. For instance,
for the participants used in the discovery analysis, we found
significantly longer sleep latency, lower sleep efficiency, and
more wakefulness after sleep onset in the PTSD group than in
the non-PTSD group for Night 2 but not for Night 1 (Table 2).
The inconsistency across nights may be explained by first-night
effects [56]. For example, changes in bedtime routines due to
a new sleep laboratory environment and, possibly, laboratory-
dependent emotional states of apprehension or safety, may
have affected sleep recordings and the resulting features.
Although healthy individuals typically experience worse sleep
on their first night in a sleep laboratory than on subsequent
nights, several studies of insomniacs [57-59] and one study of
PTSD subjects [60] have suggested that the laboratory environ-
ment may influence sleep quality positively in these patients.
Interestingly, in the replication analysis, we essentially observed
no significant differences between groups for any of the two
nights of the study (Supplemental Table S2). Compared with our
sleep EEG spectral features, which were generally consistent
across the two study nights, the sleep architecture measures
may be more sensitive to the testing environment or other po-
tential confounding factors.

Strengths and limitations

Our study has several important strengths. In contrast to prior
studies, which were all based on data from a single night, we
analyzed data from two nights to identify neural correlates of
PTSD that are stable across nights. In addition, our study is the
first PTSD sleep study to use hd-EEG recordings, which provide
enhanced spatial resolution. Moreover, we evaluated the repro-
ducibility of our findings by performing a replication analysis
using additional samples.

The limitations of this study include the potential lack of
generalizability of our findings to the overall PTSD population.
We used a sample consisting of young, combat-exposed male
veterans who were free of medications and without comorbid
disorders of sleep, mood, or substance abuse. Although such
a sample allowed us to gain information about sleep in PTSD
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with few, if any, confounding factors, the extent to which the
EEG markers identified here are robust for PTSD subjects
with comorbid disorders needs to be directly evaluated in in-
dependent samples. Our study was also limited to combat-
exposed men. In addition, we note that none of the EEG results
from the topographical analysis survived Bonferroni corrections
for multiple testing across the nine combinations of frequency
bands and sleep stages of interest. Nevertheless, our findings in
the delta and gamma frequency bands are unlikely to be due to
chance, as they exhibited a reproducible trend across nights and
subsamples.

Another potential limitation is that although we had ex-
cluded subjects with alcohol abuse within at least the previous
3 months, we had not excluded subjects with a past history
of AUD, which comprised over 60% of the PTSD group. Heavy
drinking is common among Service members and veterans
and, more generally, in individuals with PTSD [61]. Had we ex-
cluded subjects with a past history of AUD, the study population
would have been much smaller, and the data less generalizable.
Instead, we instructed subjects to consume no more than 2 al-
coholic drinks per day for 2 weeks prior to the sleep laboratory
visit, and excluded subjects who failed to comply. However, alco-
holism may affect sleep for extended periods of time following
cessation of drinking [62]. Nevertheless, it remains unclear how
a past history of AUD affects sleep EEG in combat-exposed vet-
erans. To determine whether AUD history was a significant
factor in our analyses of sleep EEG power features, we tested the
ROI-based delta and gamma powers using a two-way ANOVA
with Group (PTSD and non-PTSD) and AUD history (with and
without a past history of AUD) as between-subject factors. We
found that AUD history was not a significant factor on either
night in the discovery and replication analyses (p > .05). We also
examined topographical differences in delta and gamma powers
between the PTSD and non-PTSD groups using only subjects
without a past history of AUD (n = 12 for PTSD, n = 37 for non-
PTSD) and found a similar pattern of results, namely, reduced
NREM delta power over the posterior regions and increased
NREM and REM gamma powers over the frontal regions in PTSD
subjects (Supplementary Figure S5). These results indicate that
our main findings in delta and gamma powers were not due to
the high prevalence of AUD history in PTSD subjects.

Conclusions

In summary, the results from this study demonstrate that
PTSD is characterized by reduced centro-parietal delta activity
during NREM sleep and increased antero-frontal gamma ac-
tivity during both NREM and REM sleep. The decreases in delta
activity suggest a deficit in restorative sleep, whereas the in-
creases in gamma activity suggest heightened central arousal.
Our findings also have clinical implications, as the EEG features
we identified could potentially serve as objective markers of
PTSD. In addition to further validation in independent studies
of PTSD subjects with comorbid sleep, psychiatric, or medical
conditions, these features should also be investigated as poten-
tial predictors of treatment response, daytime performance on
cognitive readiness tasks, and longitudinal changes of improve-
ment or deterioration of symptoms. The results of such studies
could guide the development of sleep-focused, evidence-based
interventions for PTSD.

Wangetal. | 11

Supplementary Material

Supplementary material is available at SLEEP online.

Acknowledgments

This work was sponsored by U.S. Defense Health Agency (grant
no. W81XWH-14-2-0145), managed by the Military Operational
Medicine Joint Program Committee.

Conflict of interest statement. This was not an industry-supported
study. The authors have indicated no financial conflicts of
interest. The opinions and assertions contained herein are
the private views of the authors and are not to be construed
as official or as reflecting the views of the U.S. Army, the U.S.
Department of Defense, or The Henry M. Jackson Foundation for
the Advancement of Military Medicine, Inc. This paper has been
approved for public release with unlimited distribution.

References

1. Neylan TG, et al. Sleep disturbances in the Vietnam gener-
ation: findings from a nationally representative sample of
male Vietnam veterans. AmJ Psychiatry. 1998;155(7):929-933.

2. Kobayashi 1, et al. Polysomnographically measured
sleep abnormalities in PTSD: a meta-analytic review.
Psychophysiology. 2007;44(4):660-669.

3. Richards A, et al. Sex differences in objective measures of
sleep in post-traumatic stress disorder and healthy control
subjects. J Sleep Res. 2013;22(6):679-687.

4. Engdahl BE, et al. Sleep in a community sample of elderly
war veterans with and without posttraumatic stress dis-
order. Biol Psychiatry. 2000;47(6):520-525.

5. Knyazev GG. EEG delta oscillations as a correlate of basic
homeostatic and motivational processes. Neurosci Biobehau
Rev. 2012;36(1):677-695.

6. Neckelmann D, et al. Sleep stages and EEG power spectrum
in relation to acoustical stimulus arousal threshold in the
rat. Sleep. 1993;16(5):467-477.

7. Merica H, et al. Spectral characteristics of sleep EEG in
chronic insomnia. Eur J Neurosci. 1998;10(5):1826-1834.

8. Perlis ML, et al. Beta EEG activity and insomnia. Sleep Med
Rev. 2001;5(5):363-374.

9. Perlis ML, et al. Beta/Gamma EEG activity in patients with
primary and secondary insomnia and good sleeper controls.
Sleep. 2001;24(1):110-117. doi: 10.1093/sleep/24.1.110

10. Woodward SH, et al. PTSD-related hyperarousal assessed
during sleep. Physiol Behav. 2000;70(1-2):197-203.

11. Neylan TC, et al. Delta sleep response to metyrapone in
post-traumatic stress disorder. Neuropsychopharmacology.
2003;28(9):1666-1676.

12. Germain A, et al. Ecological study of sleep disruption in
PTSD: a pilot study. Ann N'Y Acad Sci. 2006;1071:438-441.

13. Mellman TA, et al. Relationships between REM sleep find-
ings and PTSD symptoms during the early aftermath of
trauma. ] Trauma Stress. 2007;20(5):893-901.

14. Cohen D], et al. Quantitative electroencephalography during
rapid eye movement (REM) and non-REM sleep in combat-
exposed veterans with and without post-traumatic stress
disorder. J Sleep Res. 2013;22(1):76-82.

15. Cowdin N, et al. Theta frequency activity during rapid eye
movement (REM) sleep is greater in people with resilience
versus PTSD. Exp Brain Res. 2014;232(5):1479-1485.

0zZ0z Asenuer §| uo 1senb Aq z99€/GSG//02ZSZ/1 /S Aoeasge-a)oile/das|s/wod dno-ojwapede//:sdiy woly papeojumoq



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

12 | SLEEPJ, 2020, Vol. 43, No. 1

Dijk DJ, et al. Sex differences in the sleep EEG of young adults:
visual scoring and spectral analysis. Sleep. 1989;12(6):500-
507. doi: 10.1093/sleep/12.6.500

Buysse D], et al. The Pittsburgh Sleep Quality Index: a new
instrument for psychiatric practice and research. Psychiatry
Res. 1989;28(2):193-213.

Bastien CH, et al. Validation of the insomnia severity index
as an outcome measure for insomnia research. Sleep Med.
2001;2(4):297-307.

First MB, et al. Structured Clinical Interview for DSM-IV
AXIS 1 Disorders: SCID-I. New York: Biometrics Research
Department; 1997.

Blake DD, et al. The development of a Clinician-Administered
PTSD Scale. ] Trauma Stress. 1995;8(1):75-90.

Buysse DJ, et al. Efficacy of brief behavioral treatment
for chronic insomnia in older adults. Arch Intern Med.
2011;171(10):887-895.

Lowe B, et al. Measuring depression outcome with a brief self-
report instrument: sensitivity to change of the Patient Health
Questionnaire (PHQ-9).] Affect Disord. 2004;81(1):61-66.

Silber MH, et al. The visual scoring of sleep in adults. J Clin
Sleep Med. 2007;3(2):121-131.

Brunner DP, et al. Muscle artifacts in the sleep EEG: auto-
mated detection and effect on all-night EEG power spectra.
J Sleep Res. 1996;5(3):155-164.

Doman J, et al. Automating the sleep laboratory: implemen-
tation and validation of digital recording and analysis. Int J
Biomed Comput. 1995;38(3):277-290.

Liu J, et al. Effects of signal artefacts on electroencephalog-
raphy spectral power during sleep: quantifying the effect-
iveness of automated artefact-rejection algorithms. J Sleep
Res. 2018;27(1):98-102.

Thomson DJ. Spectrum estimation and harmonic analysis.
Proceedings of the IEEE. 1982;70(9):1055-1096.

Nishida M, et al. REM sleep, prefrontal theta, and the con-
solidation of human emotional memory. Cereb Cortex.
2009;19(5):1158-1166.

Fogel SM, et al. The function of the sleep spindle: a physio-
logical index of intelligence and a mechanism for sleep-
dependent memory consolidation. Neurosci Biobehav Rev.
2011;35(5):1154-1165.

Dang-Vu TT, et al. Spontaneous brain rhythms predict sleep
stability in the face of noise. Curr Biol. 2010;20(15):R626-R627.
Sprecher KE, et al. High resolution topography of age-related
changes in non-rapid eye movement sleep electroenceph-
alography. PLoS One. 2016;11(2):e0149770.

Carrier J, et al. The effects of age and gender on sleep EEG
power spectral density in the middle years of life (ages
20-60 years old). Psychophysiology. 2001;38(2):232-242.
Landolt HP, et al. Age-dependent changes in sleep EEG top-
ography. Clin Neurophysiol. 2001;112(2):369-377.

Dukart], et al.; Alzheimer’s Disease Neuroimaging Initiative.
Age correction in dementia-matching to a healthy brain.
PLoS One. 2011;6(7):€22193.

Falahati F, et al; AddNeuroMed consortium and the
Alzheimer’s Disease Neuroimaging Initiative. The effect of
age correction on multivariate classification in Alzheimer’s
disease, with a focus on the characteristics of incorrectly and
correctly classified subjects. Brain Topogr. 2016;29(2):296-307.
Green PJ. Iteratively reweighted least squares for maximum
likelihood estimation, and some robust and resistant alter-
natives.J R Stat Soc Ser B (Methodological). 1984;46(2):149-192.
Maris E, et al. Nonparametric statistical testing of EEG- and
MEG-data. ] Neurosci Methods. 2007;164(1):177-190.

AlginaJ, et al. An alternative to Cohen’s standardized mean
difference effect size: a robust parameter and confidence

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

interval in the two independent groups case. Psychol
Methods. 2005;10(3):317-328.

Stodden V, et al. Implementing Reproducible Research. Boca
Raton, FL: CRC Press; 2014.

Open Science C.PSYCHOLOGY.Estimatingthe reproducibility
of psychological science. Science. 2015;349(6251):aac4716.
Wang C, et al. Identifying electrophysiological prodromes of
post-traumatic stress disorder: results from a pilot study.
Front Psychiatry. 2017;8:71.

Goder R, et al. Delta power in sleep in relation to neuro-
psychological performance in healthy subjects and
schizophrenia patients. J Neuropsychiatry Clin Neurosci.
2006;18(4):529-535.
Huber R, et al. Local
2004;430(6995):78-81.
Tononi G, et al. Sleep function and synaptic homeostasis.
Sleep Med Rev. 2006;10(1):49-62.

Ngo HV, et al. Auditory closed-loop stimulation of
the sleep slow oscillation enhances memory. Neuron.
2013;78(3):545-553.

Marshall L, et al. Boosting slow oscillations during sleep po-
tentiates memory. Nature. 2006;444(7119):610-613.

Borbély AA. A two process model of sleep regulation. Hum
Neurobiol. 1982;1(3):195-204.

Murphy M, et al. Source modeling sleep slow waves. Proc
Natl Acad Sci USA. 2009;106(5):1608-1613.

Siclari F, et al. The neural correlates of dreaming. Nat
Neurosci. 2017;20(6):872-878.

Tekell JL, et al. High frequency EEG activity during sleep:
characteristics in schizophrenia and depression. Clin EEG
Neurosci. 2005;36(1):25-35.

Riedner BA, et al. Regional patterns of elevated alpha and
high-frequency electroencephalographic activity during
nonrapid eye movement sleep in chronic insomnia: a pilot
study. Sleep. 2016;39(4):801-812. doi: 10.5665/sleep.5632

van der Helm E, et al. REM sleep depotentiates amyg-
dala activity to previous emotional experiences. Curr Biol.
2011;21(23):2029-2032.

Shin LM, et al. Amygdala, medial prefrontal cortex,
and hippocampal function in PTSD. Ann N Y Acad Sci.
2006;1071:67-79.

Lavie P, et al. Elevated awaking thresholds during sleep:
characteristics of chronic war-related posttraumatic stress
disorder patients. Biol Psychiatry. 1998;44(10):1060-1065.
Hurwitz TD, et al. Polysomnographic sleep is not clin-
ically impaired in Vietnam combat veterans with
chronic posttraumatic stress disorder. Biol Psychiatry.
1998;44(10):1066-1073.

Agnew HW Jr, et al. The first night effect: an EEG study of
sleep. Psychophysiology. 1966;2(3):263-266.

Hauri PJ, et al. Reverse first night effect in insomnia. Sleep.
1989;12(2):97-105. doi: 10.1093/sleep/12.2.97

Riedel BW, et al. First night effect and reverse first night
effect in older adults with primary insomnia: does anxiety
play a role? Sleep Med. 2001;2(2):125-133.

McCall C, et al. Objective vs. subjective measurements of
sleep in depressed insomniacs: first night effect or reverse
first night effect? J Clin Sleep Med. 2012;8(1):59-65.

Lipinska G, et al. Better sleep in a strange bed? Sleep quality
in South African women with posttraumatic stress dis-
order. Front Psychol. 2017;8:1555.

Jacobson IG, et al. Alcohol use and alcohol-related prob-
lems before and after military combat deployment. JAMA.
2008;300(6):663-675.

Colrain IM, et al. Alcohol and the sleeping brain. Handb Clin
Neurol. 2014;125:415-431.

sleep and learning. Nature.

0zZ0z Asenuer §| uo 1senb Aq z99€/GSG//02ZSZ/1 /S Aoeasge-a)oile/das|s/wod dno-ojwapede//:sdiy woly papeojumoq



