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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 findings (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 

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 (30–40 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.

D
ow

nloaded from
 https://academ

ic.oup.com
/sleep/article-abstract/43/1/zsz207/5573662 by guest on 14 January 2020



Wang et al.  |  7

gamma powers across consecutive sleep cycles for all partici-
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 (F1,75 = 3.7, p =  .058) and a significant Group 

effect for Night 2 (F1,75 = 6.6, p = .012), but no significant Group × 
Sleep Cycle interaction (p > .162). Similarly, we identified Group 
effects that were significant or approached significance for 
gamma power during NREM (Night 1: F1,75 = 4.5, p = .036; Night 
2: F1,75 = 10.9, p = .002) and REM sleep (Night 1: F1,75 = 4.2, p = .045; 
Night 2: F1,75 = 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.

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

Sleep EEG 
measure

P
Replication  
p < .05 (Yes/No)

Effect size (95% CI) Replication effect size  
within discovery  
95% CI (Yes/No)

Combinedc 
p-value

Combined 
effect size 
(95% CI)Discoverya Replicationb Discovery Replication

NREM delta
  Night 1 .035* .435 No −0.70 

(−1.53, −0.05)
−0.35 
(−1.32, 0.57)

Yes .040* −0.51  
(−1.04, −0.03)

  Night 2 .031* .238 No −0.69 
(−1.44, −0.02)

−0.44 
(−1.34, 0.40)

Yes .030* −0.46  
(−1.04, −0.03)

NREM gamma
  Night 1 .039* .222 No 0.75 

(0.11, 1.50)
0.48 
(−0.36, 1.55)

Yes .025* 0.55  
(0.12, 1.00)

  Night 2 .010* .057 No 0.86 
(0.21, 1.91)

0.74 
(0.08, 1.81)

Yes .002* 0.74  
(0.31, 1.27)

REM gamma
  Night 1 .013* .307 No 0.84 

(0.29, 1.62)
0.55 
(−0.49, 1.65)

Yes .038* 0.52  
(0.03, 0.98)

  Night 2 .028* .535 No 0.79 
(0.20, 1.48)

0.39 
(−0.51, 1.59)

Yes .067 0.47  
(−0.02, 0.89)

a18 PTSD, 29 non-PTSD.
b13 PTSD, 18 non-PTSD.
c31 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.
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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 

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)

Total CAPS 

Intrusion Avoidance Hyperarousal

(CAPS-B) (CAPS-C) (CAPS-D)

NREM delta
  Night 1 −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.

D
ow

nloaded from
 https://academ

ic.oup.com
/sleep/article-abstract/43/1/zsz207/5573662 by guest on 14 January 2020



Wang et al.  |  9

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 

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.

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.
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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.

Supplementary Material
Supplementary material is available at SLEEP online.
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