SLEEPJ, 2020, 1-11

Sleep
doi: 10.1093/sleep/zsaa006
Res earCh Advance Access Publication Date: 23 January 2020

S O Cj_ ety ® Original Article

ORIGINAL ARTICLE
Alterations in sleep electroencephalography synchrony in
combat-exposed veterans with post-traumatic stress disorder

Srinivas Laxminarayan’?, Chao Wang'?, Sridhar Ramakrishnan'?, Tatsuya Oyama??,
J. David Cashmere?, Anne Germain?® and Jaques Reifman®*

‘Department of Defense Biotechnology High Performance Computing Software Applications Institute, Telemedicine and
Advanced Technology Research Center, United States Army Medical Research and Development Command, MD, ?Henry
M. Jackson Foundation for the Advancement of Military Medicine, Inc., MD and *Department of Psychiatry, University of
Pittsburgh School of Medicine, PA

*Corresponding author. Jaques Reifman, Department of Defense Biotechnology High Performance Computing Software Applications Institute,
Telemedicine and Advanced Technology Research Center, U.S. Army Medical Research and Development Command, ATTN: FCMR-TT, 504 Scott Street,
Fort Detrick, MD 21702. Email: jaques.reifman.civ@mail. mil.

Abstract

Study Objectives: We assessed whether the synchrony between brain regions, analyzed using electroencephalography (EEG) signals recorded
during sleep, is altered in subjects with post-traumatic stress disorder (PTSD) and whether the results are reproducible across consecutive
nights and subpopulations of the study.

Methods: A total of 78 combat-exposed veteran men with (n = 31) and without (n = 47) PTSD completed two consecutive laboratory nights
of high-density EEG recordings. We computed a measure of synchrony for each EEG channel-pair across three sleep stages (rapid eye
movement [REM] and non-REM stages 2 and 3) and six frequency bands. We examined the median synchrony in 9 region-of-interest (ROI)
pairs consisting of 6 bilateral brain regions (left and right frontal, central, and parietal regions) for 10 frequency-band and sleep-stage
combinations. To assess reproducibility, we used the first 47 consecutive subjects (18 with PTSD) for initial discovery and the remaining 31
subjects (13 with PTSD) for replication.

Results: In the discovery analysis, five alpha-band synchrony pairs during non-REM sleep were consistently larger in PTSD subjects compared
with controls (effect sizes ranging from 0.52 to 1.44) across consecutive nights: two between the left-frontal and left-parietal ROIs, one between
the left-central and left-parietal ROIs, and two across central and parietal bilateral ROIs. These trends were preserved in the replication set.

Conclusion: PTSD subjects showed increased alpha-band synchrony during non-REM sleep in the left frontoparietal, left centro-parietal,
and inter-parietal brain regions. Importantly, these trends were reproducible across consecutive nights and subpopulations. Thus, these
alterations in alpha synchrony may be discriminatory of PTSD.

Statement of Significance

Sleep disturbances are a hallmark of post-traumatic stress disorder (PTSD). However, previous research to identify objective markers of sleep
disturbances, which could potentially help guide sleep-focused clinical interventions, have yielded inconsistent results. To address this issue,
the authors compared the synchrony of activity between different brain regions in subjects with and without PTSD to identify reliable and
reproducible differences. They found increased synchrony in PTSD subjects during dreamless sleep between the frontal and posterior brain
regions. Importantly, these trends were reproducible across consecutive nights and subpopulations of the study.
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Post-traumatic stress disorder (PTSD) is a debilitating psy-
chiatric disorder triggered by one or more traumatic events.
Sleep disturbances, which may be manifested as nightmares,
flashbacks, and heightened arousal, are a hallmark symptom
of PTSD [1]. Hence, identifying objective markers specific to
sleep disturbances in PTSD subjects could have important
clinical implications, including the possibility of providing a
prognostic indicator of resilience to trauma and of developing
interventions that allow vulnerable individuals to become re-
silient [2]. Motivated by such potential implications, a handful
of single-night polysomnography (PSG) studies have analyzed
the spectral power of electroencephalography (EEG) signals
in individuals with and without PTSD during sleep, in an at-
tempt to identify discriminatory brain activities [2-4]. Although
these studies suggest the presence of detectable differences
in certain EEG features between PTSD and non-PTSD subjects,
the nature and magnitude of the differences reported to date
are inconsistent across studies. For example, an early study
showed that high-frequency EEG power, previously implicated
in hyperarousal in insomnia [5], is elevated in PTSD subjects
relative to controls and positively correlated with subjective
hyperarousal [3]. However, a subsequent study controlled
for PTSD co-morbidities did not reveal any elevation of high-
frequency EEG power in PTSD subjects [4], illustrating the chal-
lenge of identifying brain-activity changes that are specific to
individuals with PTSD. Motivated similarly, but with the intent
to find reproducible differences, we recently identified reduced
low-frequency EEG activity and increased high-frequency EEG
activity in subjects with PTSD compared with those without
PTSD, as potential indicators of heightened central arousal
during sleep [6].

Another prominent aspect of brain function that may be al-
tered in PTSD subjects during sleep is the spatiotemporal con-
nectivity in electrical brain signals (i.e. the synchrony in brain
activity between different brain regions), as has been suggested
in other neurological disorders [7, 8]. Consistent with this con-
jecture, a recent PSG study [9]-the only one to date focused on
EEG synchrony in PTSD subjects during sleep-reported alter-
ations during two sleep stages: wake after sleep onset and non-
rapid eye movement (NREM) sleep. In this study, the authors
computed the synchrony values for pairwise connections be-
tween six EEG channels that covered the frontal, central, and oc-
cipital brain regions in subjects with (n = 38) and without PTSD
(n = 38; age and sex matched) for a range of frequency bands
and then assessed the ratios between these synchrony values.
They identified 13 synchrony ratios that are significantly altered
in subjects with PTSD compared with controls and showed that
these are strongly correlated with diagnostic and symptom-
severity measures of PTSD. Three other studies assessed EEG
synchrony between brain regions during resting wakefulness in
subjects with and without PTSD and reported significant alter-
ations in the network obtained by EEG channel pairs spanning
the frontal, central, and parietal regions [10-12].

None of these studies, however, have examined whether
the identified changes in synchrony between EEG signals
in different brain regions are consistent across consecutive
nights of recordings or are reproducible in an independent
subpopulation of the study data. This may partly explain why
previous findings have been inconsistent across studies. Here
we tested the hypothesis that EEG synchrony is altered in
PTSD subjects during sleep with a focus on addressing three

research questions: whether (1) synchrony is altered within
and between the two brain hemispheres, (2) alterations occur
during NREM and REM sleep, and (3) the findings are reprodu-
cible across consecutive nights and different subpopulations
of a study. To this end, we collected and analyzed 64-channel
high-density EEG (hd-EEG) recordings from 78 combat-exposed
veteran men (31 with PTSD) during two consecutive nights.
Using the first 47 consecutive subjects (18 with PTSD), we ini-
tially evaluated a measure of synchrony [13] between six brain
regions (within and between hemispheres for frontal, central,
and parietal regions covered by 38 EEG channels) for two con-
secutive nights, during three sleep stages (NREM stages 2 [N2]
and 3 [N3], and REM), at a range of frequency bands (0.5-32
Hz, spanning slow oscillations under 1 Hz involved in memory
processing [14] to beta-band, high-frequency oscillations im-
plicated in central arousal [15]). Finally, we assessed the re-
producibility of the findings in the remaining 31 subjects (13
with PTSD).

Materials and Methods
Study data

We recruited subjects from a population of combat-exposed
veterans. Subjects were excluded if they were under any medi-
cations known to affect sleep or wakefulness within 2 weeks of
study enrollment, or had a current diagnosis of severe depres-
sion, psychotic or bipolar disorder, substance or alcohol abuse
within the past 3 months, a significant or unstable acute or
chronic medical condition, current post-concussive symptoms
or rehabilitation treatment for traumatic brain injury, or a cur-
rent sleep disorder other than insomnia or nightmares. We
assessed sleep quality via the Pittsburgh Sleep Quality Index
[16] and the Insomnia Severity Index (ISI) [17]; mood, anxiety,
psychosis, and substance use disorders via the Structured
Clinical Interview for the Diagnostic and Statistical Manual
of Mental Disorders IV Axis I Disorders [18]; and depression
via the self-reported Patient Health Questionnaire-9 [19]. We
assessed the presence and severity of PTSD via the Clinician
Administered PTSD Scale [20] (CAPS) and the presence of sleep
disorders via a structured clinical interview developed at the
University of Pittsburgh [21]. All subjects provided written
informed consent in accordance with the protocol approved
by the University of Pittsburgh Institutional Review Board
(Pittsburgh, PA) and the U.S. Army Medical Research and
Development Command Human Research Protection Office
(Ft. Detrick, MD).

To assess habitual sleep, we asked the subjects to complete
a sleep diary for 10 consecutive days, immediately before the
commencement of the study. To minimize the effects of caffeine
on sleep, we instructed the subjects to limit their caffeine intake
to no more than 2 cups of coffee per day (or the equivalent) in a
2-week period prior to the laboratory phase of the study. In add-
ition, because our study involved combat veterans, a majority of
whom consume alcohol, we did not exclude subjects who may
have had a past history (prior to at least 3 months before the
study) of alcohol use disorder (AUD). However, we instructed
the subjects not to ingest more than 2 alcoholic drinks per day
(28 drinks) in a 2-week period prior to the study. To ensure that
the subjects strictly followed our guidelines for caffeine and
alcohol consumption, we asked them to complete a 2-week
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medication history questionnaire at the commencement of the
laboratory study.

All subjects spent two consecutive nights and days in
the University of Pittsburgh Medical Center’s sleep labora-
tory. On night 1, they arrived at 08:00 pm and were fitted with
a PSG system, which consisted of a 64-channel hd-EEG mon-
tage (HydroCel Geodesic Sensor Net [without sponge inserts]
Electrical Geodesics Inc., Eugene, OR) and bipolar electrodes for
submentalis electromyogram signals. The montage included
two reference channels for electrooculogram signals and one
unused common reference channel. Thus, the montage con-
sisted of 61 EEG-specific channels. To improve comfort and alle-
viate pressure from the sensor net cap, we provided the subjects
with gauze-like padding (Spandage Tubular Elastic Retainer Net,
Medi-Tech International Corp., Brooklyn, NY). The subjects slept
undisturbed from 11:00 pm until 07:00 am, while the PSG system
collected EEG recordings throughout the entire night of sleep
(night 1). On the next day morning (day 1), we removed the PSG
system and asked the subjects to perform multiple tests to as-
sess daytime alertness and cognitive functions. At 09.00 pm, we
refitted the subjects with the PSG system and repeated the same
procedures on night 2 and day 2 until their discharge at 08:00 pm
on the second day.

We evaluated daytime cognitive performance on days 1 and
2 by measuring reaction time (RT) on the psychomotor vigilance
task (PVT) [22], which assesses alertness, and the RT of correct
trials on the N-back task (0-back, 1-back, and 2-back) [23], which
assesses working memory. Subjects performed six PVT sessions
at 2-h intervals and three N-back memory task sessions at 4-h
intervals on a dedicated personal computer. For the N-back task,
subjects were instructed to monitor a series of squares presented
at different locations on a computer screen and press the number
“2” key on the keyboard with their right index finger on trials in
which the square was displayed in the position presented “N”
trials previously (N =0, 1, or 2). For all other trials, they were in-
structed to press the number “3” key. Following these instruc-
tions, subjects were presented with 30-s blocks of 0-back, 1-back,
and 2-back stimuli in a random order. Between blocks, a fixation
cross was displayed on the screen during 15-s rest periods.
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The study population consisted of 85 combat-exposed vet-
erans (78 men and 7 women) ranging in age from 18 to 50 years.
Of these subjects, 37 (31 men and 6 women) met the diagnostic
criteria for PTSD. Because women respond differently to PTSD
stressors [24] and there was only one woman among the 48 non-
PTSD subjects, we restricted our analyses to the 78 men. We split
this sample into a “discovery” set comprising the first 47 con-
secutive subjects of the study (18 with PTSD), from whom we
obtained our initial findings, and a “replication” set comprising
the remaining 31 subjects (13 with PTSD) for assessing the repro-
ducibility of the initial findings. Table 1 shows the demographics
of the 78 subjects in the study. For the sleep architecture param-
eters of this population, we refer the reader to the recent study
by Wang et al. [6] (see Table 2 in that paper), which used the
same dataset as the one used in this study.

PSG recordings and preprocessing

We recorded hd-EEG data referenced to the linked mastoids at a
sampling rate of 250 Hz. We visually scored sleep stages in 30-s
epochs according to the criteria of the American Academy of
Sleep Medicine [25]. We filtered the EEG data to eliminate noise
while preserving the signals within the bandwidth of 0.5-50.0
Hz. Subsequently, we segmented the EEG data into 5-s epochs,
and used previously validated algorithms to reject muscle-
movement and ocular artifacts [26-28]. We performed these
preprocessing steps via custom scripts written in MATLAB (The
MathWorks Inc., Natick, MA).

EEG synchrony

To assess whether synchrony between electrical signals re-
corded from different pairs of EEG channels during sleep differs
between subjects with and without PTSD, we used the phase
synchrony metric, which is defined as the absolute value of the
average phase difference between two time-series signals over
a given time interval. This measure is typically normalized to be
between 0 (no synchrony) and 1 (complete synchrony). Figure 1
shows a schematic to illustrate the concept of phase synchrony

Table 1. Clinical characteristics and sleep-diary variables for the 78 combat-exposed veteran men

PTSD (n=31) Non-PTSD (n = 47) Group comparison
Variable Mean (SD) Mean (SD) P-value®
Age (y) 31 3(4.7) 32.8 (6.2) 0.358
PSQI 9(2.8) 4.1 (2.4) <0.001
ISI 14. 2 (4.8) 3.8 (4.2) <0.001
PHQ-9 8(2.6) 1.4 (2.5) <0.001
CAPS 51 4 (16.8) 8.6 (7.9) <0.001
Hyperarousal 19.0(7.1) 3.3 (4.0) <0.001
Intrusion 10.7 (5.8) 0.6 (1.8) <0.001
Avoidance 16.9 (8.8) 1.7 (3.5) <0.001
Sleep diary*
Time in bed (min) 453.0 (100.6) 465.0 (55.3) 0.580
Total sleep time (min) 414.3 (77. 0) 444.1 (52.5) 0.035
Sleep efficiency (%) 92.8 (9.5 95.6 (3.4) 0.004
Sleep latency (min) 27.8 (17. ) 10.0 (5.9) <0.001
WASO (min) 10.9 (18.2) 4.6 (5.5) 0.051

Bold values represent p < 0.05. CAPS = Clinician Administered PTSD Scale; ISI = Insomnia Severity Index; PHQ-9 = Patient Health Questionnaire-9; PSQI = Pittsburgh

Sleep Quality Index; WASO = wakefulness after sleep onset.
*Wilcoxon rank-sum test.
PTSD, n = 30.
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A) High synchrony  B) Low synchrony

Figure 1. Two scenarios depicting phase synchrony between a pair of EEG sig-
nals from two brain regions (shaded gray regions connected via a solid black
curve). (A) High-synchrony scenario and (B) low-synchrony scenario.

between two signals. In A, the signals, each from a different re-
gion on the scalp, are otherwise identical except that one is a
scaled and phase-shifted version of the other. In this case, be-
cause the phase difference is constant over time, the two signals
are deemed to be completely synchronized (attaining the max-
imum value of 1). In B, the upper signal is the same as in A, but
the lower signal shows a time-dependent variation in frequency,
which alters the phase difference between the two signals over
time. In this case, the absolute value of the average phase dif-
ference (computed by averaging the phase leads and lags over a
given time interval) is smaller in B than in A (attaining a value
between O and 1). Phase synchrony attains a minimum value
of 0 (no synchrony) when the phase difference varies randomly
over time.

To compute the phase synchrony between a pair of EEG
channels for each sleep stage, we used a multitaper approach
[29] to estimate the cross-spectra and computed a measure of
synchrony, the weighted phase lag index (WPLI) [13], by taking a
weighted average of the signs of the imaginary components of
the cross-spectra across artifact-free 5-s epochs spanning that
sleep stage. The WPLI metric is robust to noise artifact often
observed in real-world signals, which can lead to errors in the
estimation of phase synchrony [13]. Using this method, we es-
timated the phase synchrony for all 1,830 (= 61 x 60/2) pairs
of signals among the 61 EEG channels for each of the 5 sleep
stages (Wake, NREM stage 1 [N1], N2, N3, and REM). Then, we
computed the mean WPLI value in six frequency bands (slow
oscillations [0.5-1.0 Hz], delta [1-4 Hz], theta [4-8 Hz], alpha [8-12
Hz], sigma [12-16 Hz], and beta [16-32 Hz]) for each EEG channel
pair and sleep stage. This resulted in a total of 54,900 (= 1,830 x
6 x 5) combinations of WPLI values for the 1,830 EEG channel
pairs, six frequency bands, and five sleep stages for each subject.

WPLI analysis

Based on the findings from previous studies that found alter-
ations in synchrony between the frontal, central, and parietal
brain regions and to increase the likelihood of identifying true
associations between phase synchrony and the PTSD class, we
limited the number of comparisons by combining the EEG chan-
nels into six regions of interest (ROIs; Figure 2A) and restricting
our analysis to three sleep stages (N2, N3, and REM).

Given the sparse literature on synchrony in subjects with
PTSD during sleep, we selected frequency bands in which EEG
activity during sleep is related to known neurophysiological
mechanisms. Specifically, alpha and beta activity are related to
arousals [3], sigma activity during N2 sleep is related to sleep
spindles [30], slow oscillations and delta activity during N3 sleep
are related to sleep depth [31], and theta activity during REM

Left Frontal

Right Frontal
A) e

Left hemisphere

Inter-hemisphere

Right hemisphere

Figure 2. (A) Topographical map showing EEG electrodes covering the frontal,
central, and parietal regions of interest (ROIs; shaded gray regions). Overall, we
investigated pairwise phase synchrony between six ROIs. (B) The three syn-
chrony pairs among the three left-hemisphere ROIs, (C) six inter-hemispheric
ROIs, and (D) three right-hemisphere ROIs.

sleep is related to emotional memory processing [32]. Hence,
we examined the WPLI for the following 10 frequency-band and
sleep-stage combinations: the alpha, sigma, and beta bands (3
frequency bands) during N2 sleep; slow oscillations, delta, alpha,
and beta bands (4 frequency bands) during N3 sleep; and the
theta, alpha, and beta bands (3 frequency bands) during REM
sleep. For each of the 10 combinations, we evaluated the syn-
chrony obtained from 9 groups of EEG channel pairs between
the 6 ROIs (within the 3 ROIs in each hemisphere and between
the 6 ROIs across the two hemispheres; Figure 2, B-D). For each
group, we computed the median WPLI over the EEG channel
pairs connecting two given ROIs. For example, to compute
the alpha synchrony during N2 sleep between the left-frontal
and left-central ROIs, which contain 7 and 6 EEG channels, re-
spectively (Figure 2A), we computed the median of the 42 (=
7 x 6) alpha WPLI values during N2 sleep over the EEG channel
pairs between these two ROIs. Overall, for the 10 sleep-stage and
frequency-band combinations, we analyzed 90 synchrony pairs
(see Supplementary Tables S7 and S8 for the results of 180 ROI
pairs that were not included in this analysis).

Statistical analysis

To assess group differences for each of the 90 synchrony pairs
between subjects with and without PTSD, we computed two
statistical measures: the Mann-Whitney statistic (U) of the
Wilcoxon rank-sum test, which assesses the difference in group
medians, and a robust version of Cohen’s d, a measure of effect
size computed by replacing the population mean with the 20%
trimmed mean and the population standard deviation with the
square root of the 20% winsorized variance [33]. To correct for
multiple comparisons, we created 5,000 permuted datasets by
randomly shuffling the label of each subject in the two groups
and, for each such dataset, recorded the maximum absolute
value of U across the 90 pair-wise comparisons to generate a
probability distribution for the maximum U obtained by random
chance. We then computed the corrected p-value for each syn-
chrony pair as the fraction of the 5,000 permutations that ex-
ceeded the true absolute value of U. If this p-value was below
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0.05, we deemed that particular synchrony pair to have passed
the multiple-comparison test [34].

Evaluation of reproducibility

We assessed the reproducibility of the findings by partitioning
the entire sample into two subsamples-one for initial “dis-
covery” and another for “replication”. Because no single indi-
cator sufficiently describes whether a replication is a success
[35], we evaluated reproducibility using three different criteria
by determining whether (1) the “replication” analysis showed a
statistically significant effect (Wilcoxon rank-sum test, p < 0.05)
in the same direction as the initial finding, (2) the effect size of
the “replication” analysis fell within the 95% confidence interval
(CI) of the initial finding, and (3) the analysis combining the “dis-
covery” and “replication” data showed a statistically significant
effect, in terms of both the rank-sum test (p < 0.05) and the 95%
CIs of the effect size for the “combined” analysis excluding zero
[35, 36]. We used a bootstrap approach with 5,000 replicates to
determine the 95% CI of the effect sizes [37].

Assessing the effect of confounders on
synchrony pairs

The findings of this study may be confounded by variations in
the subjects’ age range, history of AUD, or sleep architecture
parameters [6] between the two groups. To assess this pos-
sibility, we separately analyzed each of these factors. First, to
assess the effect of age, for each synchrony pair, we computed
Pearson’s correlation coefficient using values from subjects
in the “combined” set for each night, one night at a time. We
deemed a synchrony pair to be correlated with age if the cor-
relation coefficients for each of the two nights were significant
(p < 0.05). For these synchrony pairs, we computed their differ-
ence between subjects with and without PTSD (effect size and
rank-sum p-value) using age-corrected and uncorrected values
to assess whether age confounded our findings.

For assessing the effect of past AUD on the discriminative
synchrony pairs, we performed a two-factor analysis of vari-
ance, with PTSD status as one factor and past history of AUD
as the second factor in the “combined” set. Similarly, we as-
sessed the effect of percent time spent in N3 sleep (which was
~3% lower in subjects with PTSD compared with those without
PTSD; Wang et al. [6], Table 2) by using it as a continuous factor
in a generalized linear regression framework with the discrim-
inatory synchrony pair during N3 sleep as the other factor. We
ruled out the possibility that the difference in N3 sleep duration
confounded our findings if the estimated coefficient for a given
synchrony pair remained significant (p < 0.05) for each night
after accounting for the percentage of N3 sleep.

Association of the discriminative synchrony pairs

To identify associations between our findings and clinical scores,
we analyzed the correlation between the synchrony values
of electrode pairs that were discriminative of PTSD and sub-
jective measures of PTSD, such as scores on the CAPS and the
ISI. Specifically, we computed Spearman’s correlation coefficient
(p) between the synchrony pair and the CAPS or ISI score using
values from the “combined” set for each night of recording.
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To assess the association between the discriminatory syn-
chrony pairs and daytime measures of cognitive perform-
ance, we first computed the mean RT for each PVT session
and then averaged the values across all six sessions to ob-
tain the average mean RT for day 1. Similarly, we computed
the mean RT for correct responses on the 0-back, 1-back, and
2-back working memory tasks for each session and averaged
the values over all three sessions to obtain the average mean
RT for correct responses on day 1. We repeated these steps
to obtain the data for day 2 (see Supplementary Table S4 for
the mean values of these scores for the two groups on each
of the two days). We then computed p between night 1 values
of each discriminatory synchrony pair and day 1 values of
PVT mean RT and the 2-back mean RT. We chose the 2-back
task for this purpose because it is the most difficult among
the N-back tasks assessed in this study. Similarly, we com-
puted the correlation between night 2 values of the synchrony
pairs and day 2 values of the daytime cognitive performance
measures.

Results
Discovery analysis

Among the 90 synchrony pairs, we identified 5 pairs where PTSD
subjects showed significantly greater synchrony (Wilcoxon
rank-sum test, p < 0.05) compared with non-PTSD subjects
(Figure 3, Discovery; plots show the mean and standard error
of the mean for each group) on both nights (see Supplementary
Table S1 for a summary of the 85 non-significant pairs). All five
pairs were from the alpha band during NREM sleep. Of these,
two were between the left-frontal and left-parietal ROIs, one be-
tween the left-central and left-parietal ROIs, and two between
corresponding ROIs (central or parietal) across hemispheres. Of
these, the left-right parietal alpha synchrony during N2 sleep
also passed the multiple-comparison test (Figure 3B, Discovery;
p = 0.015) on night 2 but not on night 1 (p = 0.063).

The five synchrony pairs also showed moderately large effect
sizes (0.52-1.44) on each of the two nights [Figure 4, Discovery;
plots show robust Cohen’s d and the 95% CIs]. Except for the
CI for the left-right central alpha effect size during N2 sleep
(Figure 4E, Discovery) on night 1, none of the CIs included zero
in the “discovery” analysis, indicating that, for four out of the
five pairs, synchrony was significantly greater in PTSD subjects
compared with non-PTSD subjects on both nights.

Replication analysis

In the “replication” set, the trends across the five synchrony
pairs remained similar to those of the corresponding “discovery”
set (Figure 3, Replication). The difference in synchrony for the
left, centro-parietal ROI pair during N3 sleep was statistically
significant and in the same direction as in the “discovery” set
(Criterion 1, Evaluation of Reproducibility, Methods Section) on
both nights (Figure 3A, Replication: Wilcoxon rank-sum test,
p = 0.039 for both nights). The difference for the left-right par-
ietal ROI pair during N2 sleep satisfied Criterion 1 on night 2
(Figure 3B, Replication: p = 0.043), but not on night 1 (p = 0.075).
The differences between the other three pairs did not meet
Criterion 1 on either night (Figure 3, C-E, Replication).
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Figure 3. Group differences for the five WPLI synchrony features across the three analysis sets (discovery, replication, and combined). All five WPLI features were from
the alpha band (8-12 Hz) during non-rapid-eye-movement (NREM) sleep stages 2 (N2) and 3 (N3) in the (A) left, centro-parietal, (B) left-right parietal, (C and D) left,
frontoparietal, and (E) left-right central regions of interest (ROI) pairs. The discovery, replication, and combined sets consisted of 18, 13, and 31 PTSD subjects and 29,
18, and 47 non-PTSD subjects, respectively. The plotted values are the group means of the WPLIs based on ROI pairs. Error bars indicate standard errors of the mean.
Asterisks indicate significant group differences at p < 0.05. Daggers indicate significant group differences at p < 0.05 after correcting for multiple comparisons.
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The effect size values of the “replication” set (Figure 4,
Replication, open circles) fell well within the 95% ClIs of the “dis-
covery” set (Criterion 2) for each of the five pairs on both nights.

For the “combined” set (n = 78 subjects [31 with PTSD]), the dif-
ferences in synchrony for the five pairs were statistically signifi-
cant (Criterion 3) for each of the two nights (Figure 3, Combined:
Wilcoxon rank-sum test, p < 0.05 for all pairs), where the difference
for the left-right parietal ROI pair during N2 sleep also passed the
multiple-comparison test (Figure 3B, Combined: night 1, p = 0.016
and night 2, p = 0.004). The difference for the left, frontoparietal
ROI pair during N3 sleep also passed the multiple-comparison
test on night 2 (Figure 3C, Combined: p = 0.045) but not on night
1 (p = 0.190). For four of the five pairs in the “combined” set, the
lower bound of the CI of the effect size exceeded zero (Figure 4,
A-D, Combined). Similar to the “discovery” set, the lower bound
of the CI of the effect size for the left-right central ROI pair during
N2 sleep crossed the zero value on night 1 (Figure 4E; Combined).

Overall, we found that the results satisfied two of the three
criteria for four of the five synchrony pairs and, hence, showed
good reproducibility. Supplementary Table S2 shows the numer-
ical values for the results shown in Figures 3 and 4.

Assessing the effect of confounders on the identified
synchrony pairs

None of the five discriminative pairs were correlated with age. In
fact, only 2 of the 90 synchrony pairs were correlated with age,
although neither pair was discriminative of PTSD, either before
or after age correction.

In our study population, 37% of the 78 subjects (61% of the 31
with PTSD) had a past history of AUD. Nonetheless, a two-factor
analysis of variance carried out to account for this potential
confounding factor revealed that AUD history did not signifi-
cantly contribute to, or interact with, the PTSD status for any of
the five synchrony pairs for either of the two nights (p-values for
the contribution of AUD ranged from 0.37 to 0.82 and those for
the interaction between PTSD and AUD ranged from 0.14 to 0.97
across the five pairs in both nights).

Increased alpha synchrony in the left, frontoparietal and left,
centro-parietal ROI pairs during N3 sleep were unaffected by the
reduced percentage of N3 sleep (~3%; Wang et al. [6], Table 2) ob-
served in subjects with PTSD across both nights (p-values of the
regression coefficients for each of the two synchrony pairs were
less than 0.01 after accounting for the percentage of N3 sleep
across both nights).

Association between synchrony and clinical scores

Only the synchrony between the left-right parietal ROI pair was
significantly correlated with the CAPS score (p = 0.36 for both
night 1 and night 2) and the ISI score (p = 0.36 for night 1, p = 0.42
for night 2; Supplementary Table S3) across both nights. For the
remaining synchrony pairs, the correlation with each score was
positive but not significant.

Association between synchrony and daytime
cognitive performance

Three of the five identified synchrony pairs showed signifi-
cant positive correlations with the 2-back mean RT on correct

responses (Supplementary Table S3): the alpha synchrony be-
tween the left, frontoparietal ROI pair during both N2 and N3
sleep (p: 0.25-0.30), and between the left-right central ROI pair
during N2 sleep (p = 0.30 for night 1, p = 0.40 for night 2). Only
the synchrony between the left, centro-parietal ROI pair during
N3 sleep showed a significant positive correlation with the PVT
mean RT (Supplementary Table S3; p = 0.30 for night 1, p = 0.31
for night 2). For the remaining synchrony pairs, the correlations
with each score were positive but not significant.

Discussion

In this study, our primary objective was to assess whether syn-
chrony in EEG signals during sleep differs between PTSD and
non-PTSD subjects across regions within and between the two
brain hemispheres. The results revealed that PTSD subjects had
larger alpha synchrony during NREM sleep between the left,
centro-parietal (Figure 4A), left-right parietal (Figure 4B), and
the left, frontoparietal (Figure 4, C and D) ROI pairs compared
with non-PTSD subjects. These findings were consistent across
nights and the trends were reproduced in the “replication” set.

Increased alpha synchrony in PTSD subjects during
NREM sleep

Several EEG and neuroimaging studies have revealed the import-
ance of frontoparietal networks (which span the frontal, central,
and parietal brain regions in both hemispheres) in memory con-
solidation processes during NREM sleep [38-40]. These processes
are impaired in PTSD and other psychiatric disorders [14], sug-
gesting that functional differences in frontoparietal networks
between healthy subjects and subjects with these disorders may
be related to impairments in memory processes in the latter.
Furthermore, studies of alpha synchrony in frontoparietal net-
works indicate that this EEG feature is an indicator of vigilance.
Whereas some sleep studies have shown that in healthy indi-
viduals, alpha synchrony decreases with increasing sleep depth
(decreasing vigilance) [41, 42], studies on daytime cognitive per-
formance have found that alpha synchrony increases in task-
relevant regions of the brain only while they perform the task
[43-47]. Interestingly, the cognitive functions examined in the
latter studies are impaired in PTSD and other psychiatric dis-
orders, such as mild cognitive impairment [48] and depression
[49]. Together, these findings suggest that the increased alpha
synchrony we observed in PTSD subjects during NREM sleep is
associated with disturbed sleep (due to hypervigilance) and may
influence cognitive memory processes.

If this conjecture is correct, we would expect frontoparietal
alpha synchrony during NREM sleep to be correlated with PTSD
severity and daytime performance on cognitive tasks. As clinical
scores and data on daytime cognitive performance were avail-
able for our study population, we analyzed correlations between
the five identified alpha-synchrony pairs and PTSD clinical
scores as well as daytime performance measures of alertness
and working memory. Consistent with our expectations, we
found that all five alpha synchrony values were positively cor-
related with the CAPS and ISI scores, with alpha synchrony in
the left-right parietal ROI pair achieving significance across both
nights (Supplementary Table S3). Additionally, we found positive
correlations between alpha synchrony in the left, frontoparietal
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ROI pair during NREM sleep and the mean RT of correct re-
sponses in the 2-back working memory task and between alpha
synchrony in the left, centro-parietal ROI pair and the PVT mean
RT (Supplementary Table S3). These results indicate that, in
our study population, increased alpha synchrony during NREM
sleep is associated with PTSD severity and cognitive perform-
ance deficits. Prospective investigations of EEG synchrony com-
paring subjects with and without PTSD during sleep, followed by
an assessment of daytime cognitive performance, should enable
us to further corroborate these findings.

Comparisons with other studies on EEG synchrony
in subjects with PTSD

A handful of studies have reported alterations in EEG syn-
chrony between different brain regions in PTSD subjects
compared with controls [9-12]. Of these, three found such
alterations during resting wakefulness. Lee et al. [10] com-
puted synchrony between 62 EEG channels pairwise in the
delta through gamma bands (32-50 Hz) for each subject in a
non-PTSD group and a PTSD group that included subjects on
medication. Then, for each group, they averaged the pairwise
synchrony values across subjects and, setting the overall mean
synchrony of the group plus one standard deviation as the
threshold, obtained binary synchrony matrices for each fre-
quency band. From this analysis, the authors found that beta
and gamma synchrony in the frontal and central regions across
both hemispheres are reduced in the PTSD group relative to the
non-PTSD group. In contrast, we did not find any differences in
beta synchrony in any sleep stage between the two groups in
our subject population, where none of the subjects were being
medicated. In a similar study, Kim et al. [12] compared PTSD
subjects on medication against controls to identify differences
in patterns of pairwise directional synchrony (a frequency-
independent measure) among 16 EEG channels during resting
wakefulness. They found that compared with controls, PTSD
subjects showed increased synchrony between pairs of elec-
trodes spanning the frontal, parietal, and temporal regions of
the left hemisphere, and decreased synchrony between those
spanning the frontal, parietal, and occipital regions of the right
hemisphere. We found similar increases in synchrony in the
alpha band among regions in the left hemisphere, but no re-
ductions in synchrony among regions in the right hemisphere.
The differences between our findings and those of Lee et al.
[10] on beta-band synchrony or those of Kim et al. [12] on the
pattern of within-hemispheric changes in synchrony could be
attributed to any of a number of methodological differences,
including the subject population (PTSD subjects were on medi-
cation in both studies, but not in our study), the synchrony met-
rics used, and the state of the subject (sleep vs. wakefulness).
Imperatori et al. [11], in another study carried out during
resting wakefulness, examined synchrony in the frequency
bands between 0.5 and 60 Hz using a metric similar to the
WPLI (lagged coherence) in PTSD subjects who were free of
co-morbidities and medication. They found that compared with
healthy controls, subjects with PTSD showed increased alpha
synchrony between two electrodes, one placed at the parietal-
midline between the two hemispheres and the other placed in
the right-parietal region. However, they did not find evidence
for increased synchrony between the electrodes placed on the
left and right parietal regions. In our study, which involved a
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similar population of subjects, PTSD subjects showed increased
alpha synchrony between corresponding parietal ROIs in the left
and right hemispheres during N2 sleep compared with controls
(Figure 3B). The difference between these two findings may be
attributed to the fact that they examined the subjects during
resting wakefulness.

Finally, in a recent sleep-focused study [9] of subjects with
(n = 38) and without PTSD (n = 38; matched for age and sex),
Modarres et al. reported a novel set of synchrony-derived
markers diagnostic of, and correlated with the severity of, PTSD.
Specifically, they first calculated the synchrony between each of
15 electrode pairs among six EEG channels covering the frontal,
central, and occipital brain regions. They then computed the
ratio of synchrony between one pair of electrodes to that be-
tween another pair. However, the physical meaning of a ratio
of pairwise synchrony values is unclear. For example, the au-
thors found that the ratio in the alpha band during N2 sleep,
of the synchrony between the right-occipital and left-central
electrodes (10.8-11.8 Hz) to the synchrony between the right-
occipital and left-frontal electrodes (10.2-11.2 Hz), was signifi-
cantly larger in PTSD subjects compared with controls. This
information, however, does not allow one to determine whether
the difference arose from an increase in the pairwise synchrony
of the numerator, or a reduction in the pairwise synchrony of
the denominator in PTSD subjects compared with the corres-
ponding pairwise synchrony values in controls. This ambiguity
prevents a direct comparison with our findings.

Itis worth noting that none of the studies discussed above as-
sessed whether their results were reproducible across multiple
recordings from the same subjects or across an independent
subject population. While the realities of time and cost impose
constraints in study design, it would be important to ascertain
the reproducibility of their results under these conditions.

Synchrony provides information in addition to
electrical brain activity

In the present study, alpha-band synchrony between the frontal,
central, and parietal brain regions in PTSD subjects increased
relative to that in non-PTSD subjects. In contrast, brain activity,
as measured by the alpha-band spectral power in these regions,
did not differ between the two groups (Supplementary Table S5).
Thus, phase synchrony potentially provides information about
the interactions between two ROIs that cannot be identified by
studying brain-activity patterns in each of the ROIs independ-
ently. To the extent that neurological disorders generally in-
volve altered interactions between multiple brain regions and
that some disorders share similar alterations in brain activity,
our findings deserve further investigation in EEG studies of such
disorders.

Comparisons with other measures of synchrony

Various measures have been employed in previous studies to as-
sess synchrony, including coherence (which Modaress et al. [9]
used to derive the synchrony ratio) and lagged coherence [11].
Coherence consistently overestimates the synchrony between
two EEG signals due to the volume-conduction effect, which
results from deep-brain transmissions from a common source
that instantaneously impact the electrical activity measured by
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all EEG electrodes [13]. The WPLI and lagged coherence metrics
were developed to address this issue. Both metrics explicitly re-
ject instantaneous phase components from a pair of EEG signals
while estimating phase synchrony, thus reducing the volume-
conduction effect. To assess how well coherence and lagged co-
herence would perform relative to the WPLI, we compared the
three metrics based on the effect sizes of the five alpha-band
synchrony pairs for the “combined” set (Supplementary Table
S6). The results obtained using lagged coherence were similar to
those obtained using WPLI, as might be expected given that both
measures correct for the effects of volume conduction. In con-
trast, coherence, which overestimated the synchrony for both
PTSD and non-PTSD subjects, consistently yielded low effect
sizes for all pairs, except for the synchrony between the left and
right parietal ROIs.

Limitations of our study

By design, our study used PTSD subjects who were free of
co-morbid disorders and sleep-related medications. By com-
paring these subjects to those without PTSD, we were able to
identify discriminatory synchrony markers. However, the same
markers might be observed for disorders with symptoms that
overlap with PTSD, such as insomnia, depression, and mild trau-
matic brain injury. Therefore, to test whether alpha-band syn-
chrony during NREM sleep is a PTSD-specific marker, future
studies could be conducted on diverse datasets of populations
with disorders related to but absent of PTSD.

Another potential limitation of our study is that 37% of the 78
subjects (61% of the 31 with PTSD) in the “combined” set had a
past history of AUD, which is known to cause alterations in EEG
spectral power in the delta and beta bands that may persist even
after several months of abstinence [50]. Whether EEG synchrony
is altered in subjects with a past history of AUD compared with
healthy controls remains to be investigated. Controlling for AUD
in a population of Service members is difficult because a ma-
jority of them consume alcohol. Using a prior history of alcohol
consumption as an exclusion criterion here would have greatly
reduced our sample size and, in turn, our ability to draw any
conclusions that could apply to Service members in general.
Therefore, we decided not to exclude subjects with prior history
of alcohol abuse, but instead advised them to limit their intake
to 2 drinks per day for two weeks prior to the study. Two-factor
analysis of variance on the identified markers, with PTSD status
as one factor and past history of AUD as the second factor re-
vealed that past history of AUD did not significantly contribute
to, or interact with, the PTSD status for any of the five synchrony
pairs in our study population for either of the two nights. In
fact, the identified markers showed the same trends on subjects
without previous AUD (n = 49 [12 with PTSD]), suggesting that it
is unlikely that past AUD history affected the markers identified
in our study.

Conclusion

In conclusion, we found an increase in alpha-band synchrony during
NREM sleep in PTSD subjects in the left, frontoparietal, left, centro-
parietal, and left-right parietal ROI pairs, in general agreement with
a handful of existing reports of altered synchrony between the
frontal and posterior brain regions in PTSD subjects. Importantly,

these differences were preserved across two consecutive nights
and mostly reproduced in a “replication” dataset, demonstrating
the potential feasibility of identifying reliable markers of PTSD.
Independent validation of our findings will be required to further
demonstrate reproducibility and to verify whether these markers
are specific to sleep disturbances in PTSD subjects. If successful,
such markers could help guide the development of sleep-focused
interventions to improve the condition of PTSD subjects.

Supplementary material

Supplementary material is available at SLEEP online.
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