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ARTICLE INFO ABSTRACT

Sleep disturbances are common complaints in patients with post-traumatic stress disorder (PTSD). To date,
however, objective markers of PTSD during sleep remain elusive. Sleep spindles are distinctive bursts of brain
oscillatory activity during non-rapid eye movement (NREM) sleep and have been implicated in sleep protection
and sleep-dependent memory processes. In healthy sleep, spindles observed in electroencephalogram (EEG) data
are highly synchronized across different regions of the scalp. Here, we aimed to investigate whether the spa-
tiotemporal synchronization patterns between EEG channels during sleep spindles, as quantified by the phase-
locking value (PLV) and the mean phase difference (MPD), are altered in PTSD. Using high-density (64-channel)
EEG data recorded from 78 combat-exposed Veteran men (31 with PTSD and 47 without PTSD) during two
consecutive nights of sleep, we examined group differences in the PLV and MPD for slow (10-13 Hz) and fast
(13-16 Hz) spindles separately. To evaluate the reproducibility of our findings, we set apart the first 47 con-
secutive participants (18 with PTSD) for the initial discovery and reserved the remaining 31 participants (13
with PTSD) for replication analysis. In the discovery analysis, compared to the non-PTSD group, the PTSD group
showed smaller MPDs during slow spindles between the frontal and centro-parietal channel pairs on both nights.
We obtained reproducible results in the replication analysis in terms of statistical significance and effect size. The
PLVs during slow or fast spindles did not significantly differ between groups. The reduced inter-channel phase
difference during slow spindles in PTSD may reflect pathological changes in the underlying thalamocortical
circuits. This novel finding, if independently validated, may prove useful in developing sleep-focused PTSD
diagnostics and interventions.
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1. Introduction

Individuals with post-traumatic stress disorder (PTSD) often suffer
from sleep disturbances, such as trouble falling or maintaining sleep
and recurrent nightmares (Mellman and Hipolito, 2006; Neylan et al.,
1998). Although the prevalence rates of self-reported sleep problems in
PTSD have been documented to be as high as 90% (Neylan et al., 1998),
the results of polysomnography (PSG) studies examining objective
measures of sleep in PTSD have been inconsistent [see Kobayashi et al.
(2007) and Germain (2013) for reviews]. The lack of reliable sleep
markers of PTSD presents an obstacle to understanding the pathophy-
siology of its associated sleep symptoms and to developing sleep-spe-
cific diagnostics and interventions for the disorder. To bridge this gap,
we have made several attempts to identify brain activity changes in

PTSD during sleep that are reproducible, by examining features of
electroencephalogram (EEG) spectral power (Wang et al., 2020a), EEG
synchrony (Laxminarayan et al., 2020), and sleep spindles (Wang et al.,
2020Db). In particular, sleep spindles are signature neural events during
non-rapid eye movement (NREM) sleep that are thought to play key
roles in sleep-dependent memory consolidation (Fogel and Smith,
2011) and sleep protection (Astori et al., 2013; Luthi, 2014). In a recent
study, we made an initial effort to investigate whether sleep spindle
characteristics (i.e., amplitude, duration, oscillatory frequency, and
density) are altered in subjects with PTSD compared to those without
PTSD (Wang et al., 2020b). Although spindle amplitude, duration, and
density did not differ between the two groups, the oscillatory fre-
quencies of sleep spindles were higher in PTSD subjects than in non-
PTSD subjects, with consistent trends across nights and subsamples of
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the study population.

Another important aspect of sleep spindles that may be altered in
PTSD is their spatiotemporal dynamics. Spindles are highly synchro-
nous events that occur across different regions of the scalp (Bonjean
et al., 2012; Contreras et al., 1997). Although they arise from thalamic
circuits, corticothalamic feedback projections and divergent con-
nectivity between thalamic and cortical neurons are essential for es-
tablishing the long-range synchronization of spindles (Beenhakker and
Huguenard, 2009; Contreras et al., 1997). Evidence suggests that tha-
lamic dysfunction is partly involved in the etiology of PTSD (Kim et al.,
2007; Lanius et al., 2006; Suarez-Jimenez et al., 2019). Moreover, the
functional connectivity between the thalamus and cortical regions has
been shown to be altered in PTSD during script-driven imagery (Lanius
et al., 2005) and in the resting state (Terpou et al., 2018; Yin et al,,
2011). It is therefore reasonable to suspect that thalamocortical con-
nectivity is also disrupted during sleep in PTSD, and that this disruption
may lead to aberrant spatiotemporal patterns of sleep spindles. This
possibility, however, has not been examined in previous studies. Here,
we hypothesize that the spatiotemporal synchronization patterns of
spindles may discriminate individuals with and without PTSD.

One way to assess the synchrony of sleep spindles is by examining
two indices that characterize the phase relations between spindles re-
corded at spatially separated EEG channels: the phase-locking value
(PLV) (Lachaux et al., 1999) and the mean phase difference (MPD)
(Thatcher, 2012; Thatcher et al., 2008). The PLV, which estimates the
stability of the phase difference between two signals, is a commonly
used index for quantifying phase synchronization (Aydore et al., 2013).
Alarge PLV between EEG signals indicates stable phase relations among
the underlying neuronal groups and, hence, suggests strong functional
neural connectivity (Varela et al., 2001). The MPD, which complements
the PLV, measures the average phase lead or lag between two coupled
signals. A non-zero MPD between EEG signals suggests a delay of in-
formation transmission in the underlying neural system (Thatcher,
2012). Given that reciprocal interactions between thalamic and cortical
neurons are responsible for generating and synchronizing spindle os-
cillations (Beenhakker and Huguenard, 2009; Luthi, 2014), the PLV and
MPD during spindles are likely to reflect the coupling strength and
coupling delay, respectively, of the underlying thalamocortical net-
work.

The aim of the present work was to investigate whether the spa-
tiotemporal dynamics of spindles, as quantified by the PLV and the
MPD, are altered in individuals with PTSD. To this end, we analyzed
high-density (64-channel) EEG data recorded from 78 combat-exposed
Veteran men with (n = 31) and without (n = 47) PTSD during two
consecutive nights of sleep. After detecting sleep spindles using an
automatic algorithm, we conducted PLV and MPD analyses on data
from both nights. We analyzed slow (10-13 Hz) and fast (13-16 Hz)
spindles separately, because these two types of spindles are distributed
distinctly across brain regions (Andrillon et al., 2011). To assess the
reproducibility of our findings, we used the first 47 consecutive parti-
cipants (18 with PTSD) for the initial discovery, and performed re-
plication analyses using the remaining 31 participants (13 with PTSD)
to examine whether we could reproduce the initial findings.

2. Materials and methods
2.1. Participants

Eighty-five post-9/11 Veterans who had been deployed in support of
the global war on terror completed the screening and experimental
procedures. Thirty-seven were diagnosed with PTSD (31 men and 6
women) and 48 without PTSD (47 men and 1 woman). All participants
were between the ages of 18 and 50 years and free of medications
known to affect sleep or daytime functioning for at least 2 weeks
(6 weeks for fluoxetine). We excluded participants who had 1) current
or untreated severe depression, 2) a history of psychotic or bipolar
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disorder, 3) alcohol or substance dependence within the past 3 months,
4) current post-concussive symptoms or rehabilitation treatment for
traumatic brain injury, 5) a significant or unstable acute or chronic
medical condition, 6) a current sleep disorder other than insomnia or
nightmares, such as obstructive sleep apnea, restless leg syndrome,
delayed sleep phase syndrome, narcolepsy, and periodic leg movement
disorder, or a current night-shift work schedule, 7) more than 2 cups of
coffee (or the equivalent amount of caffeine) per day on average, or 8)
alcohol use of more than 2 alcoholic drinks per day (or more than 14
drinks per week) on average. The study protocol was approved by the
University of Pittsburgh Institutional Review Board (Pittsburgh, PA)
and by the U.S. Army Medical Research and Development Command’s
Human Research Protection Office (Ft. Detrick, MD). All participants
provided written informed consent prior to the screening process.

We used the Clinician-Administered PTSD Scale (CAPS) (Blake
et al., 1995) and the Structured Clinical Interview for Sleep Disorders
(Buysse et al., 2011) to assess the presence of PTSD and Diagnostic and
Statistical Manual of Mental Disorders IV (DSM-IV) sleep disorders,
respectively, with a physician making the PTSD diagnosis. Other clin-
ical assessments included the Patient Health Questionnaire-9 (PHQ-9)
(Lowe et al., 2004) to assess depression, the Pittsburgh Sleep Quality
Index (PSQI) (Buysse et al., 1989) and the Insomnia Severity Index (ISI)
(Bastien et al., 2001) to assess sleep, the Epworth Sleepiness Scale (ESS)
(Johns, 1991) to assess daytime sleepiness, and the Structured Clinical
Interview for DSM-IV Axis I Disorders (First and Spitzer, 1997) to assess
the presence of mood, anxiety, psychosis, alcohol use, and substance
use disorders. We used a 2-week medication history questionnaire to
verify that the amounts of caffeine and alcohol consumption were
within the permissible thresholds. To monitor habitual sleep, we asked
participants to complete a sleep diary for 10 consecutive days prior to
the laboratory study. To screen for sleep apnea, we asked participants
to wear a portable apnea screening device (ApneaLink; ResMed Corp.,
San Diego, CA) at home for one night prior to arrival at the laboratory.

The experiment involved two consecutive nights and days of la-
boratory stay, which began at 20:00 on Night 1. For each night, we
provided participants with the opportunity to sleep 8 h (23:00-07:00)
and recorded high-density EEG data throughout the entire night of
sleep using a 64-channel HydroCel Geodesic Sensor Net (Electrical
Geodesics Inc., Eugene, OR). During the day, participants performed
multiple sessions of alertness and working-memory tests. The proce-
dures conducted on Night 1 and Day 1 were the same as those con-
ducted on Night 2 and Day 2.

Because there were 6 women in the PTSD group but only 1 woman
in the non-PTSD group, we restricted our analyses to the 78 men to
eliminate potential effects due to an imbalance in the sex ratio. To as-
sess the reproducibility of our findings, we used the first 47 consecutive
participants (~60% of the total, 18 with PTSD) for the initial discovery,
and reserved the remaining 31 participants (~40% of the total, 13 with
PTSD) for the replication assessment.

The sample used in the present study was the same as that used in
our previous work, in which we reported the clinical characteristics and
sleep architecture parameters of the participants (Laxminarayan et al.,
2020; Wang et al., 2020a, 2020b). Briefly, PTSD and non-PTSD parti-
cipants did not differ significantly with respect to age or the Apnea-
Hypopnea Index (AHI) in both the discovery and replication sets
(p > 0.05). The PTSD group had higher CAPS, PSQI, ISI, and PHQ-9
scores than did the non-PTSD group in both data sets (all p-values <

0.001). The ESS score was higher in PTSD participants than in non-
PTSD participants in the discovery set (p = 0.003) but not in the re-
plication set (p = 0.856). With respect to sleep architecture parameters,
no group differences were consistent across nights and subsamples. We
provide detailed information in Supplementary Tables S1 and S2.
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2.2. Recording and preprocessing of sleep EEG data, and detection of sleep
spindles

We recorded 64-channel EEG data at 250 Hz during each of the two
nights of the study, using the linked mastoids as the reference. We vi-
sually scored sleep stages in 30-s epochs for each night according to the
American Academy of Sleep Medicine standards. The EEG preproces-
sing and spindle detection methods were as previously described (Wang
et al., 2020b). Briefly, we segmented the data into 5-s epochs and used
previously validated algorithms (Brunner et al., 1996; Doman et al.,
1995; Liu et al., 2018) to remove all epochs contaminated by muscle
and ocular artifacts. Regarding spindle detection, we considered spin-
dles falling within the 10-13 Hz frequency range as slow spindles, while
considering those falling in the 13-16 Hz range as fast spindles. To
detect slow and fast spindles, we first band-pass filtered the raw EEG
signals for the artifact-free epochs corresponding to N2 and N3 stages of
NREM sleep in the frequency ranges of slow spindles (10-13 Hz) and
fast spindles (13-16 Hz) separately. Then, we calculated the root mean
square (RMS) of the filtered signal over a 250-ms sliding window with a
25-ms step size. Finally, we established sleep-spindle time intervals by
retaining segments where the amplitude of the RMS signal exceeded its
95th percentile value for at least 0.5 s but no more than 3.0 s (Martin
et al.,, 2013; Warby et al., 2014). We detected slow and fast spindles
separately for each EEG channel.

2.3. Estimation of PLV and MPD during sleep spindles

Fig. 1 shows our procedure for estimating the PLV and MPD for a
pair of EEG channels. First, we arbitrarily designated one channel as the
reference and considered the spindle time intervals detected from it as
the reference time windows for analysis. Next, we extracted the in-
stantaneous phase of the filtered signals within the analysis windows
for the reference channel and for the corresponding time segments of
the other channel using the Hilbert transform (Rosenblum and Kurths,
1998). Then, we obtained the instantaneous phase difference Ag at each
time point m, with m = 1, 2, ---,M, at a 250-Hz sampling rate, by cal-
culating the phase difference between the two channels. Note that M
denotes the total number of time points of all analysis windows. Finally,
we projected the instantaneous phase differences of all M time points
onto the unit circle and estimated the PLV as the length of the mean
resultant vector 7 of the instantaneous phase differences:

M
PLV =Pl =1— 3 eitetm)]
M2 €Y

The PLV ranges from O to 1, where 1 indicates a constant phase
difference over time (i.e., a perfect phase synchronization) and 0 in-
dicates a random phase difference (i.e., no phase synchronization).
Note that the PLV indicates the stability of the phase difference over
time (i.e., the strength of synchronization) independent of its magni-
tude (e.g., whether it is 0 or 90°).

To quantify the average phase lead or lag between two channels, we
estimated the MPD by calculating the angle 6 of the mean resultant
vector 7 (i.e., the circular mean) of the instantaneous phase differ-
ences:

M
MPD = 6 = angle(7) = arg[ E e"AW")]

m=1

(2)

We analyzed the PLV and the MPD for slow and fast spindles se-
parately. Instead of testing all possible pairs of EEG channels, we se-
lected one channel each for slow and fast spindles as the “seed channel”
(reference) and investigated the phase relations of this reference signal
to the signals at each of the other 63 channels. In this way, we assessed
the PLV and MPD topographically and reduced the number of multiple
comparisons to prevent spurious findings. Because slow spindles are
most prominent in the frontal region and fast spindles are most
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prominent in the centro-parietal region (Cox et al., 2017; Lustenberger
et al., 2015), we selected the frontal channel Fz and parietal channel Pz
as the seed channels for the slow- and fast-spindle analyses, respec-
tively, as illustrated by the “stars” in Fig. 2. We considered the spindle
intervals detected from the seed channels as the reference time win-
dows for analysis, and estimated the PLV and MPD by averaging the
instantaneous phase differences across all spindle time intervals. Note
that if the distribution of instantaneous phase differences were dis-
persed on the unit circle (as indicated by a small PLV), the MPD would
be a poor representation of the data. Therefore, we only analyzed the
MPD for channel pairs with a mean PLV greater than 0.5 across all
participants. To avoid potential age effects, we performed a regression-
based age correction on the PLV and MPD measures using a procedure
described previously (Wang et al., 2020a). We conduced our analyses
with MATLAB software (The MathWorks Inc., Natick, MA), using the
CircStat (Berens, 2009) and EEGLAB (Delorme and Makeig, 2004)
toolboxes.

2.4. Statistical analyses

We used the Wilcoxon rank-sum test (evaluated by the Z-statistic)
and the Watson — Williams test (an analog of the two-sample t-test for
use with circular data, evaluated by the F- statistic) to assess group
differences in PLV and MPD, respectively. To correct for multiple
comparisons across channel pairs, we performed a permutation test
using the maximum-statistic approach (Nichols and Holmes, 2002).
Briefly, we permuted the datasets 10,000 times by randomly re-labeling
the group labels (PTSD and non-PTSD) of the original data. Next, for
each permutation, we selected the channel pair with the maximum test
statistic and, offer the 10,000 permutations, formed a distribution.
Then, we assessed the significance (i.e., the p-values) of the group dif-
ferences by comparing the test statistics of the original (correctly la-
beled) data to this empirical distribution. To further account for mul-
tiple comparisons across the four metrics investigated (i.e., PLV and
MPD for slow and fast spindles), we performed Bonferroni corrections.
To examine group differences for different sleep cycles, we conducted
2-way repeated measures analyses of variance (rANOVA) with group
(PTSD or non-PTSD) as the between-subject factor and sleep cycle (1, 2,
or 3) as the within-subject factor, while using the Greenhouse-Geisser
correction when the data violated sphericity assumptions (based on the
Mauchly’s test of sphericity). We considered p-values < 0.05 to be
statistically significant.

2.5. Evaluation of reproducibility

No single test can sufficiently describe whether a replication is a
success or a failure (Open Science, 2015). Thus, we evaluated the re-
producibility of our findings based on three tests, as described pre-
viously (Wang et al., 2020a). Briefly, the first test evaluated whether
the replication p-values were significant (p < 0.05) and in the same
direction as the original p-values. The second test evaluated whether
the replication effect sizes fell within the 95% confidence interval (CI)
of the original effect sizes, and the third test evaluated whether the
findings remained significant (p < 0.05) after combining the discovery
and replication subsamples. We quantified the effect size using Cohen’s
d, which is calculated as the difference between the means of the two
groups (PTSD minus non-PTSD) divided by the pooled standard de-
viation. We used the circular mean and the circular standard deviation
when computing Cohen’s d for the findings on the MPD.

3. Results
3.1. Number of sleep spindles detected in the discovery and replication sets

Table 1 shows the number of slow and fast spindles for the PTSD
and non-PTSD groups during the whole night of sleep as well as during
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Fig. 1. Procedure for estimating the phase-locking value (an index of phase synchronization) and the mean phase difference between sleep spindles from a pair of

EEG channels.

each of the first 3 sleep cycles. A 2-way rANOVA test with group and
sleep cycle as between- and within-subject factors, respectively, re-
vealed no significant effect of group on the number of slow or fast
spindles for either the discovery or the replication set (all p-values >
0.05, Supplementary Table S3). The effect of sleep cycle on the number
of spindles was significant in some, but not all tests involving different
spindle types, nights, and subsamples (see Supplementary Table S3).
When comparing the discovery set versus the replication set, their
differences in the number of slow spindles (whole-night measure) were
significant for the non-PTSD group (p < 0.05 on both nights, Wilcoxon
rank-sum test), but were not significant for the PTSD group (p > 0.05

on both nights); the differences in the number of fast spindles (whole-
night measure) between the discovery and replication sets were not
significant for either the PTSD group or the non-PTSD group (all p-va-
lues > 0.05).

3.2. Topographical analysis of PLV and MPD during sleep spindles
(discovery analysis)

3.2.1. Results for slow spindles
Fig. 2A shows the topographical distributions of the PLV between
the frontal seed channel Fz and all other channels for slow spindles. In
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Fig. 2. Topographical results of the phase-locking value (PLV) and the mean phase difference (MPD) during slow and fast spindles for the discovery analysis (18 PTSD
and 29 non-PTSD). Black stars indicate the two “seed channels” (Fz in the frontal region and Pz in the parietal region) used in the pair-wise analyses. A) Results of the
PLV during slow spindles using Fz as the seed channel. The first and second columns show the PLV values of the 63 pair-wise analyses for the PTSD and non-PTSD
groups, respectively, while the third column shows the Z-values of the statistical comparisons (Wilcoxon rank-sum tests) between the two groups at individual
channels. Small black dots denote the individual channels. B) Results of the MPD during slow spindles using Fz as the seed channel. The first and second columns
show the MPD values of the 63 pair-wise analyses for the PTSD and non-PTSD groups, respectively, whereas the third column shows F-values of the statistical
comparisons (Watson — Williams tests) between the two groups at individual channels. Small black dots denote the individual channels for which the PLV was
greater than 0.5 when referenced to Fz, whereas large black dots indicate channels with uncorrected p-values less than 0.05. C) Results of the PLV during fast spindles
using Pz as the seed channel. D) Results of the MPD during fast spindles using Pz as the seed channel.

both the PTSD (n = 18; Fig. 2A, first column) and non-PTSD (n = 29;
Fig. 2A, second column) groups, the PLV was greater than 0.5 for most
of the frontal and parietal channels, indicating strong phase synchro-
nization with the seed channel. A comparison between the PTSD and
non-PTSD groups revealed no significant group differences on either
night (Fig. 2A, third column).

We further examined the MPD for channel pairs that showed strong
phase synchronization (PLV > 0.5; Fig. 2B). In the non-PTSD group
(Fig. 2B, second column), the MPD values were within the range of
—0.4 rad to 0.4 rad (—23° to 23°), indicating that the phase delays
relative to the seed channel were less than 6 ms [=(23°/
360°) X (1000/slow-spindle frequency)]. The PTSD group tended to
show even smaller phase delays (Fig. 2B, first column). A statistical
comparison between the PTSD and non-PTSD groups indicated that the
MPD values between the frontal seed channel and the distributed
centro-parietal channels for the PTSD group were smaller than those for
the non-PTSD group (uncorrected p < 0.05). These differences were
most prominent over the left centro-parietal area and consistent across
nights (Fig. 2B, third column). However, none of the group differences
survived the correction for multiple comparisons across channel pairs.
The channel pair Fz—C5 showed the highest test-statistic value across

the two nights, which approached significance after correction (Night 1:
F-value = 8.2, uncorrected p = 0.006, corrected p = 0.082, Cohen’s
d = —0.89; Night 2: F-value = 7.9, uncorrected p = 0.007, corrected
p = 0.098, Cohen’sd = —0.87).

3.2.2. Results for fast spindles

Panels C and D in Fig. 2 show the topographical distributions of the
PLV and the MPD, respectively, between the parietal seed channel Pz
and all other channels for fast spindles. We observed no consistent
group differences in either the PLV or the MPD across nights.

3.3. Replication analysis

The main finding of the discovery analysis was that, relative to the
non-PTSD group, the PTSD group showed a smaller MPD between the
frontal and centro-parietal channel pairs for slow spindles. In the re-
plication analysis, we sought to assess whether this finding was re-
producible in the remaining set of participants not used in the discovery
analysis (13 PTSD and 18 non-PTSD).

Fig. 3A shows the topographical results for the discovery, replica-
tion, and combined sets. The topographical distributions from the
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Table 1
Number of sleep spindles detected in the discovery and replication sets.
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Discovery set

Replication set

PTSD Non-PTSD Group comparison PTSD Non-PTSD Group comparison
[n = 18] [n = 29] p-value [n = 13] [n = 18] p-value
Mean (SD) Mean (SD) Mean (SD) Mean (SD)
Number of slow spindles from channel Fz
Whole night
Night 1 1170 (410) 1178 (355) 0.793 1263 (360) 1384 (441) 0.238
Night 2 1202 (342) 1214 (321) 0.991 1267 (319) 1409 (333) 0.105
1st sleep cycle
Night 1 412 (237) 446 (272) 0.784 363 (101) 490 (197) 0.057
Night 2 362 (192) 384 (259) 0.654 417 (164) 381 (175) 0.660
2nd sleep cycle
Night 1 304 (93) 282 (123) 0.477 333 (108) 362 (153) 0.645
Night 2 316 (133) 330 (117) 0.622 350 (125) 406 (131) 0.238
3rd sleep cycle
Night 1 236 (113) 231 (124) 0.818 279 (115) 251 (99) 0.873
Night 2 234 (82) 248 (91) 0.678 239 (106) 326 (119) 0.032*
Number of fast spindles from channel Pz
Whole night
Night 1 948 (526) 975 (405) 0.491 1066 (268) 1087 (400) 0.764
Night 2 990 (473) 1061 (391) 0.464 1126 (388) 1216 (374) 0.412
1st sleep cycle
Night 1 270 (190) 294 (183) 0.477 287 (125) 269 (142) 0.459
Night 2 220 (148) 244 (131) 0.554 256 (109) 241 (120) 0.561
2nd sleep cycle
Night 1 212 (110) 229 (119) 0.592 225 (97) 264 (149) 0.674
Night 2 244 (135) 261 (135) 0.793 297 (120) 290 (141) 0.826
3rd sleep cycle
Night 1 230 (149) 211 (114) 0.694 235 (72) 233 (116) 0.734
Night 2 208 (102) 252 (116) 0.225 248 (121) 303 (143) 0.307

*p < 0.05, Wilcoxon rank-sum test.

replication analysis resembled the original ones; the group differences
were most prominent over the left centro-parietal area and consistent
across nights (Fig. 3A, second column). The number of significant
(uncorrected p < 0.05) channel pairs in the replication analysis (6
pairs on both nights) was less than that in the discovery analysis (21
pairs on Night 1 and 22 pairs on Night 2). This may be partially due to
the lower statistical power of the replication set, as its sample size was
smaller than that of the discovery set. When we combined the discovery
and replication sets (31 PTSD and 47 non-PTSD), the group differences
passed the correction for multiple channel-pair comparisons (corrected
p < 0.05; indicated by the white dots in Fig. 3A, third column). One
channel pair (Fz—C5) on Night 1 and three channel pairs (Fz-C3, Fz-C5,
and Fz—CP5) on Night 2 further passed the Bonferroni correction for the
four metrics investigated (p < 0.05/4 = 0.013).

We further assessed the reproducibility of the results for the Fz-C5
channel pair, using the three tests discussed in the Materials and
methods. We considered this channel pair to be of particular interest
because it showed the highest value for the test statistic in the discovery
analysis. In the replication analysis, the group difference in the MPD for
this channel pair during slow spindles was in the same direction as it
was in the discovery analysis, and was statistically significant for both
Night 1 (uncorrected p = 0.028) and Night 2 (uncorrected p = 0.020)
(Fig. 3B). The replication effect sizes (Night 1: Cohen’s d = —0.88;
Night 2: Cohen’s d = —0.94) fell within the 95% CI of the original
effect sizes (Fig. 3C). After combining the discovery and replication
sets, the group differences remained statistically significant (un-
corrected p < 0.001 for both nights). These results satisfied all three
tests on both nights and, thereby, reproduced the original finding on the
MPD during slow spindles in the replication set. However, the first test
did not reach statistical significance after corrections for multiple
comparisons. To be comprehensive, we also assessed the reproducibility
of the findings for all channel pairs (N = 15) that were significant
(uncorrected p < 0.05) on both nights in the discovery analysis
(Supplementary Table S4). Of the 15 channel pairs, 14 passed at least

two of the three tests on both nights, showing that our original findings
tended to be reproducible.

We performed several additional analyses to assess the robustness
and specificity of our findings. First, we examined whether the MPD
findings obtained using a different frontal channel, F3 or F4, as the seed
channel would yield similar results as those obtained using Fz as the
seed channel. The overall trend in the findings remained the same
(Supplementary Fig. S1). Second, to evaluate the robustness of our
findings to variations in the method used to detect spindles, we re-
analyzed our data using 1) different spindle-detection thresholds (i.e.,
using the 92nd and 98th percentiles of the RMS amplitude, instead of
the 95th percentile value) and 2) a different spindle-detection algo-
rithm (Ferrarelli et al., 2007). These changes did not alter our overall
findings (Supplementary Fig. S2). Third, to test the specificity of our
findings to spindle intervals, we analyzed the MPD in the slow-spindle
frequency band during randomly selected non-spindle intervals (from
N2 and N3 stages only). The group differences in the MPD were less
prominent during non-spindle intervals than during spindle intervals
(Supplementary Fig. S3). Fourth, we verified that the number of data
points used for the PLV and MPD estimations did not differ between the
PTSD and non-PTSD groups (p > 0.05), suggesting that this factor was
not a potential bias. Finally, to investigate whether spurious phase
synchronization affected our results, we created surrogate datasets and
performed analysis using the method described in Lachaux et al. (1999)
and Trujillo et al. (2005). Briefly, we created 1000 surrogate datasets by
randomly shuffling the order of the analysis windows for the non-seed
channels while keeping intact the original order of the analysis win-
dows for the seed channel. Such surrogate datasets have similar en-
ergetic and temporal characteristics as the original dataset, but with
disrupted time-dependency between the seed and non-seed channel
pairs. For each surrogate dataset, we computed group-average PLV for
each channel pair. To account for all comparisons across channel pairs,
we selected the largest PLV of all channel pairs for each surrogate da-
taset and formed a distribution over the 1000 surrogates. The 95%
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Fig. 3. Assessment of reproducibility. A) Topographical results of the mean phase difference (MPD) during slow spindles from the discovery (18 PTSD and 29 non-
PTSD), replication (13 PTSD and 18 non-PTSD), and combined (31 PTSD and 47 non-PTSD) analyses. The heat maps show F-values of the statistical comparisons
(Watson — Williams tests) between the PTSD and non-PTSD groups at individual channels. Black stars indicate the seed channel Fz. Black dots indicate channels with
uncorrected p-values less than 0.05, whereas white dots indicate channels that were statistically significant (p < 0.05) after accounting for multiple comparisons
across channels. B) Between-group differences of the MPD during slow spindles for the selected Fz—C5 channel pair in the discovery, replication, and combined
analyses. The plotted values show group means, whereas the error bars indicate one standard error of the mean. Asterisks indicate levels of statistical significance for
the group differences: *p < 0.05, **p < 0.01, ***p < 0.001. C) Effect sizes of group differences of the MPD during slow spindles (for the Fz-C5 channel pair) in the
discovery, replication, and combined analyses. Negative values indicate that the MPD was lower in the PTSD group than in the non-PTSD group. We used Cohen’s d as
the measure of effect size. Error bars indicate 95% confidence intervals (CIs) of the effect sizes; the horizontal dashed line indicates an effect size of zero. A 95% CI

that does not cross zero implies that the effect is significant at the 0.05 level.

confidence interval of the corresponding distribution represents the
level of spurious phase synchronization and can be used to test for the
significance of the observed PLVs. For each of the two nights in both the
PTSD group and the non-PTSD group, the mean and upper 95% con-
fidence limit of the surrogate distributions were less or equal to 0.021
and 0.024, respectively (Supplementary Fig. S4). We verified that the
obtained PLVs of all channel pairs in the original analysis exceeded the
upper 95% confidence limit of the surrogate distribution, suggesting
that the obtained phase dependencies were not due to random, coin-
cidental synchronization.

3.4. Correlation with PTSD symptom severity

Based on the findings above, we performed an exploratory analysis
to assess the correlation between the MPD during slow spindles and the
severity of PTSD symptoms (as indicated by the CAPS scores), using the
combined set. Table 2 summarizes the results. The MPD during slow
spindles for the channel pair Fz — C5 was negatively correlated with the
CAPS total and subscale scores across all participants, in each of the two
nights (p < 0.05). When we restricted the analysis to participants with
PTSD, none of the correlations were statistically significant. The MPD
during slow spindles and the CAPS hyperarousal score showed a trend
towards a negative correlation across participants with PTSD (Night 1:
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Table 2
Correlations (Spearman’s rho) between mean phase difference (MPD) during
slow spindles for the Fz-C5 channel pair and the CAPS total and subscale scores.

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

Among all participants

(n = 78)
Night1 -0.27* —0.23* —0.28* —0.26*
Night 2 —0.34** —0.30* —0.38%** —0.34**
Among PTSD participants

(n = 31)
Night 1 -0.14 —0.02 0.00 -0.22
Night 2 —0.25 -0.14 -0.16 -0.33

CAPS, Clinician-Administered PTSD Scale; *p < 0.05; **p < 0.01;

#x4p < 0.001.

Spearman’s rtho = -0.22, p =
rho = —0.33, p = 0.066).

0.226; Night 2: Spearman’s

3.5. Group differences across sleep cycles

We also examined group differences in the MPD during slow spin-
dles for the Fz—C5 channel pair across the first three sleep cycles, using
the combined set (Fig. 4). A two-way rANOVA with group and sleep
cycle as between- and within-subject factors, respectively, revealed a
significant effect of group on the MPD during slow spindles (Night 1: F-
value = 11.9,p < 0.001; Night 2: F-value = 16.6,p < 0.001), but no
significant effect of sleep cycle (Night 1: F-value = 0.7, p = 0.492;
Night 2: F-value = 1.4, p = 0.241) or group X sleep cycle interaction
(Night 1: F-value = 0.7, p = 0.496; Night 2: F-value = 1.1, p = 0.344).
These results indicate that the group differences in slow-spindle MPD
were consistent across sleep cycles.

4. Discussion

Sleep spindles measured by EEG are highly synchronized across
widespread scalp regions. Here, we aimed to investigate whether the
synchronization patterns of spindles between EEG channels are altered
in individuals with PTSD. We found that despite the absence of sig-
nificant group differences in synchronization strength (as quantified by
the PLV), synchronization delays (as quantified by the MPD) between
the frontal and left centro-parietal channel pairs during slow spindles
were smaller in the PTSD group than in the non-PTSD group. Notably,
this effect was consistent across nights and the trend was reproducible
across subsamples of our study population. When using the entire
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sample, the effect became statistically significant after correction for
multiple comparisons. Our findings provide initial evidence that inter-
channel phase differences during sleep spindles may be altered in
Veterans with PTSD.

4.1. Implications of altered phase difference during sleep spindles

The widespread synchronization during sleep spindles is thought to
be generated via reciprocal interactions between inhibitory thalamic
reticular nucleus (TRN) neurons and excitatory thalamocortical (TC)
neurons [see Luthi (2014) and Beenhakker and Huguenard (2009) for
reviews]. Briefly, when a TRN neuron fires, it sends inhibitory signals to
multiple TC neurons through its divergent projections. After a delay,
the inhibited TC neurons undergo rebound excitation and send ex-
citatory signals to the cortex and, en route, re-activate a larger number
of TRN neurons to initiate the next cycle of inhibitory-excitatory os-
cillation. This interplay between inhibition and excitation increasingly
recruits TRN and TC neurons into synchronized firing, which triggers
rhythmic activity across a wide range of cortical areas. The thalamically
triggered rhythm is further amplified within the cortical circuitry
(Kandel and Buzsaki, 1997), contributing to the strongly synchronized
spindle waves observed at the scalp level.

Hence, in theory, phase differences during spindles are attributed by
many potential factors in the aforementioned processes, such as the
speed of neural-signal propagation in the underlying thalamocortical
circuits, the trajectories of the propagation, and the location of the
neuronal groups that initiate spindles. The altered spindle-phase dif-
ferences in PTSD may indicate pathological changes in one or more of
these factors. Notably, it has been suggested that the propagation speed
of spontaneous neural activity depends on the state of the network, with
faster propagation occurring in the more active state (Wanger et al.,
2013). If the reduced phase differences during spindles in PTSD ob-
served in the current study were indeed caused by increased propaga-
tion speed, our finding could indicate that the underlying brain circuits
in PTSD are abnormally active during NREM sleep. This is in agreement
with the notion that hyperarousal is a primary symptom of PTSD
(Woodward et al., 2000) that may persist during sleep (Wang et al.,
2020a). Consistent with this interpretation, the phase difference during
slow spindles tended to negatively correlate with the CAPS hyperar-
ousal score across PTSD participants.

The spindle-phase differences we observed here were less than
0.4 rad, indicating that the propagation delays between two different
recording sites were merely a few milliseconds (i.e., < 6 ms). Such
near-simultaneous occurrence of spindles over different regions of the
scalp is consistent with previous observations in animals using multisite

Night 1 Night 2
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Fig. 4. Group differences in the mean phase difference (MPD) during slow spindles for the first 3 sleep cycles (Fz—C5 channel pair; combined set). Error bars indicate
standard errors of the mean. Asterisks indicate the level of statistical significance for the group differences: ***p < 0.001.
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cortical recordings (Contreras et al., 1997), but not with a more recent
human scalp EEG study that reported spindle propagation delays of 8 to
28 ms between adjacent posterior-anterior electrodes (O'Reilly and
Nielsen, 2014). This discrepancy may be attributed to differences in the
computational methods used for assessing propagation delays. It is
worth noting that volume conduction may contribute to the small phase
delays observed in the present study, as mixing of source activities
tends to attenuate the original phase difference (Robinson et al., 2008).
Thus, the actual cortical-level phase differences during spindles may be
larger than what we observed at the scalp level. Nevertheless, volume
conduction cannot artificially generate non-zero phase delays (Stam
et al., 2007) and, therefore, the observed delays, as small as they may
be, are likely to reflect the true properties of the underlying networks.

Interestingly, we observed altered phase differences in subjects with
PTSD during slow spindles but not during fast spindles. It has been
suggested that different topographical projections between the thalamic
nuclei and cortical regions could explain differences in spindle fre-
quency (Andrillon et al., 2011; Cappe et al., 2009; Zhang et al., 2010).
Specifically, it has been proposed that the ventral and anterior-dorsal
nuclei mainly project themselves into the prefrontal regions of the brain
and give rise to slow spindles, whereas the posterior and lateral-dorsal
nuclei mainly project themselves into the centro-parietal regions and
give rise to fast spindles. Hence, our findings suggest the possibility that
pathological changes in PTSD may be specific to the prefrontal pro-
jections of the thalamocortical system.

4.2. Reproducibility of our findings

The altered phase differences during slow spindles in Veterans with
PTSD tended to be reproducible. The effect sizes and uncorrected sta-
tistical significance were consistent across the two study nights and
across subsamples of the study population. The consistency across
nights indicates high test-retest reliability of spindle-phase relations.
This is in agreement with and extends the notion that sleep-spindle
characteristics are trait-like individual EEG attributes (De Gennaro
et al., 2005, 2008). Such cross-night stability of spindles is in contrast to
the considerable night-to-night variability of conventional sleep archi-
tecture parameters (Levendowski et al., 2009). Indeed, our spindle
findings were stronger and more consistent than the trends we saw in
the sleep architecture parameters (Supplementary Table S2). These
results suggest that altered phase differences during spindles in PTSD
may not be explained by changes in sleep macrostructure. In addition,
the proposed PLV and MPD metrics untangled more reproducible re-
sults than standard sleep EEG microstructural metrics, such as the
spectral power of sleep EEG at specific sleep stages (Wang et al.,
2020a). It seems that brain connectivity patterns may better describe
sleep disturbances in PTSD than previously reported power patterns.

The consistency across subsamples of the study population suggests
that our discoveries are unlikely to be chance findings. In particular,
Fig. 3 shows that the group differences were most prominent over the
left centro-parietal region—a topographical pattern that was preserved
in the replication analysis. We also attempted to assess the robustness of
our findings by re-running our analyses using different channels as the
seed channel and different methods to define spindle intervals. We
found that our original findings held true for each of these attempts. We
are unaware of any previous study that has examined the phase delay
during spindles in PTSD or in any other psychiatric condition. As such,
we have no frame of reference to discuss our observations in the context
of other studies. However, the reproducibility and robustness of our
findings invites future research to further investigate this discovery, and
to explore many of the unknown aspects of spindle-phase differences,
such as alterations in other medical conditions, responses to mental
health treatments, variations with age and sex, and associations with
sleep and cognitive functions.
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4.3. Limitations

The sample used in our analyses consisted of only men. Although we
had data from 7 women, 6 of them were in the PTSD group and only 1
was in the non-PTSD group. We therefore decided to exclude all women
to prevent potential confounding due to an unbalanced sex ratio. The
extent to which our findings are generalizable to women have yet to be
determined. It is worth mentioning, nonetheless, that our findings held
true even after we included the 7 women. Another limitation is that we
assessed reproducibility by subdividing the data from the same study
rather than by using data from a totally independent study. We cannot
rule out the possibility that the reproducible findings observed here
were due to certain unknown systematic biases in data recording and
analysis. Future studies carried out by different research groups will
make it possible to establish the consistency of the current findings.

4.4. Conclusions

In the present study, we discovered that the inter-channel phase
differences during slow spindles were altered in individuals with PTSD.
These alterations may reflect pathological changes in the underlying
thalamocortical system. Notably, the findings were consistent across
nights and reproducible across samples, suggesting that phase differ-
ences during sleep spindles may serve as a means to discriminate
Veterans with PTSD. If independently confirmed, this EEG feature may
prove useful in the objective diagnosis of PTSD, monitoring of its pro-
gression, assessment of treatment outcomes, and development of sleep-
focused interventions. Our observations also open avenues for future
research to decipher the functional relevance of spindle-phase differ-
ences and to explore how such differences relate to other sleep-asso-
ciated disorders.
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