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ABSTRACT

BACKGROUND: Symptoms of posttraumatic stress disorder (PTSD) reflect abnormalities in large-scale brain
networks. In individuals with recent trauma exposure, we examined associations of seed-based resting-state
functional connectivity (rs-FC) with posttraumatic symptoms and sleep. We hypothesized that more severe PTSD
symptoms and poorer sleep quality would predict 1) greater rs-FC between fear-related seeds and other fear-
related regions and 2) lesser rs-FC between fear-related seeds and emotion-regulatory regions.

METHODS: Seventy-four participants who had experienced a DSM-5 criterion A stressor within the past 2 years and
ranged from asymptomatic to fully meeting criteria for PTSD diagnosis underwent 14 days of actigraphy and sleep
diaries, a night of ambulatory polysomnography, and a functional magnetic resonance imaging resting-state scan
at 3T. rs-FC measures of 5 fear-related seeds and 1 emotion regulatory seed with regions of the anterior
cerebrum were correlated with PTSD symptoms, objective and subjective habitual sleep quality, and sleep
architecture.

RESULTS: Longer objective habitual sleep onset latency was associated with greater connectivity between fear-
related seeds and other regions of the salience network. Greater PTSD symptoms were associated with less
connectivity between fear-related seeds and anterior emotion regulatory regions, whereas greater percent slow
wave sleep was associated with more connectivity between these regions. However, other objective and
subjective measures reflecting better habitual sleep quality were associated with less rs-FC between these regions.
CONCLUSIONS: Longer sleep onset latency predicted greater rs-FC among fear-related areas. More severe PTSD
symptoms predicted less rs-FC between fear and fear regulatory regions reflecting putatively reduced top-down
fear regulation. Some (e.g., percent slow wave sleep), but not all sleep indices predicted greater top-down fear
regulation.
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Sleep disturbances, such as insomnia and nightmares, are
ubiquitous and debilitating symptoms of posttraumatic stress

frequency oscillations (0.008—0.1 Hz) of the blood oxygen
level-dependent (BOLD) functional magnetic resonance im-

disorder (PTSD) and are associated with substance abuse,
depressive symptoms, and suicidal ideation (1-4). PTSD is
associated with increased threat sensitivity and fear general-
ization as well as deficits in attentional control and fear
extinction (5-14). Such functions are controlled by anterior
forebrain circuits involving the amygdala, insula, prefrontal
cortex (PFC), and hippocampus (8,15) and have been shown to
be sensitive to sleep disruption (16-19). It is increasingly un-
derstood that psychiatric disorders such as PTSD are disor-
ders of specific neural pathways (15,20,21). Resting-state
functional connectivity (rs-FC), an effective way to understand
network connectivity, is an imaging method that exploits low-

aging (fMRI) signal during resting wakefulness. It is used to
investigate relationships between large-scale intrinsic sponta-
neous brain activity in different regions (22-25) and has suc-
cessfully defined at least 7 widely distributed, stable brain
networks (26-28). These 7 networks include the default mode
network (DMN), the salience network, a central executive
network, a dorsal attention network, and 3 networks corre-
sponding to processing in the major sensory modalities
(28-31).

Studies using rs-FC have identified brain regions with
altered activity and connectivity in individuals with PTSD
compared with healthy subjects with and without previous
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trauma exposure. For example, using a region of interest (ROI)
approach, Nicholson et al. (32) showed differences between
individuals with PTSD and dissociative symptoms, individuals
with PTSD without dissociative symptoms, and healthy con-
trol subjects in rs-FC between insular subregions and the
basolateral amygdala. Olson et al. (33) examined rs-FC be-
tween dorsolateral PFC and anterior and posterior DMN
seeds in individuals with PTSD, trauma-exposed control
subjects with no PTSD, and control subjects with no exposure
to trauma, finding greater anticorrelation between dorsolateral
PFC and posterior DMN (precuneus) in subjects with PTSD
compared with other groups. When comparing an amygdala
seed in a small sample of male veterans with PTSD with
combat-exposed control subjects (34), veterans with PTSD
showed greater amygdala-insular and lesser amygdala-
hippocampal rs-FC. In a qualitative review of 9 seed-based
studies, Koch et al. (35) reported greater rs-FC within the
salience network and less rs-FC within the DMN in subjects
with PTSD compared with control subjects.

The current study adopts the Research Domain Criterion
approach (20,36,37) whereby a specific population is exam-
ined dimensionally across a range of both normal and
abnormal values of specific symptoms. In this case, adults
with recent exposure to trauma were examined across a
range of sleep quality and PTSD symptom variables. Addi-
tionally, rather than specify individual target ROIs in addition
to seed ROls, we examined rs-FC between 6 symptom-
relevant seeds and the entire anterior cerebrum. Five fear-
related seeds were areas of the salience network believed
to be important in fear expression, whereas the sixth seed, the
ventromedial PFC (vmPFC), is a portion of the anterior DMN
believed to exert top-down inhibition of fear (14). Although
studies comparing resting neuronal activity levels between
individuals with PTSD and control subjects have identified
differences in posterior regions (35,38,39), seed-based rs-FC
studies have focused on anterior regions (see above). More-
over, major elements of emotion generation and emotion
regulatory networks as well as key nodes of fear expression
and fear extinction networks that are known to display task-
based abnormalities in PTSD all are anteriorly localized
(8,14,40,41). Higher-level, cognitively based emotion regula-
tory structures, such as the lateral PFC (42), may exert control
over subcortical generators by recruiting midline limbic
cortices, such as the vmPFC (43).

We thus formed 2 hypotheses. Hypothesis 1 suggested that
greater PTSD symptoms and poorer sleep quality (including
nightmares) would predict greater rs-FC among fear-related
seeds and other regions of the salience network. Hypothesis
2 suggested that greater PTSD symptoms and poorer sleep
quality would predict less rs-FC between fear-related seeds
and prefrontal regions related to cognitive control (central ex-
ecutive network) and emotion regulation in lateral and medial
PFC areas, the latter including the vmPFC and dorsomedial
PFC (dmPFC). A corollary of hypothesis 2 was that fewer PTSD
symptoms and better sleep quality would also predict greater
rs-FC between the vmPFC seed and central executive network
and medial PFC areas, indicating a putatively greater coordi-
nation among areas subserving emotional and cognitive
control.

Resting State and Sleep in Trauma-Exposed Individuals

METHODS AND MATERIALS

Participants

Using online and posted advertisements, 74 right-handed
participants ranging from 18 to 40 years of age (mean = SD
23.5 = 4.5) (Table 1) were recruited from the Boston metro-
politan area. All participants had experienced a DSM-5 crite-
rion A traumatic event (index trauma) in the past 2 years.
Potential participants first completed a telephone screening,
and individuals who qualified completed psychiatric and sleep
interviews. Current and lifetime history of DSM-IV-TR Axis |
psychiatric disorders were evaluated using the Structured
Clinical Interview for DSM-IV for Non-Patients (44), and PTSD
symptoms were assessed using the Clinician-Administered
PTSD Scale for DSM-5 (45) and the PTSD Checklist for
DSM-5 (PCL-5) (46). See the Supplement for descriptions of
the sleep disorders evaluation and exclusion criteria. All study
procedures were approved by the Partners Healthcare Insti-
tutional Review Board. All participants provided written
informed consent and were paid for their participation.

Psychopathology Severity Indices

The PCL-5 was used to measure overall PTSD severity. A
composite hyperarousal index (CHI) was calculated from the
hyperarousal (cluster E) items from the Clinician-Administered
PTSD Scale for DSM-5 and the PCL-5 by first converting each
assessment’s hyperarousal item totals to a 0-100 scale and
then averaging these 2 scores (Table 1; Supplemental Methods).

Habitual Sleep Monitoring Period and
Questionnaires

Participants underwent an approximately 2-week (mean 14.6
+ 2.9 nights) sleep assessment period with wrist actigraphy
and sleep diaries that also contained a nightmare question-
naire. Following an acclimation/sleep disorders diagnostic
night using ambulatory polysomnography (PSG), ambulatory
PSG was repeated on the night before the resting-state fMRI
scan. No participants were excluded for obstructive sleep
apnea or periodic limb movements during sleep sufficient to
warrant referral for treatment. Additionally, participants were
prohibited from consuming alcohol or recreational drugs
throughout this period and instructed to not consume caffeine
or take daytime naps the day before or the day of their scan.
During the sleep monitoring period, participants completed an
online battery of questionnaires (Table 1).

Actigraphy and Sleep Diaries

During the 2-week sleep assessment period, participants
continuously wore the Actiwatch-2 (Philips Respironics, Bend,
OR) and pressed an event marker before attempting to sleep in
the evenings and when they first woke up in the morning. Event
markers were used to time stamp the time in bed. Within this
period, the default algorithm of Actiware 5.61 software (Philips
Respironics) determined total sleep time (TST), sleep onset
latency (SOL), and sleep efficiency (SE) (TST in minutes divided
by time in bed) (Table 1). Actiwatch SOL and SE estimates
have been validated with in-laboratory PSG and are consid-
ered good estimates of these measures (47,48). When button
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presses were missed, times recorded on diaries were
substituted, which occurred 18.9% of the time. If both button
presses and diary records were missing for a particular night,
that night was excluded from the final analysis. Actiwatch data
for 5 subjects were excluded owing to malfunction (n = 69). The
Evening-Morning Sleep Questionnaire diary (49,50) provided
subjective TST, SOL, and SE during the sleep monitoring
period (Table 1; see Supplemental Methods for computation
details). Evening-Morning Sleep Questionnaire data for 4
subjects were omitted owing to incomplete diaries (n = 70).

Dream Reports

On waking, 69 participants completed a dream questionnaire
asking whether a dream was recalled, whether it was a
nightmare (causing awakening) or a bad dream, and the degree
to which it resembled their trauma (exactly, similar, possibly

Table 1. Demographic and Sleep Characteristics Among
Total Sample of Trauma-Exposed Individuals (N = 74)

Mean = SD  Minimum  Maximum
orn Value Value
Demographics
Number of subjects 74
Number of male subjects 25
Age, years 235 *+45 18 40
Educational Level
High school or equivalent 5
Some college 27
Bachelor’s (or associate’s) 24
degree
Graduate degree 11
Unknown or not reported 7
PTSD Symptoms
CAPS-5 total score 274 = 16.6 0 58
PCL-5 total score® 36.6 = 19.7 0 76
CHI (0-100 scale)™” 28.8 = 18.3 0 64.6
Time since trauma, months 12.3 = 6.9 1 28
Sleep Questionnaires
PSQl 713 £33 2 14
ESS 713 + 47 0 19
MEQ 46.43 = 9.6 25 68
Actigraph Data
Total sleep time, min® 432.4 £ 515 299.7 538.9
Sleep efficiency, %7 90.7 + 4.7 77.9 97.8
Sleep onset latency, min® 23.2 = 18.8 2 86.2
Sleep midpoint, min after 290.3 £ 82.4 167.2 609
midnight®
Sleep Diary Data
Total sleep time, min? 4325 + 59.8 249.5 570.9
Sleep efficiency, %° 92.0 = 6.1 66.5 99.2
Sleep onset latency, min® 22.5 +14.6 3 69.2
Number of dreams 6.2 = 3.8 0 15
Number of nightmares and 27 £28 0 13
bad dreams
Nightmares and bad dreams  48.4 = 30.2 0 100

rate, %
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Table 1. Continued

Mean = SD  Minimum  Maximum
orn Value Value
PSG Data

Total sleep time, min 3742 = 1245 48.5 635
N1% 6.5 = 3.9 0.9 17.6
N2% 53.8 £ 9.9 21.8 70.5
Sleep onset latency 26.5 + 39.1 0 255
REM latency 94.7 + 48.1 0 243.5
Slow wave sleep, % 216 = 125 0.3 62.3
REM, %7 18.1 = 6.9 0 421
Sleep efficiency, %7 85.2 = 11.9 29.5 98.0

CAPS-5, Clinician-Administered PTSD Scale for DSM-5; CHI,
composite hyperarousal index; ESS, Epworth Sleepiness Scale; MEQ,
Morningness-Eveningness Questionnaire; PCL-5, PTSD Checklist for
DSM-5; PSG, polysomnography; PSQI, Pittsburgh Sleep Quality Index;
PTSD, posttraumatic stress disorder; REM, rapid eye movement.

?Predictor values selected pre hoc for resting-state functional
connectivity analyses.

5CHI was calculated from the hyperarousal questions from CAPS-5
and PCL-5. Respective partial CAPS-5 and PCL-5 raw scores were first
converted to a 0-100 scale, and then the 2 resulting values were
averaged.

°Sleep midpoint was computed as the midpoint between
sleep onset and final awakening (expressed as minutes past
midnight).

similar, or unrelated). Per-total-diary percentages for night-
mares, bad dreams, the sum of bad dreams and nightmares,
and the sum of dreams that were exactly like/similar to the
trauma were calculated as nights with specific dream types
divided by total nights studied.

Ambulatory PSG

The Somté PSG monitor (Compumedics USA, Charlotte, NC)
was used with a standard montage (see Supplemental
Methods for details). Sleep stage percentages, SOL, rapid
eye movement sleep latency, and SE were computed from
scored records. Owing to artifact in recordings, 13 subjects
were excluded from final analyses (n = 61).

MRI Acquisition

Whole-brain images were collected with a 3T MAGNETOM
Prisma scanner (Siemens Healthcare, Erlangen, Germany) and
a 32-channel head coil. First, automated scout images and
shimming procedures were performed to optimize field ho-
mogeneity. High-resolution 3-dimensional multiecho magneti-
zation prepared rapid acquisition gradient-echo (T1-weighted)
sequences (repetition time = 2530 ms; echo time 1, 2, 3, 4 =
1.69, 3.55, 5.41, 7.27 ms; flip angle = 7°) were collected with an
in-plane resolution and slice thickness of 1.0 mm. Following
these anatomical scans, 240 resting-state fMRI BOLD images
were acquired with an interleaved T2*-weighted echo-planar
imaging sequence. Forty-six slices per repetition time were
obtained with the following parameters: 2.5-mm slice thick-
ness, 3 X 3 mm in-plane resolution, repetition time = 2560 ms,
echo time = 30 ms, flip angle = 90°. Total scan time was 10
minutes, and subjects were told to keep their eyes open and
fixed on a white cross projected onto a screen.
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Resting-State fMRI Data Analysis

MATLAB 2014a (The Mathworks, Inc., Natick, MA) and
SPM8 (Wellcome Trust Centre for Neuroimaging; http://
www.fil.ion.ucl.ac.uk/) were used to process BOLD images
and perform statistical analyses on resting-state fMRI data.
During preprocessing, functional images underwent slice
timing, realignment, coregistration with the structural im-
ages, normalization into Montreal Neurological Institute
space, and smoothing with an 8-mm full width at half
maximum Gaussian kernel to increase the signal-to-noise
ratio and account for between-subject anatomical
variations.

rs-FC analyses were performed using CONN FC toolbox
v.17c (http://www.nitrc.org/projects/conn) (51). All imaging
data were bandpass filtered (0.008-0.09 Hz) to reduce low-
frequency drift and noise effects, and physiological and other
spurious noise sources in the BOLD signal were removed us-
ing the anatomical component-based noise correction
(CompCor) strategy implemented in CONN (52). White matter
signals, cerebrospinal fluid signals, and 6 motion-correction
parameters obtained from the preprocessing procedure were
also removed.

Following preprocessing, maps of FC were obtained by
plotting the correlation strength between the mean time course
of a seed region to that of each voxel using the seed-to-voxel
analysis. Key nodes in fear and extinction networks were
selected as seed regions. Five fear-related regions were
selected, including the left and right amygdala, left and right
anterior insula cortex (AIC), and dorsal anterior cingulate cortex
(dACC). Additionally, 1 fear regulatory region in the vmPFC
(14,53) was included for a total of 6 seed regions.

The amygdala and insular cortex seed regions were
selected using parameters from the Automated Anatomical
Labeling atlas (http://www.gin.cnrs.fr/en/tools/aal-aal2/) (54)
and using the WFU PickAtlas software interface (http://fmri.
wfubmec.edu/software/PickAtlas) (55). The vmPFC and
dACC seed coordinates were chosen based on a meta-
analysis of 298 fear-related studies from the NeuroSynth
database (www.neurosynth.org) (56), and these were also
employed in a previous seed-based rs-FC study (57). These
seeds were defined by 6-mm-diameter spheres with peak
coordinates for the vmPFC at [6, 40, —20]; dACC at [0, 14,
28]; left AIC at [-32, 16, —10]; right AIC at [38, 16, —10]; left
amygdala at [-24, —4, —18]; and right amygdala at [26,
0, —22]. Although the vmPFC axial coordinate is positive,
indicating right hemisphere laterality, the 6-mm sphere
crosses the midline (axial coordinates from —1 to +9).
Similarly, the 6-mm dACC sphere appears in both the left
(—4) and the right (+4) hemispheres.

The mean time series for each seed region was calculated
and then correlated with the time courses of each voxel
throughout the whole brain. The resulting coefficients were
converted to normally distributed scores using Fisher’s r-to-z
transformation to give maps of voxelwise FC for each seed ROI
per participant. The value for each voxel represents its relative
degree of FC to each seed (58). These maps were subse-
quently used for second-level analysis of relative FC using
multiple regression analysis to investigate relationships of
seed-to-voxel connectivity with psychopathology and sleep
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measures. To control for the potential effect of duration be-
tween trauma exposure and the start of the study, time since
trauma (Table 1) was entered as a covariate of no interest
along with age and sex.

In second-level analyses, correlation maps were restricted
to an anterior cerebral mask (see Supplemental Figure S1 and
its legend for specific regions). Although posterior regions
might correlate meaningfully with sleep and hyperarousal
variables, we chose this approach as a compromise between
greatly restricting target ROIs (e.g., to only the seeds them-
selves) and whole-brain second-level analyses. Doing so, we
increased statistical power by reducing the total number of
voxels while continuing to examine the majority of putative
emotion expression and regulatory regions. To rule out
potentially meaningful correlations within posterior regions, we
investigated seed-to—whole-brain connectivity and performed
additional analyses (Supplement and Supplemental Table S2).

Corrections for multiple comparisons were conducted with
nonparametric permutation analyses (SnPM) using a toolbox
for SPM (http://warwick.ac.uk/snpm; SnPM13) (59) and the
following steps. The results of second-level analyses were first
thresholded at cluster-defining threshold p < .001. A more
rigorous analysis using SnPM was then performed to deter-
mine which clusters contained sufficient numbers of contig-
uous voxels that the likelihood of familywise error (FWE) (type |
error) for that cluster was p < .1 and p < .05 following 5000
permutations. Such nonparametric permutation analysis is a
highly conservative adjustment determined to be the most
effective for controlling FWE by Eklund et al. (60). Mean z
scores of clusters showing significant correlation with psy-
chopathology and sleep variables and surviving the SnPM
FWE correction were extracted using the REX toolbox (http://
web.mit.edu/swg/software.htm).

Outcome and Predictor Variables

To briefly reiterate, SPM8 first identified each voxel (within
our anterior cerebral mask) whose connectivity (z score) with
a specific seed correlated with a specific predictor (e.g., PCL-
5) at p < .001. Such voxels, if contiguous, formed clusters of
varying sizes (numbers of voxels). SnPM13 then determined
the minimum size that a cluster must be to be certain at p <
.1 (and usually p < .05) that this cluster was not a false
positive. In the clusters that survived SnPM correction for
FWE, z scores for each voxel were averaged. This mean z
score was the primary outcome variable whose association
with the predictor variable was then tested using simple
regression.

To reduce type | error, a limited subset of variables pre-
dicting rs-FC was chosen, pre hoc, among the symptom and
sleep measures (Table 1). These included PCL-5, CHI, acti-
graph and diary TST, SOL and SE, nightmares and bad
dreams on a per-diary basis, and percent slow wave sleep
(SWS%) and percent rapid eye movement sleep from ambu-
latory PSG. CHI was computed to assess PTSD hyperarousal
symptoms separately from remaining PTSD symptoms (46).
Actigraphy and sleep diaries captured objective and subjec-
tive habitual sleep quality, respectively. Combining bad
dreams and nightmares allowed a larger number of partici-
pants with nonzero values (59 vs. 35), although zero values
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were still included. From PSG, only SWS% and percent rapid
eye movement sleep were examined, as these are the sleep
stages from which the most prominent architectural anoma-
lies are noted in the early posttrauma period as well as in
diagnosed PTSD (16,61,62).

Statistical Analyses

Analyses performed in SPM8 are described above. IBM SPSS
Version 24 software for Macintosh (IBM Corp., Armonk, NY)
was used to perform simple regressions to examine the
magnitude and direction of associations between predictor
variables and mean z scores extracted from clusters that sur-
vived SnPM FWE correction. In regressions, p < .05 was
considered statistically significant.

RESULTS

Mean values and range of demographic, PTSD symptom, and
sleep variables are shown in Table 1. Predictors chosen pre
hoc for correlation with rs-FC are indicated.

Higher PCL-5 and CHI were each associated with less rs-
FC between the right amygdala seed and right middle frontal
cortex (MFC). Using SPSS, simple regression analysis showed
that both PCL-5 scores and CHI were negatively correlated
with the right amygdala seed to right MFC mean z scores. No
other regions associated with PTSD severity or CHI survived
SnPM correction (Table 2 and Figure 1; Supplemental
Table S3).

Higher actigraph TST was associated with less rs-FC be-
tween 1) left amygdala seed and dmPFC, 2) vmPFC seed and

Table 2. Correlation of Posttraumatic Symptoms, Sleep Quality, and Sleep Architecture Variables With Resting-State
Connectivity of 5 Fear-Related and 1 Emotion Regulatory Seed Regions With Anterior Cerebral Voxel Clusters Surviving

Familywise Error Correction Using SnPM

X, Y,z Threshold k
Predictor Direction Seed Connected Regions With Seed (Peak Voxel) Peak t k? With SnPMP?
Symptom
PCL-5 Negative Right amygdala  Right middle frontal cortex (BA 9) 40, 26, 24 4.33 365 204
CHI Negative Right amygdala  Right middle frontal cortex (BA 9) 40, 26, 26 3.73 170 122°
Actigraphy
Actigraph TST Negative Left amygdala dmPFC (SMA; BA 8, BA 32, BA 6) 2,18, 54 4.49 A 182¢
Negative vmPFC Right middle frontal cortex (BA 9, BA 10) 30, 34, 36 4.03 288 197¢
Positive vmPFC Left hippocampus —20, —12, —20 4.02 313 183¢
Negative Left amygdala Right middle frontal cortex (BA 10) 38, 50, 20 3.73 173 113°
Positive vmPFC Right hippocampus 24, -12, —20 3.85 161 126°
Actigraph SOL Positive dACC Right posterior insular cortex (BA 13) 42, —10,0 4.4 292 205
Positive Left amygdala Left insular cortex (BA 13) —40, 6, -8 414 324 2284
Positive vmPFC Right primary motor cortex (BA 4) 28, —24, 64 4.26 326 2007
Positive Left AIC Right middle frontal cortex (BA 10) 30, 52, 14 3.76 233 2067
Positive dACC Left posterior insular cortex (BA 13) —40, —16, 2 3.67 153 134°
Positive Left amygdala Right insular cortex (BA 13) 42,8, —14 413 169 140°
Actigraph SE Negative vmPFC SMA (BA 6) 2, —16,72 4.52 636 1847
Diary
Diary TST Negative Left AIC Subgenual ACC (BA 25) 6,12, —12 3.87 135 131°¢
Positive dACC rACC (BA 24) 0, 30, 18 3.95 162 120°
Diary SOL Positive Right AIC pre-SMA (BA 8, BA 6, BA 9) -2, 42, 52 4.48 492 203
Positive Right AIC Left temporal pole (BA 38, BA 21) —42,18, —26 3.84 276 203
Nightmare and Positive dACC rACC (BA 24) 10, 32, -8 4.89 309 188
bad dream rate  positive Left amygdala  Left primary motor cortex (BA 6, BA 4, BA 9) —56, 0, 30 497 305 205
Negative Left AIC Left orbitofrontal cortex (BA 47) —48, 28, 4 3.81 157 123°
Positive vmPFC SMA (BA 6) 8, —8,70 3.87 133 132°
PSG
SWS% Positive Right amygdala  dmPFC (BA 8, BA 9) -6, 28, 50 5.21 643 1987
Positive Right amygdala  rACC (BA 32) 8,44,8 414 218 1987

AIC, anterior insular cortex; BA, Brodmann area; CHI, composite hyperarousal index; dACC, dorsal anterior cingulate cortex; dmPFC,
dorsomedial prefrontal cortex; PCL-5, PTSD Checklist for DSM-5; PSG, polysomnography; rACC, rostral anterior cingulate cortex; SE, sleep
efficiency; SMA, supplementary motor area; SOL, sleep onset latency; SWS%, percent slow wave sleep; TST, total sleep time; vmPFC,

ventromedial prefrontal cortex.

#The number of contiguous voxels in a cluster whose mean connectivity with the respective seed showed significant correlation with the

respective sleep or symptom predictor variable using SPM.

PMinimum number of contiguous voxels in a cluster that the SnPM correction determined sufficiently large to not be a false positive at p < .1 or

p < .05.
°p < 1.
9p < .05.
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right MFC, and 3) left amygdala seed and right MFC. In
contrast, higher actigraph TST was associated with greater rs-
FC between vmPFC seed and bilateral hippocampus. Simple
regression showed that actigraph TST was negatively corre-
lated with 1) left amygdala seed to dmPFC, 2) vmPFC seed to
right MFC, and 3) left amygdala seed to right MFC mean z
scores. Actigraph TST was positively associated with vmPFC
seed to bilateral hippocampus mean z scores. No other re-
gions survived SnPM correction (Table 2 and Figure 2;
Supplemental Table S3).

Higher actigraph SOL was associated with greater rs-FC
between 1) dACC seed and bilateral posterior insular cortex,
2) left amygdala seed and bilateral insular cortex, 3) vmPFC
seed and right primary motor cortex (M1), and 4) left AIC seed
and right MFC. Simple regression showed that actigraph SOL
was positively correlated with 1) dACC seed to right and left
posterior insular cortex, 2) left amygdala seed to bilateral
insular cortex, 3) vmPFC seed to right M1, and 4) left AIC seed
to right MFC mean z scores. No other regions survived SnPM
correction (Table 2; Supplemental Table S3 and Figure S2).

Higher actigraph SE was associated with less rs-FC be-
tween vmPFC seed and supplementary motor area (SMA).
Simple regression analyses showed that actigraph SE was
negatively correlated with vmPFC seed to SMA mean z scores.
No other regions survived SnPM correction (Table 2;
Supplemental Table S3 and Figure S3).

Higher diary TST was associated with less rs-FC between
the left AIC seed and subgenual ACC. In contrast, higher diary

Resting State and Sleep in Trauma-Exposed Individuals

Figure 1. Posttraumatic stress disorder severity
(PTSD Checklist for DSM-5 [PCL-5]) (left panel) and
composite hyperarousal index (right panel) predict
less resting-state functional connectivity between
the right amygdala seed and the right middle frontal
cortex (MFC). PCL-5 (left panel) and composite hy-
perarousal index (right panel) correlate negatively
with extracted amygdala-MFC mean z values. §p <
.001.

r=-0.459%

80

Composite Hyperarousal Index

TST was associated with greater rs-FC between the dACC
seed and rACC. Simple regression analyses showed that diary
TST was negatively correlated with dACC seed to subgenual
ACC mean z scores and positively associated with dJACC seed
to rACC mean z scores. No other regions survived SnPM
correction (Table 2; Supplemental Table S3 and Figure S4).

Higher diary SOL was associated with greater rs-FC be-
tween right AIC seed and 1) pre-SMA and 2) left temporal pole.
Simple regression analyses showed that SOL was positively
correlated with 1) right AIC seed to pre-SMA and 2) right AIC
seed to right temporal pole mean z scores. No other regions
survived SnPM correction (Table 2; Supplemental Table S3
and Figure S5).

A higher rate of combined nightmares and bad dreams was
associated with less rs-FC between the left AIC seed and left
orbitofrontal cortex, but greater rs-FC between 1) dACC seed
and rACC, 2) left amygdala seed and left M1, and 3) vmPFC
seed and SMA. Simple regression analyses showed that
combined nightmare and bad dream rates were negatively
correlated with left AIC seed to left orbitofrontal cortex mean z
scores, but positively correlated with 1) dJACC seed to rACC, 2)
left amygdala seed to left M1, and 3) vmPFC seed to SMA
mean z scores. No other regions survived SnPM correction
(Table 2 and Figure 3; Supplemental Table S3).

Higher PSG SWS% was associated with greater rs-FC
between right amygdala seed and 1) dmPFC and 2) rACC.
Simple regression analyses showed that SWS% was positively
correlated with 1) right amygdala seed to dmPFC and 2) right
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Figure 2. Actigraph total sleep time (TST) predicts less resting-state functional connectivity (rs-FC) between the left amygdala seed and the dorsomedial
prefrontal cortex (dmPFC) and correlates negatively with extracted amygdala-dmPFC mean z values (upper left panel). TST predicts less rs-FC between the left
amygdala seed and the right middle frontal cortex (MFC) and correlates negatively with extracted amygdala-MFC mean z values (upper right panel). TST
predicts greater rs-FC between the ventromedial PFC (vmPFC) seed and bilateral hippocampi and correlates positively with extracted vmPFC-hippocampal
mean z values (lower left panel). TST predicts less rs-FC between vmPFC seed and right MFC and correlates negatively with extracted vmPFC-MFC mean z

values (lower right panel). §p < .001.

amygdala seed to rACC mean z scores. No other regions
survived SnPM correction (Table 2 and Figure 4; Supplemental
Table S3).

DISCUSSION

Greater actigraph SOL predicted greater connectivity be-
tween both the left amygdala and the dACC seeds with
bilateral posterior insular cortex. As all these areas fall
within the salience network, these findings support
hypothesis 1.

PTSD symptom findings generally supported hypothesis 2,
with both greater hyperarousal (CHI) and greater levels of total

Biological Psychiatry: Cognitive Neuroscience and Neuroimaging December 2019; 4:1059-1069 www.sobp.org/BPCNNI

PTSD symptoms (PCL-5) predicting less rs-FC between the
right amygdala seed and right MFC. (Note that after SnPM
correction, both CHI and PCL-5 scores predicted this same rs-
FC finding at an FWE of p < .1, but the PCL-5 score addi-
tionally predicted significance at p < .05.) PSG sleep archi-
tecture findings also supported hypothesis 2. Greater SWS%
predicted greater connectivity between the right amygdala
seed and the dmPFC and rACC. This latter finding is of
particular interest as diminished SWS, relative to control sub-
jects, was one of the few consistent sleep abnormalities re-
ported in a meta-analysis of sleep studies in PTSD (61).
Notably, SWS has been recently linked with emotional pro-
cessing (63,64).
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Figure 3. Nightmare and bad dream rate predicts greater resting-state functional connectivity (rs-FC) between the dorsal anterior cingulate cortex (JACC)
seed and the rostral ACC (rACC) and correlates positively with extracted dACC-rACC mean z values (upper left panel). Nightmare and bad dream rate predicts
greater rs-FC between the left amygdala seed and the left primary motor cortex (M1) and correlates positively with extracted amygdala-M1 mean z values
(upper right panel). Nightmare and bad dream rate predicts more rs-FC between the ventromedial prefrontal cortex (vmPFC) seed and the supplementary
motor cortex (SMA) and correlates positively with extracted vmPFC-SMA mean z values (lower left panel). Nightmare and bad dream rate predicts less rs-FC
between left anterior insular cortex (AIC) seed and the left orbitofrontal cortex (OFC) and correlates negatively with extracted AIC-OFC mean z values (lower

right panel). §p < .001.

In the case of habitual sleep measures, however, results
were divided between those supporting and failing to support
hypothesis 2. Greater diary TST predicted greater rs-FC be-
tween the dACC seed and the rACC, an emotion regulatory
area (57,65,66), thus according with hypothesis 2. Similarly, a
greater rate of nightmares predicted less rs-FC between the
left AIC seed and the left orbitofrontal cortex. However, con-
tradicting hypothesis 2, greater actigraph TST predicted less
rs-FC between the left amygdala seed and the dmPFC and
right MFC as well as less rs-FC between the vmPFC seed and
the right MFC. Similarly, greater actigraph SOL predicted
greater rs-FC between the left AIC seed and right MFC.
Moreover, a greater rate of nightmares predicted greater rs-FC
between the dACC seed and the rACC, and less diary TST
predicted greater rs-FC between the left AIC seed and the
subgenual ACC (Brodmann area 25), an area that has been
linked with fear extinction (67).
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Several predictors were associated with rs-FC between
specific seeds and regions not clearly related to our 2 hy-
potheses, including the hippocampus, M1, SMA, pre-SMA,
and temporal pole. The hippocampus is believed to provide
contextual information that disambiguates potentially fearful
situations, and as such, some investigators assign it an
emotion regulatory role (8,14). If this is the case, the fact that
greater actigraph TST predicted increased rs-FC between the
vmPFC seed and bilateral hippocampi would support
hypothesis 2.

Greater nightmare and bad dream rate predicted greater
rs-FC between the left amygdala seed and left M1 Specula-
tively, this might represent greater readiness to react motor-
ically to fear stimuli conveyed directly to the amygdala from
the thalamus via the “low road” bypassing sensory and
associative cortices (68). As such, this would support
hypothesis 1.
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The SMA and particularly the pre-SMA are believed to be
involved in motor control, specifically inhibition of ongoing
motor sequences in service of initiating new behavior (69),
possibly in response to detection of error or conflict (70). As
such, these areas of the dmPFC may be considered to exert
executive control. Thus, greater actigraph SE predicting less
rs-FC between the vmPFC seed and SMA, greater nightmare
rate predicting greater rs-FC between the vmPFC seed and
SMA, and greater diary SOL predicting greater rs-FC between
the right AIC seed and pre-SMA all would appear to contradict
hypothesis 2. Nonetheless, other investigators have suggested
the SMA and pre-SMA might be considered part of the
salience network, given their putative functions in initiating and
switching behavior in response to salient stimuli (30,71). From
this viewpoint, the third (diary SOL) finding above would sup-
port hypothesis 1.

Lastly, the temporal pole (Brodmann area 38), although
clearly an important limbic structure involved in socioemotional
information processing (72), is not clearly involved in either the
salience or the fear networks or in top-down control of
emotion. Hence, its rs-FC is difficult to interpret relative to
hypotheses 1 and 2.

A number of factors limit the generalizability of these find-
ings. First, although a comparatively large sample was
analyzed, it was not as large as might ultimately be required to
maximize confidence in these findings, and we adopted an
FWE threshold of p < .1 so as to avoid type Il error. Second,
seed-based rs-FC restricts analyses to connectivity with
specified seed regions, and connectivity from adjacent regions
having similar functional significance as these seeds is
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Figure 4. Percent slow wave sleep predicts
greater resting-state functional connectivity between
the right amygdala seed and the dorsomedial pre-
frontal cortex (dmPFC) and correlates positively with
extracted amygdala-dmPFC mean z values (left
panel). Percent slow wave sleep predicts greater
resting-state functional connectivity between the
right amygdala seed and the rostral anterior cingu-
late cortex (FACC) and correlates positively with
extracted amygdala-rACC mean z values (right
panel). §p < .001. PSG, polysomnography.

r = 0.404%
n

PSG Slow wave sleep [N3 %]

necessarily not sampled. A much larger sample, however,
would be required to examine connectivity between every pair
of voxels (31). Third, our sample is weighted toward young,
female, educated, community-recruited individuals exposed to
civilian trauma. Fourth, a 2-year window for an index trauma
allows additional factors to intervene, including incident co-
morbidity and treatment. A sample obtained from a narrower
window, although much more difficult to obtain, would provide
greater confidence in the specific association of findings with
the index trauma.

Conclusions

In individuals recently exposed to trauma and spanning the
range from asymptomatic to a PTSD diagnosis, longer
average objective SOL was associated with greater con-
nectivity between fear-related seeds and other regions of the
salience network. Greater waking symptoms were associ-
ated with less connectivity between fear-related seeds and
anterior emotion regulatory regions, whereas greater SWS%
was associated with more connectivity between these re-
gions. Posttraumatic symptoms, including prolonged SOL,
may reflect excessive activity in the salience network and
less top-down control of this network by the PFC. Larger
samples will be needed to further characterize correlates of
rs-FC in this population.
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