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Objective: Sleep disturbances such as insomnia and nightmares are core components of
post-traumatic stress disorder (PTSD), yet their neurobiological relationship is still largely
unknown.We investigated brain alterations related to sleep disturbances in PTSD patients
and controls by using both structural and functional neuroimaging techniques.

Method: Thirty-nine subjects either developing (n=21) or not developing (n=18) PTSD
underwent magnetic resonance imaging and a symptom-provocation protocol followed
by the injection of 99mTc-hexamethylpropyleneamineoxime. Subjects were also tested
with diagnostic and self-rating scales on the basis of which a Sleep Disturbances Score
(SDS; i.e., amount of insomnia/nightmares) was computed.

Results: Correlations between SDS and gray matter volume (GMV)/regional cerebral
blood flow (rCBF) were computed in the whole sample and separately in the PTSD and
control groups. In the whole sample, higher sleep disturbances were associated with
significantly reduced GMV in amygdala, hippocampus, anterior cingulate, and insula;
increased rCBF in midbrain, precuneus, and insula; and decreased rCBF in anterior
cingulate. This pattern was substantially confirmed in the PTSD group, but not in controls.

Conclusion: Sleep disturbances are associated with GMV loss in anterior lim-
bic/paralimbic, PTSD-sensitive structures and with functional alterations in regions impli-
cated in rapid eye movement-sleep control, supporting the existence of a link between
PTSD and sleep disturbance.

Keywords: PTSD, sleep, insomnia, nightmares, voxel-based morphometry, SPECT

Introduction

Post-traumatic stress disorder (PTSD) is a condition arising from a psychological trauma involving
actual or menacing physical danger to self or others and the experience of acute fear. Symptoms are
the involuntary reexperiencing of the trauma in flashbacks and nightmares, distress on exposure to
memory triggers, active avoidance of such triggers, and a general numbing of feelings, along with
mood and impulse control disturbances like hypervigilance and aggressiveness (1).
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Temporary sleep disturbances such as insomnia and night-
mares are part of a normal response to trauma (2) and are among
the most common symptoms reported by traumatized people (3),
whereas long-lasting sleep disturbances are a core feature of PTSD.
In fact, in DSM-5, nightmares are comprised under the intrusion
symptoms (cluster B) while insomnia under the arousal/reactivity
symptoms (cluster E). Insomnia and nightmares are highly preva-
lent in PTSD patients (4, 5), who report significantly higher rates
of sleep disruption when compared with controls (6, 7). Sleep
serves a restorative function and facilitates emotional processing;
hence, sleep disturbances might intensify and prolong diurnal
PTSD symptoms, worsening patients’ ability to recover and con-
tributing to poorer perceived psychological health, also consid-
ering that sleeplessness represents a physiological stressor (3, 8).
Sleep disturbances have a negative impact on health, functioning,
and quality of life while their successful treatment results in more
restoring sleep and improvement in these dimensions (9–14).

Sleep disturbances are strong predictors of PTSD. For instance,
poor sleep quality and severe sleep disturbances are associated
with PTSD severity irrespective of age, gender, psychiatric comor-
bidity, and type of trauma (15). The presence and severity of
insomnia and nightmares within 1month post-traumamight pre-
dict the development of PTSD between 6 and 12months later
(16, 17), whereas increased PTSD symptomatology correlates with
reports of more insomnia (18). The presence of trauma-related
dreams within 1month post-trauma is a good predictor of PTSD
symptoms severity 6weeks later (19). Nightmares might predict
PTSD symptoms severity independently from insomnia (20) as
well as anxiety/depressive symptoms and lower sleep efficiency
(21). Finally, nightmaresmight lead to sleep fragmentation, result-
ing in increased insomnia severity (22, 23).

In the last two decades, the neurobiology of PTSD have been
extensively investigated, and there is now converging evidence
that PTSD is typically associated with volumetric reductions in
the hippocampus and anterior cingulate cortex [ACC (24–30)] as
well as with functional dysregulation in the amygdala and medial
prefrontal cortex [including the ACC (31, 32)].

The neurobiological underpinnings of insomnia and night-
mares are still largely unknown. Available structural neuroimag-
ing data on insomnia show several limitations and a certain degree
of inconsistency (33–35). Some studies converge in pointing at
the hippocampus. Bilateral hippocampal volume was found sig-
nificantly reduced in patients with insomnia (36) and negatively
correlated with the duration of insomnia/arousal level (37) or
with measures of poor sleep maintenance (38). Consistently, sleep
fragmentation and related chronic stress were found to reduce
neurogenesis and produce neuronal loss in the hippocampus (39).
However, these findings were not replicated by other investi-
gations (35, 40, 41). Structural alterations were also found in
the orbitofrontal cortex (40, 42, 43), while larger volumes were
reported in the ACC, where insomnia severity correlated with
volume (44). Finally, correlations between gray matter (GM) and
insomnia severity were also found in the prefrontal cortex (41).

Functional studies have shown that insomniacs show hypop-
erfusion in the thalamus, basal ganglia, and medial prefrontal
cortex (45, 46). Moreover, insomnia severity was found to
negatively correlate with CBF in the ACC and insula (47). Finally,

TABLE 1 | Demographic and clinical characteristics of subjects participat-
ing in the study.

ALL PTSD Non-PTSD PTSD vs.
non-PTSD

n 39 21 18 n.s.
Sex (f/m) 12/27 7/14 5/13 n.s.
Trauma type (PUT/A) 28/11 15/6 13/5 n.s.
Psychopharmacological
treatment

3 2 1 –

One/more trauma(s) 16/23 3/18 13/5 <0.001
Age 41.2 (8.8) 42.8 (8.7) 39.3 (8.9) n.s.
SDS 7.6 (3.8) 10.4 (2.8) 4.2 (1.2) <0.001
HAM-A 26.8 (4.3) 29.7 (3.5) 23.5 (2.3) <0.001
HAM-D 11.9 (8.1) 17.2 (6.4) 5.7 (4.8) <0.001
IES 24.3 (19.5) 38.0 (15.2) 8.4 (9.1) <0.001

PUT/A, person under train/aggression; SDS, Sleep Disturbances Score (seeMaterials and
Methods); HAM-A, Hamilton Anxiety Rating Scale; HAM-D, Hamilton Depression Rating
Scale; IES, Impact of Event Scale.

resting-state fMRI studies have found that insomniacs show
altered patterns of functional connectivity between limbic struc-
tures and cortical/subcortical regions (48, 49).

To date, studies investigating brain alterations related to sleep
disturbances in PTSD are lacking, with only a few exceptions
showing that during REM-sleep PTSD is associated with a hyper-
metabolism in the brain stem, limbic regions, and basal ganglia
(50, 51). Germain et al. (52) have proposed a neurobiological
model hypothesizing that sleep mechanisms are major determi-
nants of PTSD, acting via an altered functioning of amygdala
and medial prefrontal cortex. On the other hand, a neurocog-
nitive model of nightmares has been proposed, according to
which nightmares reflect problems with fear extinction while
dreaming and are associated with altered function within a cir-
cuitry comprising amygdala, hippocampus, ACC, brain stem, and
hypothalamus (53).

The present study aimed at investigating sleep-related brain
alterations (i.e., due to the presence and severity of insom-
nia/nightmares) in PTSD patients and traumatized controls by
using both voxel-based morphometry (VBM) and SPECT. On
the basis of the reviewed literature, we hypothesize that sleep
disturbances will be related to both structural and functional
alterations in structures such as amygdala, hippocampus, ACC,
and possibly in some sleep-regulating centers such as brain stem,
diencephalon, and basal forebrain.

Materials and Methods

Subjects
This study is part of awider research project on PTSDamong trau-
matized employees of the Stockholm public transportation system
recruited during the years 1999–2002 [see Ref. (54)]. Thirty-nine
subjects were recruited for the present study, either developing
(n= 21) or not developing (n= 18) PTSD.Of these, due to incom-
patibility reasons, two PTSD subjects underwent only the MRI
scanning, while one PTSD and one non-PTSD underwent SPECT
only. This implies that for each neuroimaging dataset (MRI and
SPECT), analyses were run on 37 subjects, 35 of which were in
common. Demographic and clinical characteristics of our sample
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TABLE 2 | Results of the volume-of-interest (VOI) analysis separately for groups, contrasts, and volumes.

Contrast VOI ALL PTSD Non-PTSD

MNI t p MNI t p MNI t p

VBM SDS− L amy −30 −3 −22 3.43 0.013 −30 −3 −19 3.17 0.045 – – –
R amy 35 −2 −24 4.82 0.001 34 −1 −22 5.23 0.002 28 4 −29 3.85 0.023
L hippo −32 −6 −21 3.52 0.037 −34 −10 −16 3.31 0.057 – – –
R hippo 35 −4 −22 4.60 0.003 35 −4 −22 4.61 0.016 – – –
L ACC – – – – – – – – –
R ACC 15 25 21 4.31 0.007 11 25 17 5.57 0.004 – – –

SPECT SDS− L amy – – – – – – – – –
R amy – – – – – – – – –
L hippo – – – – – – – – –
R hippo – – – – – – – – –
L ACC 2 42 14 3.71 0.025 0 42 16 4.90 0.015 – – –
R ACC 4 42 12 3.66 0.024 8 40 10 4.86 0.013 – – –

SPECT SDS+ L amy – – – – – – – – –
R amy – – – – – – – – –
L hippo – – – – – – – – –
R hippo – – – – – – – – –
L ACC – – – – – – – – –
R ACC – – – – – – – – –

ALL, whole sample (n=37); SDS+/−, positive/negative correlations with the sleep disturbances score; L/R, left/right; amy, amygdala; hippo, hippocampus; ACC, anterior cingulate
cortex; MNI, Montreal Neurological Institute coordinates (x, y, z); t, Student’s t-statistic; p, small-volume corrected significance at peaks (FWE-corrected).

are summarized in Table 1. When subjects participated in the
study, a period of time varying between 8months and 6 years had
elapsed since trauma. Only a full PTSD diagnosis was accepted.
Exclusion criteria were a history of psychosis, major depressive
disorder and other psychiatric conditions (e.g., bipolar disorder,
obsessive–compulsive disorder, and attention-deficit hyperactiv-
ity disorder), lifetime or current drug/alcohol abuse or depen-
dency, significant medical condition (e.g., diabetes and tumors),
neurological illness, or a history of head injury. In our sample, only
three subjects under psychopharmacological treatment (one with
SSRI and one with tricyclic antidepressants in the PTSD group;
onewith SSRI in the non-PTSDgroup),while nonewas under psy-
chotherapeutic treatment. The studywas conducted in accordance
with the Helsinki Declaration, approved by the Ethics and Radi-
ation Safety Committee of the Karolinska Hospital, Stockholm,
Sweden, and written informed consent was obtained from all
participants.

Diagnosis and Sleep Disturbances Score
Computation
The diagnosis of PTSD was established according to the DSM-
IV criteria (55). The Structured Clinical Interview for DSM-IV
Axis I Disorders [SCID-I (56)] formed the basis for diagnostic
assessments and was carried out by a psychiatrist not otherwise
engaged in the study and blind to the experimental conditions of
the participants. Further diagnostic interviews to evaluate symp-
toms and functional assessment included the Hamilton Anxiety
Rating Scale [HAM-A (57)], the Hamilton Depression Rating
Scale [HAM-D (58)], and the Impact of Event Scale (IES), evalu-
ating the amount of intrusions and avoidance during the last week
related to a past stressful event (59).

In order to quantify the amount of sleep disturbances related
to insomnia and nightmares, we computed a unique Sleep Distur-
bances Score (SDS) by adding up the single scores of six different

items taken from the IES (items 4 and 6, insomnia and trauma-
related dreams), HAM-A (item 4, insomnia and nightmares), and
HAM-D (items 4, 5, and 6, evening, night, and morning insom-
nia). Hence, SDS could range from 0 to 18, with higher scores rep-
resenting a higher amount of insomnia/nightmares. Cronbach’s
alpha computed on the six items was 0.82, showing good internal
consistency. SDS showed high positive correlations with other
clinical measures, namely a Pearson’s correlation coefficient r of
0.69 with IES, 0.76 with HAM-D, and 0.82 with HAM-A (all
of which significant at p< 0.0001 after correction for multiple
comparisons).

MRI and Voxel-Based Morphometry
Magnetic resonance imaging scanning was performed on a
GE Signa 1.5 T Scanner (GE, Milwaukee, WI, USA) about
37± 19months from index trauma. 3D MPRAGE T1-weighted
axial images were acquired (TR= 26ms, TE= 7ms, FA= 35°,
FOV= 220mm× 220mm× 149mm, voxel size= 0.86mm×
0.86mm× 1.2mm). VBM was used to pre-process and analyze
MRI images using the VBM toolbox (applying standard routines
and default parameters), implemented in SPM8 running under
MATLAB 7.1 (Mathworks, Natick, MA, USA). To improve
the accuracy of normalization and segmentation steps, data
pre-processing started with manual reorienting of each subject’s
dataset. Images were bias field corrected, registered using
both linear (12 parameter affine) and non-linear (warping)
transformations, and tissue classified, resulting in an increased
quality segmentation of GM, white matter, and cerebrospinal
fluid. Images were normalized to the T1 MNI template and
resampled to an isotropic voxel size of 1mm× 1mm× 1mm.
GM tissue maps were then modulated to compensate for non-
linear warping, allowing to test hypotheses about effects of
relative volumes corrected for different brain sizes (60). Finally,
modulated GM images were smoothed with a 12mm (FWHM)
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isotropic Gaussian kernel and absolute thresholded for masking
at 0.1, to exclude the influence of any remaining non-GM tissue.

SPECT and Symptom-Provocation Procedure
Subjects were investigated during an individualized autobiograph-
ical script-driven symptom-provocation procedure according to
the method proposed by Lang et al. (61) and reported elsewhere
(62). The script was read by a research assistant and recorded on
tape and then presented to each subject by using earphones. After
the tape had run for 15 s, 1000MBq (27.0mCi) of 99mTc-HMPAO
(Ceretec1; Amersham International plc, UK) was injected i.v. The
script duration was 1′30′′ and, subsequently, the subjects were
asked to recall the event in their mind for one more minute.
Subjects were brought to the SPECT camera 20min later. SPECT
images were acquired by a three-headed gamma camera (TRIAD
XLT20; Trionix Research Laboratory Inc., USA) equipped with
low-energy ultrahigh-resolution collimators, implementing pre-
viously described acquisition and reconstruction parameters (63).
Both acquisition and reconstruction were performed in 128× 128
matrices with a pixel size of 2.22mm× 2.22mm. Image pre-
processing and analyses were performed with SPM8. All images
were normalized to the SPECT MNI template by a bilinear inter-
polation method and smoothed with a Gaussian kernel filter of
12mm (FWHM). GM threshold was set at 0.8, and normalization
of global CBF to 50 was performed by the ANCOVA model.

Statistical Analyses
Ourmain analyses were run on the whole sample (i.e., irrespective
of PTSD diagnosis) by creating two different design matrices,
one for each dataset (i.e., MRI/SPECT; n= 37 each). Correlations
between GM volume (GMV)/regional cerebral blood flow (rCBF)
and the SDS were computed across the whole brain on a voxel-by-
voxel basis by means of positive/negative correlations using the
“multiple regression” model. These analyses were then comple-
mented by running the same models in the two groups separately
(PTSD and non-PTSD). Nuisance variables were introduced as
follows: sex, age, and time elapsed from trauma in all analyses;
PTSD diagnosis in the whole sample analyses; and intracranial
volume in the VBM analyses. Given their strong correlations
with SDS, anxiety and depression scores were not inserted as
covariates in our main analyses (and note that SDS was computed
also on the basis of some HAM-A and HAM-D items). However,
when analyses were rerun by inserting such scores as covariates
of no interest, we replicated our results, although with slightly
reduced significance values. First, to specifically assess the impact
of sleep disturbances on limbic structures, a volume-of-interest
(VOI) analysis based on a priori hypotheses (cf. Introduction) was
performed by extracting left and right amygdalae, hippocampi,
and anterior cingulate cortices from the Automated Anatomical
Labeling atlas [AAL (64)]. Here, a height threshold of p< 0.01
was chosen and then small-volume correction [FWE-corrected,
p< 0.05 (65)] was applied within the collective volume of the
six VOIs for each contrast of interest. Second, to further inspect
the effects of sleep disturbances on the whole brain, exploratory
analyses were run in each model by choosing a height thresh-
old of p< 0.005 (uncorrected at cluster level) excluding clusters
smaller than 64 (4× 4× 4) or 125 (5× 5× 5) contiguous voxels

FIGURE 1 | Whole-brain results of VBM analyses on MRI data:
correlation between GMV and sleep-disturbances score (SDS; cf.
Table 3). GMV reductions associated with higher sleep disturbances (SDS−)
are displayed in red. (A) Whole group of subjects (i.e., irrespective of PTSD
diagnosis; n= 37). The scatter plot displays GMV as a function of SDS in the
whole group (cyan line; r=−0.51; p= 0.001), and separately for PTSD (red
line/diamonds; r=−0.94; p<0.001) and non-PTSD (green line/dots;
r=−0.73; p= 0.001), expressed as parameter estimates (p.e.; values
extracted at peak in the anterior cingulate cortex). (B) PTSD group.
(C) Non-PTSD group.

(for VBM and SPECT, respectively), based on the calculation of
the partial volume effect resulting from the spatial resolution of
the imaging systems, and the spatial smoothing applied. Neural
structures were identified on the basis of the AAL.

Results

The VOI analysis (Table 2) showed that sleep disturbances were
associated with significant GMV reductions in bilateral amyg-
dalae, hippocampi, and the right ACC in the whole sample and in
the PTSD group (but only in the right amygdala in the non-PTSD
group) andwith significantly reduced rCBF in bilateral ACC in the
whole sample and in the PTSD group (but not in the non-PTSD
group).

Whole-brain VBM analysis in the whole sample showed signif-
icantly reduced GMV with sleep disturbances in the right ACC,
bilateral insular cortex, the complex amygdala/hippocampus/
parahippocampal cortex bilaterally extending into the temporal
poles, left striatum, and the right dorsolateral prefrontal cortex
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TABLE 3 | Whole-brain structural and functional neuroimaging results in the whole sample (ALL; n=37) and in the PTSD group.

Contrast Region BA ALL PTSD

MNI K t p MNI K t p

VBM SDS− R anterior cingulate cortex 24/32 14 24 20 1897 4.35 <0.001 12 25 17 2796 5.70 <0.001
R amygdala – 23 −3 −33 10140 3.39 0.001 29 0 −26 2527 3.51 0.003
L amygdala – −23 0 −35 16363 2.76 0.003 – – – –
R hippocampus – 27 −7 −31 10140 2.81 0.003 – – – –
L hippocampus – −31 −12 −30 16363 2.96 0.003 −35 −13 −30 18728 3.08 0.003
R anterior insula 13 42 17 −26 10140 3.32 0.001 41 11 4 800 4.06 0.001
L anterior insula 13 −42 13 −26 16363 3.56 0.001 −40 12 −23 18728 3.96 0.001
R posterior insula 13 38 −2 −19 10140 3.96 <0.001 38 −1 −21 2527 4.48 <0.001
L posterior insula 13 −36 −6 −19 10140 3.63 0.001 −35 −8 −16 18728 3.66 0.001
R parahippocampal cortex 28/36 20 −7 −41 10140 3.49 0.001 – – – –
L parahippocampal cortex 28/36 −27 −6 −39 16363 2.94 0.003 – – – –
R dorsolateral prefrontal cortex 10/46 35 50 3 806 4.19 <0.001 – – – –
R orbitofrontal cortex 11 – – – – 20 36 −23 1135 3.84 0.001
L postcentral gyrus 1/2/3 – – – – −46 −23 33 1031 4.67 <0.001
L striatum – −12 11 −18 1175 3.38 0.001 0 12 −20 1471 4.51 <0.001

SPECT SDS+ L/R dorsal midbrain – 2 −24 −18 459 4.39 <0.001 4 −28 −22 319 4.81 <0.001
R precuneus 7 12 −52 32 302 3.37 0.001 10 −54 30 590 3.35 0.003
L precuneus 7 −12 −54 26 302 3.59 0.001 −12 −52 28 590 5.00 <0.001
R posterior insula 13 34 −22 0 562 4.30 <0.001 – – – –
L posterior insula 13 – – – – −42 −30 6 316 3.52 0.002

SPECT SDS− L/R anterior cingulate cortex 24/32 2 42 14 700 3.71 <0.001 042 16 2651 4.90 <0.001
R dorsolateral prefrontal cortex 9 – – – – 24 46 24 2651 4.69 <0.001
L orbitofrontal cortex 11 – – – – −16 48 −18 2651 5.83 <0.001

SDS+/−, positive/negative correlations with the sleep disturbances score; L/R, left/right; BA, Brodmann area; MNI, Montreal Neurological Institute coordinates (x, y, z); K, cluster size;
t, Student’s t-statistic; p, statistical significance at peaks (uncorrected at cluster-level).

(Figure 1A;Table 3).No significant positive correlationwas found
between sleep disturbances and GMV. This pattern of results
was substantially confirmed in the PTSD group (Figure 1B; see
Table 3 for details), whereas in the non-PTSD group significantly
reducedGMVwith SDS could only be found in the right amygdala
(Figure 1C).

Whole-brain functional results in the whole sample showed
significantly increased rCBF with sleep disturbances in bilateral
midbrain, right posterior insular cortex, and bilateral precuneus
(Figure 2A; Table 3). A negative correlation was also found,
showing significant decreased rCBF with sleep disturbances in
bilateral ACC. This latter cluster showed a partial overlap with the
ACC cluster found in the VBM analysis (Figure 3), indicating that
sleep disturbances are associated with decreased GMV and rCBF
in the same region. Again, this pattern of results was substantially
confirmed in the PTSD group (Figure 2B), the most notable
exception being that the cluster located in bilateral ACC extended
dorsally into the right dorsolateral prefrontal cortex and ventrally
into the left orbitofrontal cortex (cf. Table 3). No significant rCBF
alterations were found associated with SDS in the non-PTSD
group.

Discussion

The present study was aimed at investigating brain alterations
related to sleep disturbances in PTSD by using VBM and SPECT.
Structural neuroimaging showed reduced GMV with higher
insomnia/nightmares symptoms in the amygdala, hippocampus,
ACC, and insula. Functional neuroimaging showed that a higher

amount of sleep disturbances was associated with decreased rCBF
in the ACC and increased rCBF in the midbrain, precuneus,
and insula. Before discussing our findings in detail, two general
considerations ought to be made.

First, our VBM results show that brain structures on which
sleep disturbances impact (amygdala, hippocampus, ACC) largely
overlap with regions well known in the literature to be PTSD-
sensitive [cf. Ref. (24, 25)]. Importantly, our results show that
the effects found in the whole sample are primarily driven by the
PTSD group. This indicates that PTSD and insomnia/nightmares
share a substantial neurobiological substrate, supporting the exis-
tence of a strong link between the two (2, 3, 8), or even the idea
that sleep disturbances might constitute the core characteristic of
PTSD (66, 67).

Second, our SPECT results show that the amount of insom-
nia/nightmares is associated with a specific pattern of brain alter-
ations in a subset of regions known to be modulated during REM
sleep. In fact, previous studies have shown that REM sleep is asso-
ciatedwith a relative increase of activity in themidbrain, ACC, and
insula and a relative decrease of activity in the precuneus (68–70).
Hence, our results show that under emotional stress (i.e., during
symptom provocation), such regions show sleep disturbances-
related functional alterations, either consistent or inconsistent
with REM-sleep modulations.

Several studies on PTSD report either increased amygdalar
activity (31, 32) or reduced amygdalar volume (71–73). In the
context of PTSD, the amygdala has been related to fear condi-
tioning and hyperarousal, this latter is also a putative determi-
nant of insomnia (74, 75). Together with the hippocampus and
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FIGURE 2 | Whole-brain results of the analysis on SPECT data:
correlation between rCBF and sleep disturbances score (SDS; cf.
Table 3). rCBF increase associated with higher sleep disturbances (SDS+) is
displayed in red/yellow and rCBF decrease with higher sleep disturbances
(SDS−) in light blue. (A) Whole group of subjects (i.e., irrespective of PTSD
diagnosis; n= 37). Scatter plots display rCBF as a function of SDS in the
whole group (cyan line; r=±0.51; p= 0.001), and separately for PTSD (red
line/diamonds; r=±0.68; p= 0.001) and non-PTSD (green line/dots;
r=±0.17; p= 0.511), expressed as parameter estimates (p.e.; values
extracted at peaks in the midbrain and anterior cingulate cortex). (B) PTSD
group.

ACC, the amygdala is thought to be implicated in reexperiencing
phenomena such as intrusions and nightmares. The amygdala is
also considered a key structure in two neurobiological models
concerning sleep-specific mechanisms underlying PTSD and the
generation of nightmares. According to the former, a prolonged
hyperactivity of the amygdala (as in PTSD) might increase the
generation of nightmares and alter neural activity in the brain
stem and forebrain sleep-regulating centers (52). According to
the latter, the amygdala (together with the hippocampus and
ACC) plays a key role in the processing of fear consolidation,
fear extinction, and emotional distress, processes that underlie
nightmare generation and are capable of affecting activity in the
brain stem and hypothalamic autonomic centers (53). To the best
of our knowledge, the present study is the first to report structural
amygdalar alterations in association with sleep disturbances, also
in traumatized controls who do not develop PTSD.

Previous investigations also consistently report decreased hip-
pocampal volumes in PTSD (26–29, 76–78), where it is thought
to play a major role in the consolidation of traumatic memo-
ries. Besides, some studies showed that reduced volume in this
structure is associated with presence and severity of insomnia

[Ref. (36–39); but see Ref. (35, 40, 41)]. One possible explanation
for this inconsistency might arise from the idea that hippocampal
volume reductions are associated with sleep disturbances only in
combination with trauma exposure. Traumatic stress is known
to heavily impact on the hippocampus (79, 80), yet it has been
suggested that this might be mediated by sleep disturbances (81),
similarly to how trauma type, severity, and cumulative load as
well as personality traits are known to modulate the outcome of
trauma itself. Although most studies on insomnia have carefully
excluded subjects suffering from other comorbid conditions, they
might have overlooked essential information on possible trauma
exposure. This latter should not necessarily result in an overt psy-
chiatric condition but might nonetheless impact on hippocampal
volume in the presence of insomnia and nightmares, both strongly
associated with hyperarousal and considered stressors by them-
selves (8). One putative mechanism of the interaction between
trauma and sleep disturbances might reside in the role played by
the hippocampus in triggering trauma-related memories, which
might foster nightmares and insomnia (53), feeding, in turn, the
reexperiencing of trauma, hencemaintaining and/or exacerbating
PTSD symptoms.

Our results indicate that sleep disturbances have a particu-
larly serious impact on the ACC, by altering both its structure
and function (reduced GMV and rCBF). Several previous struc-
tural neuroimaging studies on PTSD consistently report volume
reductions in the ACC (72, 82, 83). Conversely, one recent study
reported larger volumes in the ACC in insomniacs and a correla-
tion between insomnia severity and GMV (44). The ACC is a key
element of the neurocognitive model of nightmares generation,
playing a fundamental role in the modulation of amygdalar activ-
ity (53). Thus, our present findings of structural and functional
alterations in the ACC might reflect an impaired control over
limbic activity during wakefulness and sleep, possibly leading to
REM-sleep disruption (69, 70), hyperarousal, and/or reexperi-
encing (i.e., insomnia/nightmares). The ACC underlies different
functions, ascribable not only to emotional regulation but also to
executive functions (84). Therefore, an impairment of this struc-
ture might also account for the daytime cognitive disturbances
commonly reported by insomniacs, such as reduced alertness,
performance, and concentration capacity, sleepiness/fatigue, and
higher proneness to errors/accidents at work (85, 86).

Our results show structural and functional alterations in the
insular cortex as related to sleep disturbances. More specifi-
cally, we found decreased GMV in anterior and posterior insula
and increased rCBF in posterior insula. Structural and func-
tional alterations in the insula have been reported by previous
neuroimaging studies on PTSD (87–89). Furthermore, insom-
nia severity was associated with reduced rCBF (47), and func-
tional connectivity between insula and amygdala was found to
be either reduced or enhanced in insomniacs (48, 49). The insu-
lar cortex is functionally organized along a posterior–anterior
gradient, the posterior portion being more related to intero-
ception and emotion-related bodily sensation and the anterior
to emotional awareness and subjective feelings (90). Together
with the ACC, the insula is also part of the salience network,
which integrates highly processed sensory data with visceral,
autonomic, and emotional information (91). Insomniacs show a
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FIGURE 3 | Partial overlap between VBM and SPECT results in the anterior cingulate cortex. GMV reductions associated with higher sleep disturbances
(SDS−) are displayed in red and rCBF decrease with higher sleep disturbances (SDS−) in light blue. (A) Whole group of subjects (i.e., irrespective of PTSD
diagnosis; n= 37). (B) PTSD group.

greater involvement of anterior insula within the salience net-
work associated with negative feelings (92). Hence, our finding
of GMV reductions in the insula with higher sleep disturbances
might reflect reduced interoceptive/emotional processing due to
chronic insomnia while increased activity in posterior insula
might be associated with enhanced pain perception or negative
bodily sensations related to the reexperiencing of trauma, which
in turn might contribute to foster insomnia and/or nightmares
generation.

Previous works on functional correlates of REM sleep have
shown that the precuneus is relatively deactivated during this
state (69). Conversely, our results show that (under emotional
stress) activity in the precuneus increases with a higher amount
of insomnia/nightmares. A few previous studies have shown a
link between sleep disturbances and precuneus. There, GMV was
found to inversely correlate with insomnia severity (40) while
greater activity was associated with eveningness, a trait associated
with a higher presence of nightmares, insomnia, PTSD symptoms,
and emotional dysregulation (93). The precuneus is involved in
a number of cognitive functions such as episodic and autobio-
graphical memory (94), consciousness and self-reflection (95, 96),
visuospatial representation, and mental imagery, the so-called
mind’s eye (97, 98). Hence, its involvement in trauma reexperi-
encing is not surprising. However, our results indicate that such
reexperiencing probably occurs also while sleeping, most likely
in form of nightmares. Anyway, a relative increase of activity in
this structure while sleeping might create a functional imbalance
capable of disrupting REM sleep (69), possibly fostering insomnia.

Finally, our results show that sleep disturbances are associ-
ated with increased rCBF in bilateral dorsal midbrain, a region
including the ascending reticular activating system, a well-known
sleep-regulating center. Interestingly, increased activity in this
region of the brain stem has been reported in PTSD subjects
during wakefulness and REM sleep (51) and in association with
eveningness in combat veterans (93). Moreover, increased activity
in this region was found during REM sleep in depressed patients
who typically suffer from insomnia (99). One possible explanation
for our present finding is that the increased activity in this region
reflects enhanced physiological arousal associated with trauma
reliving, which in turn might favor the generation of nightmares
and insomnia during sleep (74, 75), possibly as a consequence
of increased activity in the amygdala and/or reduced inhibitory
control of the ACC. Alternatively, such activity might constitute
an attempt to counterbalance insomnia effect and to stabilize sleep
by enhancing activity in the ascending reticular activating system.

The present study has some limitations that need to be acknowl-
edged. (1) We used only subjective measures of sleep distur-
bances. Since subjective measures might suffer from specific dis-
advantages (e.g., exaggeration, social desirability, and memory
lapses), our results need to be corroborated by further stud-
ies using objective measures. (2) Functional alterations were
determined during symptom provocation. This might make less
straightforward the interpretation to what extent our SPECT find-
ings are related to symptom provocation or sleep disturbances.
Hence, our results need to be confirmed by future studies using
functional neuroimaging at rest or while sleeping. (3)Our subjects
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showed moderate-to-high scores in anxiety and depression.
Although these were subclinical, theymight have impacted on our
results. However, as we describe in the Section “Statistical Anal-
yses,” our results were substantially replicated once these scores
were factored out. (4) Three subjects were under psychophar-
macological treatment while participating in our study, with a
possible impact on our findings. However, it should be considered
that these subjects represented a very small fraction (less than one-
tenth of the sample) and that they were almost equally distributed
in the two groups (two PTSD, one non-PTSD).

The present study also has some qualifying points that deserve
to be pointed out. (1)We used a relatively large sample of subjects.
(2) Structural and functional imaging measures were collected in
the same sample. (3) We recruited traumatized controls (instead
of healthy subjects) against which to compare PTSD patients. (4)
We inserted PTSDdiagnosis as a nuisance variable in correlational
analyses with sleep disturbances.

Conclusion

In conclusion, we found that sleep disturbances are associated
with GMV loss in limbic, PTSD-sensitive structures and with
functional alterations in regions implicated in REM-sleep con-
trol. These findings support the existence of a neurobiological
link between PTSD and sleep disturbances. Whether this implies
that restorative sleep helps in protecting against GM loss (and
possibly against higher vulnerability to PTSD symptoms) and/or
in enhancing the effectiveness of stress response is yet to be
determined. In any case, we recommend that future investiga-
tions on PTSD should take into account the influence of sleep
disturbances.

Acknowledgments

This study was funded by the Vårdal Foundation (ref. V97022).

References
1. American Psychiatric Association. Diagnostic and Statistical Manual of Mental

Disorders. 5th ed. Washington, DC: American Psychiatric Press (2013).
2. Pillar G, Malhotra A, Lavie P. Post-traumatic stress disorder and sleep – what a

nightmare! Sleep Med Rev (2000) 4:183–200. doi:10.1053/smrv.1999.0095
3. Harvey AG, Jones C, Schmidt DA. Sleep and posttraumatic stress disorder:

a review. Clin Psychol Rev (2003) 23:377–407. doi:10.1016/S0272-7358(03)
00032-1

4. Leskin GA,Woodward SH, YoungHE, Sheikh JI. Effects of comorbid diagnoses
on sleep disturbance in PTSD. J Psychiatr Res (2002) 36:449–52. doi:10.1016/
S0022-3956(02)00025-0

5. Ohayon MM, Shapiro CM. Sleep disturbances and psychiatric disorders asso-
ciated with posttraumatic stress disorder in the general population. Compr
Psychiatry (2000) 41:469–78. doi:10.1053/comp.2000.16568

6. Neylan TC, Marmar CR, Metzler TJ, Weiss DS, Zatzick DF, Delucchi KL, et al.
Sleep disturbances in the Vietnam generation: findings from a nationally repre-
sentative sample of male Vietnam veterans. Am J Psychiatry (1998) 155:929–33.
doi:10.1176/ajp.155.7.929

7. Roszell DK, McFall ME, Malas KL. Frequency of symptoms and concurrent
psychiatric disorder in Vietnam veterans with chronic PTSD. Hosp Community
Psychiatry (1991) 42:293–6.

8. Maher MJ, Rego SA, Asnis GM. Sleep disturbances in patients with post-
traumatic stress disorder epidemiology, impact and approaches tomanagement.
CNS Drugs (2006) 20:567–90. doi:10.2165/00023210-200620070-00003

9. Davis JL, Wright DC. Randomized clinical trial for treatment of chronic night-
mares in trauma-exposed adults. J TraumaStress (2007) 20:123–33. doi:10.1002/
jts.20199

10. Dement W, Pelayo R. Public health impact and treatment of insomnia. Eur
Psychiatry (1997) 12(Suppl1):31–9. doi:10.1016/S0924-9338(97)80018-1

11. Idzikowski C. Impact of insomnia on health-related quality of life. Phar-
macoeconomics (1996) 10(Suppl1):15–24. doi:10.2165/00019053-199600101-
00004

12. Krakow B, Hollifield M, Johnston L, Koss M, Schrader R, Warner TD, et al.
Imagery rehearsal therapy for chronic nightmares in sexual assault survivors
with posttraumatic stress disorder: a randomized controlled trial. JAMA (2001)
286:537–45. doi:10.1001/jama.286.5.537

13. Krakow B, Johnston L, Melendrez D, Hollifield M, Warner TD, Chavez-
KennedyD, et al. An open-label trial of evidence-based cognitive behavior ther-
apy for nightmares and insomnia in crime victims with PTSD. Am J Psychiatry
(2001) 158:2043–7. doi:10.1176/appi.ajp.158.12.2043

14. Léger D, Guilleminault C, Bader G, Lévy E, Paillard M. Medical and socio-
professional impact of insomnia. Sleep (2002) 25:625–9.

15. Germain A, Buysse DJ, Shear MK, Fayyad R, Austin C. Clinical correlates
of poor sleep quality in posttraumatic stress disorder. J Trauma Stress (2004)
17:477–84. doi:10.1007/s10960-004-5796-6

16. Harvey AG, Bryant RA. The relationship between acute stress disorder and
posttraumatic stress disorder: a prospective evaluation ofmotor vehicle accident
survivors. J Consult Clin Psychol (1998) 66:507–12. doi:10.1037/0022-006X.66.
3.507

17. Koren D, Arnon I, Lavie P, Klein E. Sleep complaints as early predictors of
posttraumatic stress disorder: a 1-year prospective study of injured survivors of
motor vehicle accidents. Am J Psychiatry (2002) 159:855–7. doi:10.1176/appi.
ajp.159.5.855

18. Lang KP, Veazey-Morris K, Andrasik F. Exploring the role of insomnia in the
relation between PTSD and pain in veterans with polytrauma injuries. J Head
Trauma Rehabil (2014) 29:44–53. doi:10.1097/HTR.0b013e31829c85d0

19. Mellman TA, David D, Bustamante V, Torres J, Fins A. Dreams in the acute
aftermath of trauma and their relationship to PTSD. J Trauma Stress (2001)
14:241–7. doi:10.1023/A:1007812321136

20. Krakow B, Haynes PL, Warner TD, Santana E, Melendrez D, Johnston L,
et al. Nightmares, insomnia, and sleep-disordered breathing in fire evacuees
seeking treatment for posttraumatic sleep disturbance. J Trauma Stress (2004)
17:257–68. doi:10.1023/B:JOTS.0000029269.29098.67

21. Kramer M, Kinney L. Vigilance and avoidance during sleep in US Vietnam war
veterans with posttraumatic stress disorder. J Nerv Ment Dis (2003) 191:685–7.
doi:10.1097/01.nmd.0000092179.74348.20

22. DeViva JC, Zayfert C, Mellman TA. Factors associated with insomnia among
civilians seeking treatment for PTSD: an exploratory study. Behav Sleep Med
(2004) 2:162–76. doi:10.1207/s15402010bsm0203_5

23. Zayfert C, DeViva JC. Residual insomnia following cognitive behavioral therapy
for PTSD. J Trauma Stress (2004) 17:69–73. doi:10.1023/B:JOTS.0000014679.
31799.e7

24. Karl A, Schaefer M, Malta LS, Dörfel D, Rohleder N, Werner A. A meta-
analysis of structural brain abnormalities in PTSD. Neurosci Biobehav Rev
(2006) 30:1004–31. doi:10.1016/j.neubiorev.2006.03.004

25. O’Doherty DC, Chitty KM, Saddiqui S, Bennett MR, Lagopoulos J. A system-
atic review and meta-analysis of magnetic resonance imaging measurement
of structural volumes in posttraumatic stress disorder. Psychiatry Res (2015)
232(1):1–33. doi:10.1016/j.pscychresns.2015.01.002

26. Gilbertson MW, Shenton ME, Ciszewski A, Kasai K, Lasko NB, Orr SP, et al.
Smaller hippocampal volume predicts pathologic vulnerability to psychological
trauma. Nat Neurosci (2002) 5:1242–7. doi:10.1038/nn958

27. Shin LM, Rauch SL, Pitman RK. Amygdala, medial prefrontal cortex, and
hippocampal function in PTSD. Ann N Y Acad Sci (2006) 1071:67–79. doi:10.
1196/annals.1364.007

28. Kasai K, Yamasue H, Gilbertson MW, Shenton ME, Rauch SL, Pitman RK.
Evidence for acquired pregenual anterior cingulate gray matter loss from a twin
study of combat-related posttraumatic stress disorder. Biol Psychiatry (2008)
63:550–6. doi:10.1016/j.biopsych.2007.06.022

29. Kitayama N, Vaccarino V, Kutner M, Weiss P, Bremner JD. Magnetic resonance
imaging (MRI) measurement of hippocampal volume in posttraumatic stress

Frontiers in Psychiatry | www.frontiersin.org September 2015 | Volume 6 | Article 1348

http://dx.doi.org/10.1053/smrv.1999.0095
http://dx.doi.org/10.1016/S0272-7358(03)00032-1
http://dx.doi.org/10.1016/S0272-7358(03)00032-1
http://dx.doi.org/10.1016/S0022-3956(02)00025-0
http://dx.doi.org/10.1016/S0022-3956(02)00025-0
http://dx.doi.org/10.1053/comp.2000.16568
http://dx.doi.org/10.1176/ajp.155.7.929
http://dx.doi.org/10.2165/00023210-200620070-00003
http://dx.doi.org/10.1002/jts.20199
http://dx.doi.org/10.1002/jts.20199
http://dx.doi.org/10.1016/S0924-9338(97)80018-1
http://dx.doi.org/10.2165/00019053-199600101-00004
http://dx.doi.org/10.2165/00019053-199600101-00004
http://dx.doi.org/10.1001/jama.286.5.537
http://dx.doi.org/10.1176/appi.ajp.158.12.2043
http://dx.doi.org/10.1007/s10960-004-5796-6
http://dx.doi.org/10.1037/0022-006X.66.3.507
http://dx.doi.org/10.1037/0022-006X.66.3.507
http://dx.doi.org/10.1176/appi.ajp.159.5.855
http://dx.doi.org/10.1176/appi.ajp.159.5.855
http://dx.doi.org/10.1097/HTR.0b013e31829c85d0
http://dx.doi.org/10.1023/A:1007812321136
http://dx.doi.org/10.1023/B:JOTS.0000029269.29098.67
http://dx.doi.org/10.1097/01.nmd.0000092179.74348.20
http://dx.doi.org/10.1207/s15402010bsm0203_5
http://dx.doi.org/10.1023/B:JOTS.0000014679.31799.e7
http://dx.doi.org/10.1023/B:JOTS.0000014679.31799.e7
http://dx.doi.org/10.1016/j.neubiorev.2006.03.004
http://dx.doi.org/10.1016/j.pscychresns.2015.01.002
http://dx.doi.org/10.1038/nn958
http://dx.doi.org/10.1196/annals.1364.007
http://dx.doi.org/10.1196/annals.1364.007
http://dx.doi.org/10.1016/j.biopsych.2007.06.022
http://www.frontiersin.org/Psychiatry/
http://www.frontiersin.org
http://www.frontiersin.org/Psychiatry/archive


Nardo et al. MRI SPECT sleep PTSD

disorder: a meta-analysis. J Affect Disord (2005) 88:79–86. doi:10.1016/j.jad.
2005.05.014

30. Kitayama N, Quinn S, Bremner JD. Smaller volume of anterior cingulate cortex
in abuse-related posttraumatic stress disorder. J Affect Disord (2006) 90:171–4.
doi:10.1016/j.jad.2005.11.006

31. Hughes KC, Shin LM. Functional neuroimaging studies of post-traumatic stress
disorder. Expert Rev Neurother (2011) 11:275–85. doi:10.1586/ern.10.198

32. Liberzon I, SripadaCS. The functional neuroanatomy of PTSD: a critical review.
Prog Brain Res (2008) 167:151–69. doi:10.1016/S0079-6123(07)67011-3

33. Desseilles M, Dang-Vu T, Schabus M, Sterpenich V, Maquet P, Schwartz S.
Neuroimaging insights into the pathophysiology of sleep disorders. Sleep (2008)
31:777–94.

34. Spiegelhalder K, Regen W, Baglioni C, Riemann D, Winkelman JW. Neu-
roimaging studies in insomnia. Curr Psychiatry Rep (2013) 15:405. doi:10.1007/
s11920-013-0405-0

35. Spiegelhalder K, Regen W, Baglioni C, Klöppel S, Abdulkadir A, Hennig J, et al.
Insomnia does not appear to be associated with substantial structural brain
changes. Sleep (2013) 36:731–7. doi:10.5665/sleep.2638

36. Riemann D, Voderholzer U, Spiegelhalder K, Hornyak M, Buysse DJ, Nissen
C, et al. Chronic insomnia and MRI-measured hippocampal volumes: a pilot
study. Sleep (2007) 30:955–8.

37. Noh HJ, Joo EY, Kim ST, Yoon SM, Koo DL, Kim D, et al. The relationship
between hippocampal volume and cognition in patients with chronic primary
insomnia. J Clin Neurol (2012) 8:130–8. doi:10.3988/jcn.2012.8.2.130

38. Winkelman JW, Benson KL, Buxton OM, Lyoo IK, Yoon S, O’Connor S, et al.
Lack of hippocampal volume differences in primary insomnia and good sleeper
controls: an MRI volumetric study at 3 Tesla. Sleep Med (2010) 11:576–82.
doi:10.1016/j.sleep.2010.03.009

39. Joo EY, Kim H, Suh S, Hong SB. Hippocampal substructural vulnerabil-
ity to sleep disturbance and cognitive impairment in patients with chronic
primary insomnia: magnetic resonance imaging morphometry. Sleep (2014)
37:1189–98. doi:10.5665/sleep.3836

40. Altena E, Vrenken H, Van Der Werf YD, van den Heuvel OA, Van Someren
EJ. Reduced orbitofrontal and parietal gray matter in chronic insomnia: a
voxel-based morphometric study. Biol Psychiatry (2010) 67:182–5. doi:10.1016/
j.biopsych.2009.08.003

41. Joo EY, Noh HJ, Kim JS, Koo DL, Kim D, Hwang KJ, et al. Brain gray matter
deficits in patients with chronic primary insomnia. Sleep (2013) 36:999–1007.

42. Killgore WD, Schwab ZJ, Kipman M, Del Donno SR, Weber M. Voxel-based
morphometric graymatter correlates of daytime sleepiness.Neurosci Lett (2012)
518:10–3. doi:10.1016/j.neulet.2012.04.029

43. Stoffers D, Moens S, Benjamins J, van Tol MJ, Penninx BW, Veltman DJ, et al.
Orbitofrontal graymatter relates to earlymorning awakening: a neural correlate
of insomnia complaints? Front Neurol (2012) 3:105. doi:10.3389/fneur.2012.
00105

44. Winkelman JW, Plante DT, Schoerning L, Benson K, Buxton OM, O’Connor
SP, et al. Increased rostral anterior cingulate cortex volume in chronic primary
insomnia. Sleep (2013) 36:991–8.

45. Smith MT, Perlis ML, Chengazi VU, Pennington J, Soeffing J, Ryan JM, et al.
Neuroimaging of NREM sleep in primary insomnia: a Tc-99-HMPAO single
photon emission computed tomography study. Sleep (2002) 25:325–35.

46. Smith MT, Perlis ML, Chengazi VU, Soeffing J, McCann U. NREM sleep
cerebral blood flow before and after behavior therapy for chronic primary
insomnia: preliminary single photon emission computed tomography (SPECT)
data. Sleep Med (2005) 6:93–4. doi:10.1016/j.sleep.2004.10.003

47. Périco CA, Skaf CR, Yamada A, Duran F, Buchpiguel CA, Castro CC, et al.
Relationship between regional cerebral blood flow and separate symptom
clusters of major depression: a single photon emission computed tomography
study using statistical parametric mapping. Neurosci Lett (2005) 384:265–70.
doi:10.1016/j.neulet.2005.04.088

48. Huang Z, Liang P, Jia X, Zhan S, Li N, Ding Y, et al. Abnormal amygdala
connectivity in patients with primary insomnia: evidence from resting state
fMRI. Eur J Radiol (2012) 81:1288–95. doi:10.1016/j.ejrad.2011.03.029

49. Li Y, Wang E, Zhang H, Dou S, Liu L, Tong L, et al. Functional connectivity
changes between parietal and prefrontal cortices in primary insomnia patients:
evidence from resting-state fMRI. Eur J Med Res (2014) 19:32. doi:10.1186/
2047-783X-19-32

50. Ebdlahad S, Nofzinger EA, James JA, Buysse DJ, Price JC, Germain A. Com-
paring neural correlates of REM sleep in posttraumatic stress disorder and

depression: a neuroimaging study. Psychiatry Res (2013) 214:422–8. doi:10.
1016/j.pscychresns.2013.09.007

51. Germain A, James J, Insana S, Herringa RJ, Mammen O, Price J, et al. A
window into the invisible wound of war: functional neuroimaging of REM
sleep in returning combat veterans with PTSD. Psychiatry Res (2013) 211:176–9.
doi:10.1016/j.pscychresns.2012.05.007

52. Germain A, Buysse DJ, Nofzinger E. Sleep-specific mechanisms underlying
posttraumatic stress disorder: integrative review and neurobiological hypothe-
ses. Sleep Med Rev (2008) 12:185–95. doi:10.1016/j.smrv.2007.09.003

53. Nielsen T, Levin R. Nightmares: a new neurocognitive model. Sleep Med Rev
(2007) 11:295–310. doi:10.1016/j.smrv.2007.03.004

54. Högberg G, Pagani M, Sundin O, Soares J, Aberg-Wistedt A, Tärnell B, et al.
Treatment of post-traumatic stress disorder with eye movement desensitization
and reprocessing: outcome is stable in 35-month follow-up. Psychiatry Res
(2008) 159:101–8. doi:10.1016/j.psychres.2007.10.019

55. American Psychiatric Association. Diagnostic and Statistical Manual of Mental
Disorders. 4th ed. Washington, DC: American Psychiatric Press (1994).

56. First MB, Spitzer R, Gibbon M, Williams J. User’s Guide for the Structured
Clinical Interview for DSM-IV Axis I Disorders (SCID-I): Clinician Version. New
York, NY: Psychiatric Institute, Biometrics Research Department (1997).

57. Hamilton M. Diagnosis and rating of anxiety. Br J Psychiatry (1969) 3:76–9.
58. HamiltonM. A rating scale for depression. J Neurol Neurosurg Psychiatry (1960)

23:56–62. doi:10.1136/jnnp.23.1.56
59. Horowitz MJ, Wilmer N, Alvarez W. Impact of event scale: a measure of

subjective stress. Psychosom Med (1979) 41:209–18. doi:10.1097/00006842-
197905000-00004

60. Mechelli A, Price CJ, Friston KJ, Ashburner J. Voxel-based morphometry of
the human brain: methods and applications. Curr Med Imaging Rev (2005)
1:105–13. doi:10.2174/1573405054038726

61. Lang PJ, Levin DN, Miller GA, Kozak MJ. Fear behaviour, fear imagery, and the
psychophysiology of emotion: the problem of affective response integration. J
Abnorm Psychol (1983) 92:276–306. doi:10.1037/0021-843X.92.3.276

62. Pagani M, Högberg G, Salmaso D, Tärnell B, Sanchez-Crespo A, Soares J, et al.
Regional cerebral blood flow during auditory recall in 47 subjects exposed
to assaultive and non-assaultive trauma and developing or not post traumatic
stress disorder. Eur Arch Psychiatry Clin Neurosci (2005) 255:359–65. doi:10.
1007/s00406-005-0559-9

63. Jonsson C, Pagani M, Johansson L, Thurfjell L, Jacobsson H, Larsson SA.
Reproducibility and repeatability of 99Tcm-HMPAO rCBF SPET in normal
subjects at rest using brain atlas matching. Nucl Med Commun (2000) 21:9–18.
doi:10.1097/00006231-200001000-00004

64. Tzourio-Mazoyer N, Landeau B, Papathanassiou D, Crivello F, Etard O, Del-
croix N, et al. Automated anatomical labeling of activations in SPM using
a macroscopic anatomical parcellation of the MNI MRI single-subject brain.
Neuroimage (2002) 15:273–89. doi:10.1006/nimg.2001.0978

65. Worsley KJ,Marrett S, Neelin P, Vandal AC, Friston KJ, Evans AC. A unified sta-
tistical approach for determining significant signals in images of cerebral acti-
vation. Hum Brain Mapp (1996) 4:58–73. doi:10.1002/(SICI)1097-0193(1996)
4:1<58::AID-HBM4>3.3.CO;2-L

66. Germain A. Sleep disturbances as the hallmark of PTSD: where are we now?Am
J Psychiatry (2013) 170:372–82. doi:10.1176/appi.ajp.2012.12040432

67. Ross RJ, Ball WA, Sullivan KA, Caroff SN. Sleep disturbance as the hallmark
of posttraumatic stress disorder. Am J Psychiatry (1989) 146:697–707. doi:10.
1176/ajp.146.1.128-a

68. Braun AR, Balkin TJ, Wesenten NJ, Carson RE, Varga M, Baldwin P, et al.
Regional cerebral blood flow throughout the sleep-wake cycle. An H2(15)O
PET study. Brain (1997) 120:1173–97. doi:10.1093/brain/120.7.1173

69. Maquet P, Péters J, Aerts J, Delfiore G, Degueldre C, Luxen A, et al. Functional
neuroanatomy of human rapid-eye-movement sleep and dreaming. Nature
(1996) 383:163–6. doi:10.1038/383163a0

70. Nofzinger EA, Mintun MA, Wiseman M, Kupfer DJ, Moore RY. Forebrain
activation in REM sleep: an FDG PET study. Brain Res (1997) 770:192–201.
doi:10.1016/S0006-8993(97)00807-X

71. Morey RA, Gold AL, LaBar KS, Beall SK, Brown VM, Haswell CC, et al.
Amygdala volume changes in posttraumatic stress disorder in a large case-
controlled veterans group.ArchGen Psychiatry (2012) 69:1169–78. doi:10.1001/
archgenpsychiatry.2012.50

72. Rogers MA, Yamasue H, Abe O, Yamada H, Ohtani T, Iwanami A, et al. Smaller
amygdala volume and reduced anterior cingulate graymatter density associated

Frontiers in Psychiatry | www.frontiersin.org September 2015 | Volume 6 | Article 1349

http://dx.doi.org/10.1016/j.jad.2005.05.014
http://dx.doi.org/10.1016/j.jad.2005.05.014
http://dx.doi.org/10.1016/j.jad.2005.11.006
http://dx.doi.org/10.1586/ern.10.198
http://dx.doi.org/10.1016/S0079-6123(07)67011-3
http://dx.doi.org/10.1007/s11920-013-0405-0
http://dx.doi.org/10.1007/s11920-013-0405-0
http://dx.doi.org/10.5665/sleep.2638
http://dx.doi.org/10.3988/jcn.2012.8.2.130
http://dx.doi.org/10.1016/j.sleep.2010.03.009
http://dx.doi.org/10.5665/sleep.3836
http://dx.doi.org/10.1016/j.biopsych.2009.08.003
http://dx.doi.org/10.1016/j.biopsych.2009.08.003
http://dx.doi.org/10.1016/j.neulet.2012.04.029
http://dx.doi.org/10.3389/fneur.2012.00105
http://dx.doi.org/10.3389/fneur.2012.00105
http://dx.doi.org/10.1016/j.sleep.2004.10.003
http://dx.doi.org/10.1016/j.neulet.2005.04.088
http://dx.doi.org/10.1016/j.ejrad.2011.03.029
http://dx.doi.org/10.1186/2047-783X-19-32
http://dx.doi.org/10.1186/2047-783X-19-32
http://dx.doi.org/10.1016/j.pscychresns.2013.09.007
http://dx.doi.org/10.1016/j.pscychresns.2013.09.007
http://dx.doi.org/10.1016/j.pscychresns.2012.05.007
http://dx.doi.org/10.1016/j.smrv.2007.09.003
http://dx.doi.org/10.1016/j.smrv.2007.03.004
http://dx.doi.org/10.1016/j.psychres.2007.10.019
http://dx.doi.org/10.1136/jnnp.23.1.56
http://dx.doi.org/10.1097/00006842-197905000-00004
http://dx.doi.org/10.1097/00006842-197905000-00004
http://dx.doi.org/10.2174/1573405054038726
http://dx.doi.org/10.1037/0021-843X.92.3.276
http://dx.doi.org/10.1007/s00406-005-0559-9
http://dx.doi.org/10.1007/s00406-005-0559-9
http://dx.doi.org/10.1097/00006231-200001000-00004
http://dx.doi.org/10.1006/nimg.2001.0978
http://dx.doi.org/10.1002/(SICI)1097-0193(1996)4:1<58::AID-HBM4>3.3.CO;2-L
http://dx.doi.org/10.1002/(SICI)1097-0193(1996)4:1<58::AID-HBM4>3.3.CO;2-L
http://dx.doi.org/10.1176/appi.ajp.2012.12040432
http://dx.doi.org/10.1176/ajp.146.1.128-a
http://dx.doi.org/10.1176/ajp.146.1.128-a
http://dx.doi.org/10.1093/brain/120.7.1173
http://dx.doi.org/10.1038/383163a0
http://dx.doi.org/10.1016/S0006-8993(97)00807-X
http://dx.doi.org/10.1001/archgenpsychiatry.2012.50
http://dx.doi.org/10.1001/archgenpsychiatry.2012.50
http://www.frontiersin.org/Psychiatry/
http://www.frontiersin.org
http://www.frontiersin.org/Psychiatry/archive


Nardo et al. MRI SPECT sleep PTSD

with history of post-traumatic stress disorder. Psychiatry Res (2009) 174:210–6.
doi:10.1016/j.pscychresns.2009.06.001

73. Starcevic A, Postic S, Radojicic Z, Starcevic B, Milovanovic S, Ilankovic A,
et al. Volumetric analysis of amygdala, hippocampus, and prefrontal cortex in
therapy-naive PTSD participants. Biomed Res Int (2014) 2014:968495. doi:10.
1155/2014/968495

74. Bonnet MH, Arand DL. Hyperarousal and insomnia. Sleep Med Rev (1997)
1:97–108. doi:10.1016/S1087-0792(97)90012-5

75. Riemann D, Spiegelhalder K, Feige B, Voderholzer U, Berger M, Perlis M, et al.
The hyperarousal model of insomnia: a review of the concept and its evidence.
Sleep Med Rev (2010) 14:19–31. doi:10.1016/j.smrv.2009.04.002

76. Pavić L, Gregurek R, Rados M, Brkljacić B, Brajković L, Simetin-Pavić I, et al.
Smaller right hippocampus in war veterans with posttraumatic stress disorder.
Psychiatry Res (2007) 154:191–8. doi:10.1016/j.pscychresns.2006.08.005

77. VythilingamM, LuckenbaughDA, LamT,MorganCA III, Lipschitz D, Charney
DS, et al. Smaller head of the hippocampus in Gulf War-related posttraumatic
stress disorder. Psychiatry Res (2005) 139:89–99. doi:10.1016/j.pscychresns.
2005.04.003

78. Zhang Q, Zhuo C, Lang X, Li H, Qin W, Yu C. Structural impairments of
hippocampus in coal mine gas explosion-related posttraumatic stress disorder.
PLoS One (2014) 9:e102042. doi:10.1371/journal.pone.0102042

79. Bremner JD. Traumatic stress: effects on the brain. Dialogues Clin Neurosci
(2006) 8:445–61.

80. Frodl T, O’Keane V. How does the brain deal with cumulative stress? A review
with focus on developmental stress, HPA axis function and hippocampal struc-
ture in humans. Neurobiol Dis (2013) 52:24–37. doi:10.1016/j.nbd.2012.03.012

81. Mohlenhoff BS, Chao LL, Buckley ST, Weiner MW, Neylan TC. Are hippocam-
pal size differences in posttraumatic stress disorder mediated by sleep pathol-
ogy? Alzheimers Dement (2014) 10:S146–54. doi:10.1016/j.jalz.2014.04.016

82. Woodward SH, Kaloupek DG, Streeter CC, Martinez C, Schaer M, Eliez S.
Decreased anterior cingulate volume in combat-related PTSD. Biol Psychiatry
(2006) 59:582–7. doi:10.1016/j.biopsych.2005.07.033

83. Yamasue H, Kasai K, Iwanami A, Ohtani T, Yamada H, Abe O, et al. Voxel-
based analysis of MRI reveals anterior cingulate gray-matter volume reduction
in posttraumatic stress disorder due to terrorism. Proc Natl Acad Sci USA (2003)
100:9039–43. doi:10.1073/pnas.1530467100

84. Devinsky O, Morrell MJ, Vogt BA. Contributions of anterior cingulate cortex to
behaviour. Brain (1995) 118:279–306. doi:10.1093/brain/118.1.279

85. Niendam TA, Laird AR, Ray KL, Dean YM, Glahn DC, Carter CS. Meta-
analytic evidence for a superordinate cognitive control network subserving
diverse executive functions. Cogn Affect Behav Neurosci (2012) 12:241–68. doi:
10.3758/s13415-011-0083-5

86. Shackman AJ, Salomons TV, Slagter HA, Fox AS, Winter JJ, Davidson RJ. The
integration of negative affect, pain and cognitive control in the cingulate cortex.
Nat Rev Neurosci (2011) 12:154–67. doi:10.1038/nrn2994

87. Chen S, Xia W, Li L, Liu J, He Z, Zhang Z, et al. Gray matter density reduction
in the insula in fire survivors with posttraumatic stress disorder: a voxel-
based morphometric study. Psychiatry Res (2006) 146:65–72. doi:10.1016/j.
pscychresns.2005.09.006

88. Herringa R, Phillips M, Almeida J, Insana S, Germain A. Post-traumatic stress
symptoms correlate with smaller subgenual cingulate, caudate, and insula
volumes in unmedicated combat veterans. Psychiatry Res (2012) 203:139–45.
doi:10.1016/j.pscychresns.2012.02.005

89. Nardo D, Högberg G, Flumeri F, Jacobsson H, Larsson SA, Hällström T, et al.
Self-rating scales assessing subjective well-being and distress correlate with
rCBF in PTSD-sensitive regions. Psychol Med (2011) 41:2549–61. doi:10.1017/
S0033291711000912

90. Craig AD. Significance of the insula for the evolution of human awareness of
feelings from the body. Ann NY Acad Sci (2011) 1225:72–82. doi:10.1111/j.
1749-6632.2011.05990.x

91. Seeley WW, Menon V, Schatzberg AF, Keller J, Glover GH, Kenna H, et al. Dis-
sociable intrinsic connectivity networks for salience processing and executive
control. J Neurosci (2007) 27:2349–56. doi:10.1523/JNEUROSCI.5587-06.2007

92. Chen MC, Chang C, Glover GH, Gotlib IH. Increased insula coactivation
with salience networks in insomnia. Biol Psychol (2014) 97:1–8. doi:10.1016/j.
biopsycho.2013.12.016

93. Hasler BP, Insana SP, James JA, Germain A. Evening-type military veterans
report worse lifetime posttraumatic stress symptoms and greater brainstem
activity across wakefulness and REM sleep. Biol Psychol (2013) 94:255–62.
doi:10.1016/j.biopsycho.2013.06.007

94. Desgranges B, Baron JC, Eustache F. The functional neuroanatomy of episodic
memory: the role of the frontal lobes, the hippocampal formation, and other
areas. Neuroimage (1998) 8:198–213. doi:10.1006/nimg.1998.0359

95. Bluhm RL, Williamson PC, Osuch EA, Frewen PA, Stevens TK, Boksman
K, et al. Alterations in default network connectivity in posttraumatic stress
disorder related to early-life trauma. J Psychiatry Neurosci (2009) 34:187–94.

96. Vogt BA, Laureys S. Posterior cingulate, precuneal and retrosplenial cortices:
cytology and components of the neural network correlates of consciousness.
Prog Brain Res (2005) 150:205–17. doi:10.1016/S0079-6123(05)50015-3

97. Cavanna AE. The precuneus and consciousness. CNS Spectr (2007) 12:545–52.
98. Fletcher PC, Shallice T, Frith CD, Frackowiak RS, Dolan RJ. Brain activity

during memory retrieval. The influence of imagery and semantic cueing. Brain
(1996) 119:1587–96. doi:10.1093/brain/119.5.1587

99. Nofzinger EA, BuysseDJ, GermainA, Carter C, Luna B, Price JC, et al. Increased
activation of anterior paralimbic and executive cortex from waking to rapid
eye movement sleep in depression. Arch Gen Psychiatry (2004) 61:695–702.
doi:10.1001/archpsyc.61.7.695

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2015 Nardo, Högberg, Jonsson, Jacobsson, Hällström and Pagani. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) or licensor are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Psychiatry | www.frontiersin.org September 2015 | Volume 6 | Article 13410

http://dx.doi.org/10.1016/j.pscychresns.2009.06.001
http://dx.doi.org/10.1155/2014/968495
http://dx.doi.org/10.1155/2014/968495
http://dx.doi.org/10.1016/S1087-0792(97)90012-5
http://dx.doi.org/10.1016/j.smrv.2009.04.002
http://dx.doi.org/10.1016/j.pscychresns.2006.08.005
http://dx.doi.org/10.1016/j.pscychresns.2005.04.003
http://dx.doi.org/10.1016/j.pscychresns.2005.04.003
http://dx.doi.org/10.1371/journal.pone.0102042
http://dx.doi.org/10.1016/j.nbd.2012.03.012
http://dx.doi.org/10.1016/j.jalz.2014.04.016
http://dx.doi.org/10.1016/j.biopsych.2005.07.033
http://dx.doi.org/10.1073/pnas.1530467100
http://dx.doi.org/10.1093/brain/118.1.279
http://dx.doi.org/10.3758/s13415-011-0083-5
http://dx.doi.org/10.1038/nrn2994
http://dx.doi.org/10.1016/j.pscychresns.2005.09.006
http://dx.doi.org/10.1016/j.pscychresns.2005.09.006
http://dx.doi.org/10.1016/j.pscychresns.2012.02.005
http://dx.doi.org/10.1017/S0033291711000912
http://dx.doi.org/10.1017/S0033291711000912
http://dx.doi.org/10.1111/j.1749-6632.2011.05990.x
http://dx.doi.org/10.1111/j.1749-6632.2011.05990.x
http://dx.doi.org/10.1523/JNEUROSCI.5587-06.2007
http://dx.doi.org/10.1016/j.biopsycho.2013.12.016
http://dx.doi.org/10.1016/j.biopsycho.2013.12.016
http://dx.doi.org/10.1016/j.biopsycho.2013.06.007
http://dx.doi.org/10.1006/nimg.1998.0359
http://dx.doi.org/10.1016/S0079-6123(05)50015-3
http://dx.doi.org/10.1093/brain/119.5.1587
http://dx.doi.org/10.1001/archpsyc.61.7.695
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Psychiatry/
http://www.frontiersin.org
http://www.frontiersin.org/Psychiatry/archive

	Neurobiology of sleep disturbances in PTSD patients and traumatized controls: MRI and SPECT findings
	Introduction
	Materials and Methods
	Subjects
	Diagnosis and Sleep Disturbances Score Computation
	MRI and Voxel-Based Morphometry
	SPECT and Symptom-Provocation Procedure
	Statistical Analyses

	Results
	Discussion
	Conclusion
	Acknowledgments
	References


