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Abstract 

Background: Posttraumatic stress disorder (PTSD), an anxiety disorder that can develop after exposure to psycho-
logical trauma, impacts up to 20 % of soldiers returning from combat-related deployment. Advanced neuroimaging 
holds diagnostic and prognostic potential for furthering our understanding of its etiology. Previous imaging studies 
on combat-related PTSD have focused on selected structures, such as the hippocampi and cortex, but none con-
ducted a comprehensive examination of both the cerebrum and cerebellum. The present study provides a complete 
analysis of cortical, subcortical, and cerebellar anatomy in a single cohort. Forty-seven magnetic resonance images 
(MRIs) were collected from 24 soldiers with PTSD and 23 Control soldiers. Each image was segmented into 78 corti-
cal brain regions and 81,924 vertices using the corticometric iterative vertex based estimation of thickness algorithm, 
allowing for both a region-based and a vertex-based cortical analysis, respectively. Subcortical volumetric analyses of 
the hippocampi, cerebellum, thalamus, globus pallidus, caudate, putamen, and many sub-regions were conducted 
following their segmentation using Multiple Automatically Generated Templates Brain algorithm.

Results: Participants with PTSD were found to have reduced cortical thickness, primarily in the frontal and tempo-
ral lobes, with no preference for laterality. The region-based analyses further revealed localized thinning as well as 
thickening in several sub-regions. These results were accompanied by decreased volumes of the caudate and right 
hippocampus, as computed relative to total cerebral volume. Enlargement in several cerebellar lobules (relative to 
total cerebellar volume) was also observed in the PTSD group.

Conclusions: These data highlight the distributed structural differences between soldiers with and without PTSD, 
and emphasize the diagnostic potential of high-resolution MRI.

© 2016 Sussman et al. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Background
Posttraumatic stress disorder (PTSD) is an anxiety dis-
order that can develop after exposure to psychological 
trauma, such as military combat. It is characterized by a 
cluster of emotional and behavioural symptoms, includ-
ing the inability to regulate memory, as well as difficulty 
with emotional processing, attention, and language. Its 
prevalence among soldiers returning from deployment 
in Afghanistan and the Middle East is estimated to be 
10–20  % [52]. Unfortunately, standard routine clinical 
brain imaging often shows no discernible evidence of any 
brain damage [40], and thus, cannot accurately validate 

the condition. Advanced neuroimaging holds diagnostic 
and prognostic potential that could help identify reli-
able structural biomarkers of PTSD that could help in 
treatment [45] and in understanding the aetiology of the 
disorder.

Previous structural neuroimaging studies have focused 
primarily on the prefrontal cortex [30], due to its role in 
inhibitory control, and the hippocampi [23, 32], due to 
their involvement in episodic memory and stress. How-
ever, results have been heterogeneous, with some show-
ing a bilateral volumetric reduction to the hippocampi 
[23, 24] and others failing to replicate such reduction [3, 
19, 26, 33, 39, 56]. This inconsistency in the literature may 
be due in part to the inclusion of a wide age range and the 
types of stressors that brought about PTSD in patients, 
as well as the use of control groups that are not always 
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matched on exposure to trauma, e.g., civilians compared 
to front-line soldiers.

Other brain structures have received comparatively 
less attention, but the available studies report a reduction 
in volume in the anterior cingulate cortex [29, 57], cau-
date [25], and insula [8, 25], as well as cortical thinning 
of the superior and middle frontal gyri, and the inferior 
and superior frontal gyri [22]. Studies have indicated that 
the cerebellum might also play a role in anxiety disorders 
[15]. Yet, to date, no study has been published on cerebel-
lar morphology in combat-related PTSD. The recent find-
ing of reduced cerebellar volume in paediatric patients 
with PTSD [16] highlights the need to determine the pos-
sible role of cerebellar changes in the adult condition. To 
the best of our knowledge, no single study investigated 
subcortical, cortical, and cerebellar neuroanatomy in a 
cohort of soldiers with PTSD. The current study provides 
thorough analyses of all of these brain structures, with 
high resolution Magnetic Resonance Imaging (MRI), 
comparing soldiers with PTSD with carefully-matched 
combat-exposed control soldiers without PTSD.

Methods
This study was approved by the Research Ethics Boards 
of The Hospital for Sick Children and Defence Research 
and Development Canada, and was conducted in accord-
ance with their guidelines. Written informed consent was 
obtained from all participants.

Participants
Forty-seven male active-duty soldiers from the Cana-
dian Armed Forces who served in Afghanistan were 
recruited to this study: 23 soldiers with a PTSD diagno-
sis (“PTSD” group: mean age ±  SD =  37.3 ±  6.8  years; 
range 26–48  years), while the remaining 24 soldier 
controls did not have PTSD (“Control” group: mean 
age ± SD = 32.9 ± 4.5 years; range 27–40 years).

Soldiers with PTSD were assessed using a semi-struc-
tured psychometric interview and diagnosed by a Cana-
dian Forces psychiatrist at a Canadian Forces Operational 
Trauma and Stress Support Centre and had the primary 
diagnosis of PTSD. Potential participants with PTSD 
were sent a letter inviting them to participate in the study, 
and their decision did not affect the care they received. 
In all participants with PTSD, onset of the disorder was 
traced to an operationally-related traumatic event (Cat-
egory A1). Co-morbid diagnosis in these participants 
included depression (69.5 %) and other anxiety disorders 
(18.2 %). Control soldiers were recruited through adver-
tisements posted at Canadian Forces bases in south-
ern Ontario. They were matched with participants with 
PTSD based on their years of military service, experi-
ence, and education levels, and were not included in the 

study if they had any co-morbid condition. Furthermore, 
they were screened to exclude a diagnosis of PTSD or 
childhood trauma. Whilst no explicit reports of Category 
A1 traumatic-events were recorded in the control group, 
they served in similar front-line combat roles, and were 
therefore assumed to have witnessed similarly stressful 
events as those who did develop PTSD.

Exclusion criteria for both groups included standard 
neuroimaging safety exclusions, uncorrected vision, hav-
ing any history of premorbid neurological, psychologi-
cal or psychiatric disorders, a history of traumatic brain 
injury (mild, moderate, or severe, and including concus-
sion which is considered a subtype of mild TBI), if they 
were taking anti-convulsant medications, benzodiaz-
epines and GABA antagonists, or had significant arte-
facts in their MRI scan. The Wechsler Abbreviated Scale 
of Intelligence (WASI) was also administered to all Con-
trol and PTSD group participants.

MRI acquisition
Structural brain images were collected from all soldiers 
using a 3T Siemens Trio MRI scanner (MAGNETOM 
Tim Trio, Siemens AG, Erlangen, Germany) with a 
12-channel head coil. A T1-weighted 3D sagittal mag-
netization-prepared rapid gradient echo (MP-RAGE) 
sequence was utilized, which provided 1  mm isotropic 
voxels, a FOV of 192 × 240 × 256 mm with a 256 × 256 
matrix and 192 slices. Sequence parameters included: 
TR = 2300 ms, TE = 2.96 ms, TI = 900 ms, and FA = 9°. 
During image acquisition head stabilization and motion 
restriction was attained using foam padding.

Image processing
Cortical analysis
The CIVET pipeline [62] was used for linearly registering 
all MRIs into a common 3-dimensional space, correcting 
for RF inhomogeneity artefacts [12, 50], and classifying 
cortical regions based on their physiological category: 
grey matter (GM), white matter (WM), and cerebrospi-
nal fluid [62]. This classification was conducted in a two-
step process; with (1) discrete tag points, and (2) partial 
volume information for the different tissue classes [31]. 
Grey and white matter surfaces were then produced with 
the Constrained Laplacian Anatomical Segmentation 
using Proximities (CLASP) method [31], and used in cal-
culating the cortical surface area (SA). A more accurate 
identification of grey and white matter surface boundary 
[31] was created by expanding the white matter surfaces 
until they reached the grey matter or cerebrospinal fluid 
surface boundary. The result was 4 surfaces (2 per hemi-
sphere) each containing 40,962 vertices. These surfaces 
were registered to the Montreal Neurological Institute 
International Consortium for Brain Mapping 152 (MNI 
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ICBM152) surface template, allowing results to be com-
pared between groups. Surface boundary distance was 
also utilized in computing the cortical thickness (CT), 
and together with SA, it was used in calculating the cor-
tical volume (CV) [28, 34]. CT was analysed both with 
a lobe-based approach, using the 78 brain regions seg-
mented using the AAL atlas [53], and with a vertex-based 
approach, using all 81,924 vertices.

Analysis of the hippocampi, cerebellum, and basal‑ganglia
The cerebellum, hippocampi, and basal ganglia were 
segmented in all MR images using the Multiple Auto-
matically Generated Templates (MAGeT) algorithm [7], 
which utilized manually segmented images as atlases. 
Five such atlases were used for the cerebellum and hip-
pocampi, and one atlas was used for the basal ganglia. 
An arbitrary subset of the MR images, which are desig-
nated as “templates”, are pair-wise registered to each of 
the atlases to create multiple anatomical segmentations 
(masks), yielding a template library consisting of 105 
labeled atlases per structure. These atlases are then aver-
aged, and the most frequently occurring segmentation 
label per voxel is retained, resulting in a more accurate 
final anatomical segmentation. This procedure is known 
as “voxel voting” [13]. The automatically segmented cer-
ebellar, hippocampi, and basal ganglia structures for each 
brain were thereafter used for calculating and comparing 
the average structural volumes between groups. Dividing 
the structural volumes by the total brain volume, as com-
puted through the sum of the grey matter, white matter 
and cerebrospinal fluid volumes in CIVET, yields a meas-
ure of the relative volume occupied by each structure.

The segmentation identified both the anatomical struc-
tures as well as sub-fields within those structures. Thir-
teen cerebellar sub-fields were segmented: lobule 1–2, 
lobule 3, lobule 4, lobule 5, lobule 6, Crus 1, Crus 2, lobule 
7b, lobule 8a, lobule 8b, lobule 9, lobule 10, white matter. 
Five hippocampal sub-fields were segmented: CA1, sub-
iculum, CA4/dentate gyrus, CA2/3, stratum radiatum/
lacunosum/moleculare. Finally, the thalamus, globus pal-
lidus, caudate, and putamen were segmented. Sub-fields 
in the right and left hemisphere were summed, and the 
combined volume is reported and compared between 
groups in the analyses.

Statistical analysis
Analysis of Variance (ANOVA) was used to test the 
dependence of total brain volume, GM volume, WM vol-
ume, CT, SA, CV, cerebellar and sub-cortical volumes 
on Group and Age. Multiple comparisons within each 
ANOVA were accounted for through the False Discov-
ery Rate (FDR) technique [2]. This technique was also 
used to correct the results of the vertex-based cortical 

thickness analysis. FDR values <15 % counted as signifi-
cant, and in those cases the specific values are quoted 
along with the results. Data values are reported in the 
form of mean ± standard deviation.

Results
IQ and cerebral parameters
 Shown in Table 1 are group averages for estimates of IQ 
(WASI) and cerebral parameters for both the PTSD and 
control groups, with inferential test-statistics for between-
groups comparisons. IQ was found to be significantly 
lower in PTSD than controls (t = −2.05, p < 0.05), whilst 
grey matter (GM) volume was significantly increased 
(t = 2.15, p < 0.05). Furthermore, mean cortical thickness 
was decreased in the PTSD compared with Control par-
ticipants (t = −2.63, p < 0.05). No significant differences 
were found in total brain volume, white matter volume, 
total surface area, or total cortical volume (p > 0.05).

Lobe‑based analysis
A lobe-based analysis of cortical thickness showed diffuse 
reduced thickness for the PTSD group compared with 
Controls in a wide variety of regions. The affected regions 
(those with significant differences) are listed in Table  2, 
along with their respective thicknesses and effect sizes (at 
either the FDR level <10 or <5 %). There was neither an 
age effect, nor surface area difference found between the 
groups (p > 0.05). The affected regions were mostly found 
in the frontal and temporal lobes, with no preference for 
laterality.

AAL‑guided analysis
Information about local differences within cerebral 
regions defined by the AAL atlas was computed using 
the vertex-based cortical-thickness analysis. This analy-
sis revealed significant group differences, indicating the 
presence of localized thinning in several regions. T-sta-
tistics maps of these results are accompanied by bar-
graphs shown in Fig.  1. Graphed regions (shown in the 
bar charts) include the left inferior parietal gyrus (1), the 
left superior motor areas (2), and the left superior tempo-
ral gyrus (3), which were thinner in the PTSD compared 
to the Control group (FDR < 10 %).

Sub‑cortical and cerebellar volumes
A volumetric analysis of sub-cortical and cerebellar 
structures revealed a number of significant differential 
effects when comparing our groups, with some regions 
showing decreased volume in PTSD, whilst others were 
larger in our clinical group. Specifically, the caudate was 
found to be significantly smaller in relative volume in 
the PTSD group (0.238 ±  0.023  %) compared with the 
Control group (0.252  ±  0.029  %), shown in Fig.  2. No 
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hippocampal region was found to be significantly differ-
ent between the groups, or the thalamus, putamen, or 
globus pallidus (all p’s > 0.05).

For the cerebellar structures, a significant group 
effect was observed for the relative volume of cerebellar 

lobules 7b, 8a and 8b, which were all significantly larger 
in relative volume in the PTSD compared with the Con-
trol group (FDR = 5–10 %), which is shown in Fig. 3. A 
group-by-age interaction effect was found for the relative 
volume of cerebellar lobules 3 and 5, Crus 1 and 2, the 

Table 1 IQ scores (WASI) and cerebral parameters for the PTSD and control groups, showing mean and ±1 standard devi-
ation, as well as inferential tests and p-values

Italics indicates significant differences between groups

* Significant differences between groups

N PTSD Control t‑Test statistic p‑value
23 24

WASI score 109.1 ± 13.5* 117.4 ± 14.2 −2.05 0.047

Total brain volume (10 × 5 mm3) 31.37 ± 2.13 31.07 ± 2.64 0.42 0.674

Grey matter volume (10 × 5 mm3) 14.24 ± 1.45* 13.35 ± 1.35 2.15 0.037

White matter volume (10 × 5 mm3) 9.95 ± 0.93 10.23 ± 1.12 −0.93 0.357

Total surface area (10 × 5 mm2) 1.93 ± 0.11 1.89 ± 0.16 0.83 0.412

Mean cortical thickness (mm) 3.20 ± 0.12* 3.28 ± 0.12 −2.63 0.011

Total cortical volume (10 × 5 mm3) 5.06 ± 0.43 5.14 ± 0.58 −0.51 0.61

Table 2 Cortical thickness in (mm) of regions showing significant group differences (with mean ±1 standard deviation)

There was no significant effect of age on any structure

Conical region Thickness in PTSD  
group (mm)

Thickness in control  
group (mm)

t‑Test statistic FDR (≤%)

Left precentral gyrus 2.84 ± 0.16 2.98 ± 0.16 3.05 5

Right precentral gyrus 2.71 ± 0.18 2.90 ± 0.18 3.67 5

Left superior frontal gyrus, dorsolateral 2.97 ± 0.16 3.09 ± 0.15 2.84 10

Right superior frontal gyrus, dorsolateral 2.92 ± 0.15 3.06 ± 0.15 3.29 5

Left middle frontal gyrus 3.05 ± 0.19 3.16 ± 0.15 2.29 10

Right middle frontal gyrus 3.02 ± 0.13 3.14 ± 0.13 3.08 5

Left supplementary motor area 3.27 ± 0.18 3.40 ± 0.17 2.57 10

Right supplementary motor area 3.25 ± 0.17 3.38 ± 0.17 2.79 10

Left superior frontal gyrus, medial 3.25 ± 0.16 3.37 ± 0.18 2.45 10

Right superior frontal gyms, medial 3.10 ± 0.15 3.22 ± 0.19 2.53 10

Left superior frontal gyrus, medial orbital 3.15 ± 0.15 3.25 ± 0.16 2.26 10

Right calcarine fissure and surrounding cortex 2.89 ± 0.15 2.99 ± 0.15 2.23 10

Left lingual gyrus 3.00 ± 0.11 3.11 ± 0.15 2.61 10

Left inferior occipital gyrus 3.06 ± 0.14 3.17 ± 0.19 2.32 10

Left postcentral gyrus 2.57 ± 0.13 2.70 ± 0.15 3.37 5

Right postcentral gyrus 2.53 ± 0.14 2.67 ± 0.14 3.43 5

Left supramarginal gyrus 3.20 ± 0.15 3.34 ± 0.19 2.71 10

Right angular gyrus 3.06 ± 020 3.19 ± 0.17 2.36 10

Right resell gyrus 3.26 ± 0.17 3.40 ± 0.19 2.67 10

Left superior temporal gyrus 3.21 ± 0.16 3.34 ± 0.15 3.07 5

Right superior temporal gyrus 3.23 ± 0.18 3.37 ± 0.17 2.67 10

Left temporal pole: superior temporal gyrus 3.83 ± 0.24 4.01 ± 0.21 2.74 10

Left middle temporal gyrus 3.24 ± 0.18 3.36 ± 0.15 2.65 10

Left temporal pole: middle temporal gyrus 3.66 ± 0.30 3.85 ± 0.24 2.28 10

Left inferior temporal gyrus 3.31 ± 0.17 3.42 ± 0.13 2.42 10

Right inferior temporal gyrus 3.32 ± 0.20 3.45 ± 0.15 2.45 10
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right cerebellum, as well as the total cerebellum volume. 
In all cases, the PTSD group had a smaller volumes com-
pared to those of the Controls.

Discussion
Summary
PTSD is a serious neuropsychiatric disorder with no 
established structural biomarkers for diagnosis. Thus 
far, neuroimaging studies have focused on either cor-
tical or subcortical structures, but did not conduct 

both of these analyses on a single cohort. The present 
study provides a thorough neuro-morphological evalu-
ation of total brain volume, cortical thickness, cortical 
surface area, as well as the relative volumes of the hip-
pocampi, caudate, globus pallidus, putamen, thalamus, 
and cerebellum. Results from soldiers with PTSD were 
compared to those from age- and experience-matched 
soldier controls. We found that the PTSD diagno-
sis is accompanied by a slight decrease in the IQ test, 
reduced cortical thickness, primarily in the frontal and 

Fig. 1 Group differences in AAL-guided cortical thickness analysis. Bar plots of the mean and ±1 standard error for cortical thickness in the regions 
from T-statistic maps highlighting regions with significant group effects of cortical thickness (PTSD n = 23, Control n = 24), as analyzed with a 
vertex-based analysis. Cool colours on the anatomical images indicate a relative thinning in the cortex for PTSD compared with Controls. The bar 
graphs of selected voxels are plotted, and show significant thinning in the left inferior parietal gyrus (1), the left superior motor area (2), and the left 
superior temporal gyrus (3); Asterisk denotes significant differences using unpaired t-tests with FDR = 10 %
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temporal gyri, decreased relative volumes of the cau-
date, but relative enlargement in several lobules within 
the cerebellum.

Behavioural
The WASI test showed a slightly yet significant lower 
average score for the PTSD group. While the WASI test 
is generally used for estimation of IQ, performance on it 
is susceptible to emotional state. Scores could be affected 
by heightened anxiety, or difficulty with attention and 
language. Since all of these are hallmarks of the PTSD 
disorder, it is not surprising that the PTSD group had a 
slightly lower score. The impact of PTSD symptomatol-
ogy has, in fact, been confirmed in the literature [44] 
and indicates that these lower test score should not be 

interpreted automatically as having a lower IQ, per se. 
However, some research has shown that higher premor-
bid IQ may help protect against the onset of PTSD in 
response to traumatic events [6].

Structural imaging
Cortical thickness (CT) was found to be thinner on aver-
age in the PTSD group. Since CT reflects the number, 
density, and size of neurons [9, 42], a reduction in CT 
may be interpreted as loss of dendritic spines or a change 
in the cortical mantle due to a decrease in neuronal num-
ber [22, 47]. A closer look at specific regions, using the 
lobe-based analysis, revealed that this thinning was pri-
marily affecting the frontal and temporal gyri. A previous 
study on CT of veterans with PTSD showed thinning in 

Fig. 2 Group differences in the relative volume of subcortical structures for PTSD and control soldiers (bar graphs show mean and ±1 standard 
error). Structural colour maps: blue caudate, green thalamus, purple putamen, orange globus pallidus. Significant differences (denoted by asterisk) 
were found in the caudate, with decreased relative volume in the PTSD compared with Control group. No other basal ganglia structure was found 
to be significantly different between the groups. Vertical axis of graphs shows relative volume in %
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Fig. 3 Group differences in the relative volume of cerebellar structures for PTSD and control soldiers (bar graphs show mean and ±1 standard 
error). Division colour maps: dark blue Lobule 1–2, light blue lobule 4, blue lobule 6, green lobule 9, purple lobule 7b, pink lobule 8a, orange lobule 8b. 
Significant differences between the groups (denoted by asterisk) were observed in the relative volume of the cerebellum in a number of regions, 
with enlargement found in lobules 7b, 8a and 8b in the PTSD compared with the Control group. Vertical axis of the graphs show relative volume  
in %
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the same gyri [22], confirming our observations. The role 
of these gyri in verbal learning and memory associates 
them with some cognitive deficits seen in this disorder 
[11, 55, 60].

Our cortical thickness analysis also showed thinning 
in the angular and lingual gyri. These are gyri that are 
known to play an integral role in organizing language 
and thoughts [4], which are key to performance on the 
WASI test and which could, therefore, also explain the 
lower test scores. A recent study on IQ scores and their 
neural correlates supports this speculation, as they found 
an association between CT of various regions, including 
the lingual gyrus, and scores on verbal and performance 
tasks [37]. The CT reduction in the angular gyrus could 
be attributed to diminished structural integrity, as sug-
gested by reports of reduction in fractional anisotropy 
as well as regional cerebral blood flow that were found in 
that gyrus in participants with PTSD [10, 46].

The result of cortical thinning of the precentral gyrus 
and supplementary motor area was interesting, as it 
has not been reported in the literature. Nonetheless, a 
functional-MRI study with PTSD participants revealed 
a significant decrease in activity in the dorsal attention 
system, which includes the precentral gyrus and supple-
mentary motor area [14, 38]. Such decrease in function 
manifests as difficulties with attention, as seen in this 
disorder. Due to the tight link between neural function 
and structure, reduced use could potentially explain the 
reduction in thickness in these areas [27]. However, this 
speculation needs to be investigated further in future 
studies.

The lobe-based analysis was further supplemented by 
a vertex-based analysis, which allowed identification of 
more localized changes in cortical thickness. This analy-
sis revealed thinning within a number of cortical regions. 
For example, the left superior frontal gyrus, which the 
lobe-based analysis found to be overall thinner in the 
PTSD, showed smaller regions of localized thinning scat-
tered across the gyrus. The lobe-based result reflects the 
effect of averaging of all local changes across the gyrus 
and, in this case, indicates that the thinning outweighed 
the thickening in extent and/or magnitude. In the case 
of other regions, including the precuneus and parahip-
pocampal gyri, while local variations in thickness were 
found with the vertex-based analysis, those were aver-
aged out in the lobe-based method, revealing insignifi-
cant differences in those regions. Thus, this indicates that 
there are numerous small-scale morphological changes 
across the cortex, which are responsible for the overall 
cortical thinning seen in PTSD soldiers.

Our hippocampal analysis revealed no significant 
reduction in the relative volume of the right and left hip-
pocampi. This finding is difficult to reconcile with some 

of the literature [23, 24, 35], which reports bilateral hip-
pocampal reduction. However, other studies of the hip-
pocampi in PTSD are inconsistent with this view failing 
to replicate such findings [3, 19, 26, 33, 39, 56]. This may 
be attributed to recruitment of participants with differ-
ent PTSD triggers (combat, abuse, accidents), number 
of exposures post the triggering event, age of onset and 
duration, severity of symptoms, exposure to medication, 
psychiatric treatment and the use of non-matched con-
trol groups. Future studies should attempt to isolate these 
various parameters and determine in what cases hip-
pocampal volume is altered in PTSD.

The subcortical analysis revealed relative volumet-
ric reduction of the caudate, and although the caudate 
has not received much attention in the literature, other 
studies have reported a decrease in its volume in PTSD 
[21, 25]. In contrast to these findings functional studies 
have reported normal caudate function in PTSD [18, 
43, 54]. In depression, a common co-morbid symptom 
in PTSD, an association was found between depres-
sion severity and lower caudate volumes [41]. Taken 
together, these findings suggest disruption to the reward 
processing circuitry, and are consistent with a theoreti-
cal model on the neurocircuitry of stress and anxiety 
disorders [25, 49], which posits that a hypoactive ven-
tromedial prefrontal cortex lacks sufficient inhibitory 
control/modulation of the amygdala. The amygdala, in 
turn, exhibits functionally-atypical responses that tend 
to be hyperactive in PTSD, and these aberrant circuitry 
interactions may be responsible for the heightened 
fear responses prevalent in the disorder. Whilst the 
directionality of the network effects that are responsi-
ble for abnormal responses in PTSD is unknown (in 
other words, whether the amygdala is solely overac-
tive, leading to relatively decreased frontal activity, or 
an underactive frontal region fails to suppress amygdala 
responses, or a combination of the two), this interplay 
between regions likely leads to the problems seen with 
heightened responsivity to threat and altered emotional 
control [36, 49].

The role of cerebellar function in PTSD has been inves-
tigated in the literature. Increased activation in the cere-
bellum was found in PTSD patients exposed to traumatic 
reminders [17, 20]. One study to examine the cerebellar 
morphology in PTSD was conducted on paediatric mal-
treatment-related PTSD subjects [16], and found that 
overall cerebellar volume was decreased. Another study, 
using voxel-based morphometry, reported greater gray 
matter density in the cerebellum of rape victims with 
PTSD compared to trauma-exposed healthy controls 
[51]. Our analysis would be consistent with the lat-
ter study, as we show a volumetric increase that was 
localized to lobules 7b, 8a–b. This difference may be 
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attributed to the age at exposure to the traumatic event 
and age of onset of PTSD. In childhood the cerebel-
lum is undergoing a rapid developmental change, which 
could potentially lead to an impact on its neurobiological 
and developmental processes. In general, our finding of 
larger cerebellar volumes in adult combat-related PTSD 
is novel. Lobules 7b and 8a–b play an important role in 
emotional processing [1], which is known to be affected 
in combat-related PTSD [52]. Future work should include 
measures of childhood trauma history in both groups, 
with and without PTSD.

In all of our analyses, we examined group-by-age inter-
action effects. Most notably we found such interaction in 
the case of the right and total cerebellar volumes, as well as 
in cerebellar lobules 3, 5, crus 1–2. The meaning of these 
results is not immediately clear, particularly as age did 
not correlate with age of onset of the disorder. A future 
study will attempt to elucidate this and shed light on the 
role of age of diagnosis as well as duration of the disorder 
as a function of neuroanatomical changes in PTSD. The 
paediatric study did see a correlation between duration of 
the trauma that led to the PTSD, age-of-onset of PTSD, 
and cerebellar volume [16]. Future studies should assess 
whether these also play a role in adult-onset PTSD.

Whilst not examined here, the role of stress-related 
neurochemical changes on brain structure and func-
tion has been investigated previously. It is theorised 
that increased stress-related glucocorticoid release may 
induce apoptosis and thus, a loss of neural tissue, which 
would lead to altered brain morphology, such as corti-
cal thinning (see [5, 58, 61] for a review). Functional 
changes, that could be a consequence of subtle structural 
abnormalities due to biochemical dysregulation, are also 
known in the disorder; these include altered catechola-
mine levels (that include dopamine and norepinephrine), 
modulating HPA axis response, leading to increases in 
fear conditioning and arousal states [48].

Limitations
These results should be interpreted with some caveats. 
First, it is possible that early life trauma could have at 
least in part contributed to the effects seen here. Whilst 
this was not quantitatively measured or explicitly con-
trolled for in our analysis, the CAF psychiatrist con-
ducting examinations of our cohort carefully screened 
potential participants, and ensured that those displaying 
potential PTSD symptomology could trace the nature 
of their triggering event was to a combat-related expe-
rience whilst on deployment. This psychiatric evalua-
tion would at least attenuate any confounding factor, as 
we can be confident the primary reason for developing 
PTSD was due to combat-related operations. In future 
studies, evaluation of lifetime trauma will be measured to 

categorically evaluate the contribution of such events to 
any observed structural effects.

Second, it is not possible to say whether psychologi-
cal stress due to experiential trauma is responsible for 
these morphological observations, and/or whether pre-
existing structural deficits are a contributing risk-factor 
for the disorder. Animal studies have shown that chronic 
stress leads to alterations in the structural properties of 
the vmPFC (see review [40]), and studies of non-com-
bat- and combat-exposed twins have shown that the pre-
morbid hippocampal volume might to explain variability 
in susceptibility to the disorder [23], although the fact 
we observed no differences in this region makes it diffi-
cult to reconcile with the literature. Other studies have 
shown that alterations in ACC structure are likely caused 
by trauma-exposure [30], and similarly, it is possible that 
combat-exposure leads to modifications of the anatomi-
cal properties, such as those observed here. Thus, we can-
not yet determine whether the anatomical effects reflect 
pre-morbid atypicalities that relate to the susceptibility of 
PTSD for those placed in stressful, military situations, or 
whether these effects are caused by such exposure.

Third, whilst the PTSD group did display evidence of 
secondary psychiatric symptoms, PTSD was defined as 
the primary diagnosis by the CAF psychiatrist. PTSD is 
a disorder based on clinical symptoms that include anxi-
ety (with until recently the disorder being classified as an 
anxiety disorder in and of itself ), and depression; there-
fore, if this PTSD group did not present higher scores on 
these disorder measures, it is not likely that they would 
have a PTSD diagnosis [59]. However, it is possible that 
the contribution of potentially confounding conditions 
may explain in part some of our findings.

Conclusions
Soldiers with PTSD were found to have altered brain 
morphology that included reduction in cortical thickness 
particularly in frontal and temporal regions, decreased 
relative volumes of the caudate, but relative enlargement 
in several lobules within the cerebellum. Future studies 
will evaluate the role of age-of-onset and duration of dis-
order on these brain structures.

Abbreviations
CLASP: Constrained Laplacian Anatomical Segmentation using Proximities; CT: 
cortical thickness; GM: grey matter; MAGeT: Multiple Automatically Gener-
ated Templates; MNI ICBM152: Montreal Neurological Institute International 
Consortium for Brain Mapping 152; MRI: magnetic resonance imaging; PTSD: 
posttraumatic stress disorder; WASI: Wechsler Abbreviated Scale of Intelli-
gence; WM: white matter.

Authors’ contributions
EWP, RJ, MJT conceived and designed the experiment. EWP, MJT performed 
the experiments. DS analysed the data. DS, EWP, RJ, BTD, MJT wrote paper. All 
authors read and approved the final manuscript.



Page 10 of 11Sussman et al. BMC Neurosci  (2016) 17:13 

Author details
1 Department of Diagnostic Imaging, The Hospital for Sick Children, 555 
University Avenue, Toronto, ON M5G 1X8, Canada. 2 Division of Neurology, 
Neuroscience and Mental Health Program, The Hospital for Sick Children, 555 
University Avenue, Toronto, ON M5G 1X8, Canada. 3 Directorate of Mental 
Health, Canadian Forces Health Services, Ottawa, ON, Canada. 

Acknowledgements
The authors thank the MRI technicians Ruth Weiss and Tammy Rayner, for all 
their support with data acquisition, Joel Pollock for assistance with graphic 
design, Jason Lerch for access to CIVET algorithm, Mallar Chakravarty for 
access to MAGeT algorithm, and Eric Vermetten for his helpful comments on 
the manuscript.

Availability of data and materials
Cognitive-behavioural outcomes are restricted due to the clinical nature of 
this study and the Defence Research and Development Canada Research Ethic 
Board restrictions on data availability. Neuroimaging data can be requested 
from Dr. Margot J. Taylor.

Competing interests
The authors declare that they have no competing interests.

Received: 27 October 2015   Accepted: 21 March 2016

References
 1. Adamaszek M, D’Agata F, Kirkby K, Trennert M, Sehm B, Steele C, 

Berneiser J, Strecker K. Impairment of emotional facial expression and 
prosody discrimination due to ischemic cerebellar lesions. Cerebellum. 
2014;13:338–45.

 2. Benjamini Y, Yekutieli D. The control of the false discovery rate in multiple 
testing under dependency. Ann Stat. 2001;29(4):1165–88 (Mathemati-
cal Reviews number (MathSciNet) MR1869245, Zentralblatt MATH 
identifier01829051).

 3. Bonne O, Brandes D, Gilboa A, Gomori JM, Shenton ME, Pitman RK, Shalev 
AY. Longitudinal MRI study of hippocampal volume in trauma survivors 
with PTSD. Am J Psychiatry. 2001;158(8):1248–51.

 4. Braun AR, Guillemin A, Hosey L, Varga M. The neural organization of 
discourse. Brain. 2001;124(10):2028–44.

 5. Bremner JD. Hypotheses and controversies related to effects of stress on 
the hippocampus: an argument for stress-induced damage to the hip-
pocampus in patients with posttraumatic stress disorder. Hippocampus. 
2001;11(2):75–81. doi:10.1002/hipo.1023 (discussion 82–4).

 6. Breslau N, Lucia VC, Alvarado GF. Intelligence and other predisposing fac-
tors in exposure to trauma and posttraumatic stress disorder: a follow-up 
study at age 17 years. Arch Gen Psychiatry. 2006;63:1238–45.

 7. Chakravarty MM, Steadman P, van Eede MC, Calcott RD, Gu V, Shaw P, 
Raznahan A, Collins DL, Lerch JP. Performing label-fusion-based segmen-
tation using multiple automatically generated templates. Hum Brain 
Mapp. 2013;34(10):2635–54.

 8. Chen S, Xia W, Li L, Liu J, He Z, Zhang Z, Yan L, Zhang J, Hu D. Gray mat-
ter density reduction in the insula in fire survivors with posttraumatic 
stress disorder: a voxel-based morphometric study. Psychiatry Res. 
2006;146(1):65–72.

 9. Chenn A, Walsh CA. Regulation of cerebral cortical size by con-
trol of cell cycle exit in neural precursors. Science (New York, N.Y.). 
2002;297(5580):365–9.

 10. Chung YA, Kim SH, Chung SK, Chae J-H, Yang DW, Sohn HS, Jeong J. 
Alterations in cerebral perfusion in posttraumatic stress disorder patients 
without re-exposure to accident-related stimuli. Clin Neurophysiol. 
2006;117(3):637–42.

 11. Clark CR, McFarlane AC, Morris P, Weber DL, Sonkkilla C, Shaw M, Marcina 
J, Tochon-Danguy HJ, Egan GF. Cerebral function in posttraumatic stress 
disorder during verbal working memory updating: a positron emission 
tomography study. Biol Psychiatry. 2003;53(6):474–81.

 12. Collins DL, Holmes CJ, Peters TM, Evans AC. Automatic 3-D model-based 
neuroanatomical segmentation. Hum Brain Mapp. 1995;3(3):190–208.

 13. Collins DL, Pruessner JC. Towards accurate, automatic segmentation of 
the hippocampus and amygdala from MRI by augmenting animal with a 
template library and label fusion. NeuroImage. 2010;52(4):1355–66.

 14. Corbetta M, Patel G, Shulman GL. The reorienting system of the human 
brain: from environment to theory of mind. Neuron. 2008;58(3):306–24.

 15. Critchley HD, Corfield DR, Chandler MP, Mathias CJ, Dolan RJ. Cerebral 
correlates of autonomic cardiovascular arousal: a functional neuroimag-
ing investigation in humans. J Physiol. 2000;523(Pt 1):259–70.

 16. De Bellis MD, Kuchibhatla M. Cerebellar volumes in pediatric 
maltreatment-related posttraumatic stress disorder. Biol Psychiatry. 
2006;60(7):697–703.

 17. Driessen M, Beblo T, Mertens M, Piefke M, Rullkoetter N, Silva-Saavedra A, 
Reddemann L, Rau H, Markowitsch HJ, Wulff H, Lange W, Woermann FG. 
Posttraumatic stress disorder and fMRI activation patterns of traumatic 
memory in patients with borderline personality disorder. Biol Psychiatry. 
2004;55(6):603–11.

 18. Elman I, Lowen S, Frederick BB, Chi W, Becerra L, Pitman RK. Func-
tional neuroimaging of reward circuitry responsivity to monetary 
gains and losses in posttraumatic stress disorder. Biol Psychiatry. 
2009;66(12):1083–90.

 19. Fennema-Notestine C, Stein MB, Kennedy CM, Archibald SL, Jernigan 
TL. Brain morphometry in female victims of intimate partner vio-
lence with and without posttraumatic stress disorder. Biol Psychiatry. 
2002;52(11):1089–101.

 20. Fernandez M, Pissiota A, Frans O, von Knorring L, Fischer H, Fredrikson 
M. Brain function in a patient with torture related post-traumatic stress 
disorder before and after fluoxetine treatment: a positron emission 
tomography provocation study. Neurosci Lett. 2001;297(2):101–4.

 21. Filipovic BR, Djurovic B, Marinkovic S, Stijak L, Aksic M, Nikolic V, et al. 
Volume changes of corpus striatum, thalamus, hippocampus and lateral 
ventricles in posttraumatic stress disorder (PTSD) patients suffering from 
headaches and without therapy. Cent Eur Neurosurg. 2011;72:133–7.

 22. Geuze E, Westenberg HGM, Heinecke A, de Kloet CS, Goebel R, Vermetten 
E. Thinner prefrontal cortex in veterans with posttraumatic stress disorder. 
NeuroImage. 2008;41(3):675–81.

 23. Gilbertson MW, Shenton ME, Ciszewski A, Kasai K, Lasko NB, Orr SP, Pitman 
RK. Smaller hippocampal volume predicts pathologic vulnerability to 
psychological trauma. Nat Neurosci. 2002;5(11):1242–7.

 24. Gurvits TV, Shenton ME, Hokama H, Ohta H, Lasko NB, Gilbertson MW, 
Orr SP, Kikinis R, Jolesz FA, McCarley RW, Pitman RK. Magnetic resonance 
imaging study of hippocampal volume in chronic, combat-related post-
traumatic stress disorder. Biol Psychiatry. 1996;40(11):1091–9.

 25. 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(2–3):139–45.

 26. Jatzko A, Rothenhofer S, Schmitt A, Gaser C, Demirakca T, Weber-Fahr W, 
Wessa M, Magnotta V, Braus DF. Hippocampal volume in chronic post-
traumatic stress disorder (PTSD): MRI study using two different evaluation 
methods. J Affect Disord. 2006;94(1–3):121–6.

 27. Johansen-Berg H, Behrens TEJ. Diffusion MRI: from quantitative measure-
ment to in vivo neuroanatomy. New York: Academic Press; 2009.

 28. Kabani N, Le Goualher G, MacDonald D, Evans AC. Measurement of 
cortical thickness using an automated 3-D algorithm: a validation study. 
NeuroImage. 2001;13(2):375–80.

 29. Karl A, Schaefer M, Malta LS, Dorfel D, Rohleder N, Werner A. A meta-
analysis of structural brain abnormalities in PTSD. Neurosci Biobehav Rev. 
2006;30(7):1004–31.

 30. Kasai K, et al. 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.

 31. Kim JS, Singh V, Lee JK, Lerch J, Ad-Dab’bagh Y, MacDonald D, Lee JM, Kim 
SI, Evans AC. Automated 3-d extraction and evaluation of the inner and 
outer cortical surfaces using a Laplacian map and partial volume effect 
classification. NeuroImage. 2005;27(1):210–21.

 32. Kitayama N, Vaccarino V, Kutner M, Weiss P, Bremner JD. Magnetic reso-
nance imaging (MRI) measurement of hippocampal volume in posttrau-
matic stress disorder: a meta-analysis. J Affect Disord. 2005;88(1):79–86.

 33. Kroes MCW, Rugg MD, Whalley MG, Brewin CR. Structural brain abnor-
malities common to posttraumatic stress disorder and depression. J 
Psychiatry Neurosci. 2011;36(4):256–65.

http://dx.doi.org/10.1002/hipo.1023


Page 11 of 11Sussman et al. BMC Neurosci  (2016) 17:13 

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

 34. Lerch JP, Evans AC. Cortical thickness analysis examined through power 
analysis and a population simulation. NeuroImage. 2005;24(1):163–73.

 35. Levy-Gigi E, Szabo C, Richter-Levin G, Kéri S. Reduced hippocampal 
volume is associated with overgeneralization of negative context in 
individuals with PTSD. Neuropsychology. 2014;29(1):151–61. doi:10.1037/
neu0000131.

 36. Liberzon I, Sripada CS. Stress hormones and post traumatic stress disor-
der basic studies and clinical perspectives. In: Progress in brain research, 
vol. 167. Elsevier; 2007. doi:10.1016/S0079-6123(07)67011-3.

 37. Margolis A, Bansal R, Hao X, Algermissen M, Erickson C, Klahr KW, Naglieri 
JA, Peterson BS. Using IQ discrepancy scores to examine the neural cor-
relates of specific cognitive abilities. J Neurosci. 2013;33(35):14135–45.

 38. Mueller-Pfeiffer C, Schick M, Schulte-Vels T, O’Gorman R, Michels L, 
Martin-Soelch C, Blair JR, Rufer M, Schnyder U, Zeffiro T, Hasler G. Atypical 
visual processing in posttraumatic stress disorder. NeuroImage Clin. 
2013;3:531–8.

 39. Pederson CL, Maurer SH, Kaminski PL, Zander KA, Peters CM, Stokes-
Crowe LA, Osborn RE. Hippocampal volume and memory performance in 
a community-based sample of women with posttraumatic stress disorder 
secondary to child abuse. J Trauma Stress. 2004;17(1):37–40.

 40. Pitman R, Rasmusson A, Koenen K, Shin L, Orr S, Gilbertson M, Milad M, 
Liberzon I. Biological studies of post-traumatic stress disorder. Nat Rev 
Neurosci. 2012;13:769–87.

 41. Pizzagalli DA, Holmes AJ, Dillon DG, Goetz EL, Birk JL, Bogdan R, Dough-
erty DD, Iosifescu DV, Rauch SL, Fava M. Reduced caudate and nucleus 
accumbens response to rewards in unmedicated individuals with major 
depressive disorder. Am J Psychiatry. 2009;166(6):702–10.

 42. Pontious A, Kowalczyk T, Englund C, Hevner RF. Role of intermedi-
ate progenitor cells in cerebral cortex development. Dev Neurosci. 
2008;30(1–3):24–32.

 43. Sailer U, Robinson S, Fischmeister FPS, König D, Oppenauer C, Lueger-
Schuster B, Moser E, Kryspin-Exner I, Bauer H. Altered reward processing 
in the nucleus accumbens and mesial prefrontal cortex of patients with 
posttraumatic stress disorder. Neuropsychologia. 2008;46(11):2836–44.

 44. Saltzman KM, Weems CF, Carrion VG. IQ and posttraumatic stress symp-
toms in children exposed to interpersonal violence. Child Psychiatry Hum 
Dev. 2006;36(3):261–72.

 45. Schmidt U, Kaltwasser SF, Wotjak CT. Biomarkers in posttraumatic stress 
disorder: overview and implications for future research. Dis Markers. 
2013;35(1):43–54.

 46. Schuff N, Zhang Y, Zhan W, Lenoci M, Ching C, Boreta L, Mueller SG, Wang 
Z, Marmar CR, Weiner MW, Neylan TC. Patterns of altered cortical perfu-
sion and diminished subcortical integrity in posttraumatic stress disorder: 
an MRI study. NeuroImage. 2011;54(Suppl 1):S62–8.

 47. Shaw P, Greenstein D, Lerch J, Clasen L, Lenroot R, Gogtay N, Evans A, 
Rapoport J, Giedd J. Intellectual ability and cortical development in 
children and adolescents. Nature. 2006;440(7084):676–9.

 48. Sherin JE, Nemeroff CB. Post-traumatic stress disorder: the neuro-
biological impact of psychological trauma. Dialogues Clin Neurosci. 
2011;13(3):263–78.

 49. Shin LM, Liberzon I. The neurocircuitry of fear, stress, and anxiety disor-
ders. Neuropsychopharmacology. 2010;35(1):169–91.

 50. Sled JG, Zijdenbos AP, Evans AC. A nonparametric method for automatic 
correction of intensity nonuniformity in MRI data. IEEE Trans Med Imag-
ing. 1998;17(1):87–97.

 51. Sui SG, Zhang Y, Wu MX, Xu JM, Duan L, Weng XC, Shan BC, Li LJ. Abnor-
mal cerebellum density in victims of rape with post-traumatic stress dis-
order: voxel-based analysis of magnetic resonance imaging investigation. 
Asia-Pac Psychiatry. 2010;2:129–35.

 52. Tanielian T, Jaycox LH, Adamson DM, Burnam MA, Burns RM, Caldarone 
LB, Cox RA, D’Amico EJ, Diaz C, Eibner C, Fisher G, Helmus TC, Karney 
BR, Kilmer B, Marshall GN, Martin LT, Meredith LS, Metscher KN, Osilla 
KC, Pacula RL, Ramchand R, Ringel JS, Schell TL, Sollinger JM, Vaiana ME, 
Williams KM, Yochelson MR. Invisible wounds of war: psychological and 
cognitive injuries, their consequences, and services to assist recovery. 
Santa Monica: RAND Corporation; 2008. http://www.rand.org/pubs/
monographs/MG720.html.

 53. Tzourio-Mazoyer N, Landeau B, Papathanassiou D, Crivello F, Etard O, 
Delcroix N, Mazoyer B, Joliot M. Automated anatomical labeling of activa-
tions in SPM using a macroscopic anatomical parcellation of the MNI MRI 
single-subject brain. NeuroImage. 2002;15(1):273–89.

 54. Vythilingam M, Nelson EE, Scaramozza M, Waldeck T, Hazlett G, Southwick 
SM, Pine DS, Drevets W, Charney DS, Ernst M. Reward circuitry in resilience 
to severe trauma: an fMRI investigation of resilient special forces soldiers. 
Psychiatry Res. 2009;172(1):75–7.

 55. Weber DL, Clark CR, McFarlane AC, Moores KA, Morris P, Egan GF. Abnor-
mal frontal and parietal activity during working memory updating in 
post-traumatic stress disorder. Psychiatry Res. 2005;140(1):27–44.

 56. Winter H, Irle E. Hippocampal volume in adult burn patients 
with and without posttraumatic stress disorder. Am J Psychiatry. 
2004;161(12):2194–200.

 57. Yamasue H, Kasai K, Iwanami A, Ohtani T, Yamada H, Abe O, Kuroki N, 
Fukuda R, Tochigi M, Furukawa S, Sadamatsu M, Sasaki T, Aoki S, Ohtomo 
K, Asukai N, Kato N. 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(15):9039–43.

 58. Yehuda R. Are glucocortoids responsible for putative hippocampal dam-
age in PTSD? How and when to decide. Hippocampus. 2001;11(2):85–9. 
doi:10.1002/hipo.1025 (discussion 82–4).

 59. Yehuda R. Post-traumatic stress disorder. N Engl J Med. 
2002;346(2):108–14.

 60. Yehuda R, Golier JA, Tischler L, Stavitsky K, Harvey PD. Learning and 
memory in aging combat veterans with PTSD. J Clin Exp Neuropsychol. 
2005;27(4):504–15.

 61. Yehuda R, Hoge CW, McFarlane AC, Vermetten E, Lanius RA, Nievergelt 
CM, et al. Post-traumatic stress disorder. Nat Rev Dis Primers. 2015. 
doi:10.1038/nrdp.2015.57.

 62. Zijdenbos AP, Forghani R, Evans AC. Automatic “pipeline” analysis of 3-D 
MRI data for clinical trials: application to multiple sclerosis. IEEE Trans Med 
Imaging. 2002;21(10):1280–91.

http://dx.doi.org/10.1037/neu0000131
http://dx.doi.org/10.1037/neu0000131
http://dx.doi.org/10.1016/S0079-6123(07)67011-3
http://www.rand.org/pubs/monographs/MG720.html
http://www.rand.org/pubs/monographs/MG720.html
http://dx.doi.org/10.1002/hipo.1025
http://dx.doi.org/10.1038/nrdp.2015.57

	Neuroanatomical features in soldiers with post-traumatic stress disorder
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Methods
	Participants
	MRI acquisition
	Image processing
	Cortical analysis

	Analysis of the hippocampi, cerebellum, and basal-ganglia
	Statistical analysis

	Results
	IQ and cerebral parameters
	Lobe-based analysis
	AAL-guided analysis
	Sub-cortical and cerebellar volumes

	Discussion
	Summary
	Behavioural
	Structural imaging

	Limitations
	Conclusions
	Authors’ contributions
	References




