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Abstract: Posttraumatic stress disorder (PTSD) is characterized by unwanted intrusive thoughts and
hyperarousal at rest. As these core symptoms reflect disturbance in resting-state mechanisms, we investi-
gated the functional and anatomical involvement of the default mode network (DMN) in this disorder.
The relation between symptomatology and trauma characteristics was considered. Twenty PTSD patients
and 20 matched trauma-exposed controls that were exposed to a similar traumatic event were recruited
for this study. In each group, 10 patients were exposed to military trauma, and 10 to civilian trauma.
PTSD, anxiety, and depression symptom severity were assessed. DMN maps were identified in resting-
state scans using independent component analysis. Regions of interest (medial prefrontal, precuneus,
and bilateral inferior parietal) were defined and average z-scores were extracted for use in the statistical
analysis. The medial prefrontal and the precuneus regions were used for cingulum tractography whose
integrity was measured and compared between groups. Similar functional and anatomical connectivity
patterns were identified in the DMN of PTSD patients and trauma-exposed controls. In the PTSD group,
functional and anatomical connectivity parameters were strongly correlated with clinical measures, and
there was evidence of coupling between the anatomical and functional properties. Type of trauma and
time from trauma were found to modulate connectivity patterns. To conclude, anatomical and functional
connectivity patterns are related to PTSD symptoms and trauma characteristics influence connectivity
beyond clinical symptoms. Hum Brain Mapp 37:589–599, 2016. VC 2015 Wiley Periodicals, Inc.
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INTRODUCTION

Post-traumatic stress disorder (PTSD) develops following
extreme stress or a traumatic event. Though initially PTSD
was thought to be associated only with combat-related
trauma, it has subsequently been recognized that PTSD can
occur in association with noncombat events [Naifeh et al.,
2008]. According to the Diagnostic and Statistical Manual
of Mental Disorders, Fifth Edition (DSM-V) (American
Psychiatric Association, 2013) two of the criteria for PTSD
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are intrusive, involuntary, “out-of-the-blue” memories and
continuous autonomic hyperarousal, which are indicative of
deficiency in regulatory resting mechanisms. PTSD is fre-
quently characterized by coexisting depression and anxiety
[Yehuda, 2002].

Brain connectivity, linking distinct units within a defined
nervous system, is crucial for elucidating how neural net-
works process information. Anatomical connectivity refers to
the structural connections between distinct regions by
means of the white matter fibers of the brain—the axons.
This is evaluated using Diffusion Tensor Imaging (DTI) and
fiber tractography. In contrast, functional connectivity is a sta-
tistical concept, capturing temporal correlations between
distributed and often spatially remote neuronal units [Fox
et al., 2005]. Unlike anatomical connectivity, functional con-
nectivity may change over short periods of time as diverse
brain units are recruited for performance of a specific task;
even resting-state connectivity is highly dependent on con-
text [Chen et al., 2009; Gonzalez-Castillo et al., 2014; and
see for example: Liang et al., 2009]. It should be noted that
functional connectivity does not imply an underlying struc-
tural model or directionality of the connections. Combining
both anatomical and functional modalities can enrich our
understanding of brain networks [Greicius et al., 2009].

The default mode network (DMN) is a network of brain
regions that preferentially activates when the brain is not
engaged in a specific attention-demanding or stimulus-
dependent task. This stimulus-independent mode has been
suggested to be involved in mental explorations based on
personal introspection, autobiographical memories, and
thoughts of the future. The four core regions comprising
the DMN are the medial prefrontal cortex (mPFC), the pre-
cuneus (often referred to as the posterior cingulate gyrus—
PCC), and the left and right inferior parietal lobules (IPLs)
[Buckner et al., 2008; Fox et al., 2005; Raichle et al., 2001].
Resting-state functional MRI (fMRI) is commonly used to
study these synchronous, non-stimuli-driven spontaneous
fluctuations in brain activity [Biswal et al., 1995]. Several
neuropsychiatric disorders are associated with abnormal
function of the DMN [Broyd et al., 2009; Whitfield-Gabrieli
and Ford, 2012], most frequently in relation to the involve-
ment of the DMN in personal introspection.

As the core symptoms of PTSD reflect disturbance in
resting-state mechanisms, one could reasonably hypothe-
size that the DMN plays a pivotal role in PTSD patho-
physiology. To date, few PTSD resting-state studies have
focused on brain structures that are associated with the
DMN, with reports of conflicting results of decreased and
increased connectivity within different regions of the net-
work [Peterson et al., 2014]. No robust conclusions could
be drawn from DTI studies examining DMN integrity in
this patient population [Daniels et al., 2013]. Imaging
results were also related to clinical symptoms [Herringa
et al., 2012; Sanjuan et al., 2013; Tursich et al., 2015].

Patients with PTSD exhibit severe emotional and physio-
logical responses to benign internal or external stimuli that

remind them of their traumatic experience. This suggests an
alteration in internal resting-state network function, render-
ing it less efficient in modulating these distractors [Menon,
2011]. Hypervigilance and intrusive thoughts, typical of
PTSD, may be perceived as a failure of the DMN to maintain
the “resting” state. We therefore hypothesize that patients
with PTSD will exhibit reduced functional connectivity
within the DMN (as reported by Sripada et al. [2012]) and
reduced microstructural integrity of the main fasciculus con-
necting the DMN regions, the cingulum (as reported by San-
juan et al. [2013]). We also expect to find an association
between functional connectivity and anatomical structure of
the fiber tracts comprising the DMN. We expect to demon-
strate a relationship between functional and structural
connectivity measures and patients’ symptomatology, and to
identify whether specific demographic characteristics are
related to function and structure of specific brain regions
within the DMN.

METHODS

Study Participants

Twenty patients (age range, 24–62 years; 3 women) with
PTSD, defined according to the DSM-IV-TR criteria, were
recruited from the psychiatric outpatient clinic of Hadassah
Hebrew University Hospital. Twenty control subjects (age
range, 25–68 years) who were exposed to a similar traumatic
event but did not develop PTSD, were matched to patients
for age, gender, and type of trauma (military or civilian), on
a subject-by-subject basis. Exclusion criteria for both groups
included symptoms or signs of psychosis or suicidality;
drug/alcohol abuse in the previous 6 months; past history
of brain injury, loss of consciousness or other neurological
disease; and a contraindication to undergoing MRI. This
study was in compliance with the Helsinki Declaration and
the Hadassah Hebrew University Medical Center Ethics
Committee approved the experimental procedure. Written
informed consent was obtained from all subjects.

Trauma and symptom assessment

All participants underwent assessment using the Structured
Clinical Interview for DSM-IV (SCID-CV) (First et al, 1996), as
the recruitment for our study was completed before publica-
tion of DSM-V. The severity of PTSD, depression, and anxiety
symptoms were assessed using the Clinician-Administered
PTSD Scale (CAPS) [Blake et al., 1995], Hamilton Depression
Rating Scale (HAM-D) [Hamilton, 1960], and Hamilton Anxi-
ety Scale (HAM-A) [Maier et al., 1988], respectively.

Data acquisition

MRI data were acquired on a 3-T scanner (Trio; Siemens,
Erlangen, Germany) using a 32-channel standard head-coil.
Anatomical MRI sequences included high-resolution
T1-weighted images (minimum echo time [TE], flip angle
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98, repetition time [TR] 5 2,300 ms, voxel size of 1 3 1 3

1 mm). Resting-state blood oxygenation level dependent
(BOLD) fMRI measurements were obtained with a
gradient-echo echo-planar imaging sequence using TR 5 2 s,
TE 5 30 ms, flip angle 5 908, imaging matrix 5 64 3 64,
FOV 5 192 3 192 mm, 37 slices, 3 mm each with 0.8 mm
gap and 240 repetitions. Subjects were instructed to lie with
their eyes closed and to remain awake.

DTI data were acquired using a diffusion-weighted
imaging sequence (single-shot, spin-echo, TE 5 94 ms,
TR 5 7,127–8,224 ms, FOV 5 260 3 260 mm, matrix 5

128 3 128, 52–60 axial slices, 2-mm-thick slices, b 5 0 and
b 5 1000 s/mm2). The high b-value was obtained by apply-
ing gradients along 64 different diffusion directions,
including 2 averages.

Data analysis

fMRI data analysis was performed using BrainVoyager
Qx (Brain Innovation, Maastricht, The Netherlands, 2000).
Head motion correction and high-pass temporal filtering
in the frequency domain (3 cycles/total scan time) were
applied in order to remove drifts and to improve the
signal-to-noise ratio. As motion did not differ between
groups (mean for patients: 1.7 mm, for controls: 1.2 mm;
paired t-test: p 5 0.238) motion parameters were not
included in analysis. Functional images were registered
and incorporated into the three-dimensional data sets
through trilinear interpolation. The complete data set was
transformed into Talairach space (Talairach and Tournoux,
1988). Talairach coordinates and atlas were used for ana-
tomical labeling.

Data were analyzed using Independent Component Anal-
ysis (ICA) [Hyvarinen and Oja, 2000], a robust data-driven
method for extracting resting-state networks (RSNs) [van de
Ven et al., 2004]. Thirty spatially independent components
were identified for each subject using BrainVoyager Qx’s
default parameters (30 components, tan h nonlinearity func-
tion, and 1,000 iterations). The component results were
scaled to z-scores, which reflect the degree to which the vox-
el’s time course correlates with the time course correspond-
ing to the specific ICA component. Maps were threshold at
z 5 2, assigned to every voxel in the brain.

For each subject, a trained observer identified the com-
ponent most similar to the DMN as defined in Weissman-
Fogel et al. [2010]. This selection was then validated using
self-organizing group ICA [Esposito et al., 2005; Goebel
et al., 2006], performed using the BrainVoyager QX sog-
ICA plugin (Brain Innovation, Maastricht, Netherlands).
Briefly, the sog-ICA plugin identifies spatial patterns that
are common across subjects and clusters the components
in a subject space while addressing the intersubject vari-
ability as much as possible.

Group maps were created for patients and control
subjects separately, and the most similar DMN map was
selected for each group by a second trained observer.
There was a strong correlation between the maps selected

by the first observer and the individual maps contributing
to the DMN group maps. In the few cases of mismatch,
the second observer compared the two options, and, in all
cases chose the map selected by the first observer.

For each subject, from the individual DMN maps,
regions significantly connected to the network (z> 2) in
the mPFC, the precuneus and bilateral IPLs were defined
as regions of interest (ROIs). Average z-scores were
extracted from these 4 ROIs and used for statistical analy-
sis. The average time course was extracted from each ROI
for each subject individually and was used to calculate the
correlation between the resting activities in the regions.

Z-scores maps were also used for the full brain
between-group t-test (p< 0.05). In order to correct for mul-
tiple comparisons, cluster-size threshold (1,188 voxels),
based on Monte-Carlo simulation (p< 0.05) was used.

DTI image processing and analysis was performed using
the mrVista package http://vistalab.stanford.edu/software.
Preprocessing included removing Eddy current distortions
and subject motion. Data was registered and aligned to the
T1 image using mutual information algorithm. As the cingu-
late is the major fiber bundle involved in emotional process-
ing, we chose to focus on the part of this bundle that
connects the DMN regions. Fiber tractography was used to
delineate the cingulate in each patient. Fiber tracking was
performed using the Contrack algorithm [Sherbondy et al.,
2008], a probabilistic algorithm designed to identify the
most likely pathway between two ROIs. The mPFC and the
precuneus regions, as defined by the functional resting-state
analysis (above), were used as seed regions.

Contrack was set to generate a set of 50,000 candidate
pathways, and the top 20% (10,000) were selected. A few
clearly misidentified fibers were eliminated by visual
inspection.

Diffusivity measurements: The tensors were fitted using a
least-squares algorithm. The eigenvalue decomposition of
the diffusion tensor was computed. Measures of the mean
diffusivity (MD), fractional anisotropy (FA), and diffusion
parallel to (kk, AD) and perpendicular to (k?, RD) the
principal fiber direction was derived.

Diffusivity measurements along the tract and the core fiber
analysis: In order to avoid partial voluming with nonwhite
matter, diffusion measurements were taken near the dense
core of the fibers. Diffusion at the core was estimated by
combining data in a weighted fashion, assigning greater
weight to voxels that are close to the core of the estimated
tract [Yeatman et al., 2012]. Diffusion measures along the
tract were resampled at 50 positions, calculating MD, FA,
AD, and RD at each of these nodes. In this way, measures
throughout the length of the fiber could be combined
across different subjects. Additionally 5 points were
removed from the beginning and end of the fiber.

Statistical analysis

Various statistical tools were used. T-test, analysis of
variance (ANOVA), and multivariate analysis of variance
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(MANOVA) were used to compare patients to controls
and evaluate the effect of trauma. General linear model
(GLM) regression was used to evaluate the correlation
between connectivity measures and demographic charac-
teristics and clinical scores. The exact test is stated in the
relevant result section. Bonferroni correction was used in
analyses that employed multiple regressions (comparing
different ROIs or diffusion properties).

RESULTS

Patients’ Characteristics

Patients were heterogeneous in terms of both back-
ground and clinical characteristics (Table I). In each group
(PTSD and controls) 10 patients were exposed to the trau-
matic event in the military while the other 10 had a civil-
ian trauma. One patient from the PTSD-civilian trauma
subgroup was excluded due to intensive motion during
the MRI session. Thus, analyses included 19 patients and
20 control subjects.

Participants (from both groups) that suffered military
trauma served in the Israel Defense Force (IDF) for at least
3 years. They reported one severe trauma which served as
the index trauma. However, within this group, we could
not rule out additional stressful events that occurred dur-
ing military service. Most participants (from both groups)
suffering from civilian trauma were survivors of motor
vehicle accidents; one patient in each group (PTSD and
controls) was exposed to a terrorist attack. In order to
reduce heterogeneity in our cohort, we did not recruit
patients with childhood trauma and sexual abuse.

The time from trauma varied from recent (2–3 years, 7
patients) to prolonged duration (up to 40 years post-
trauma), with an average of 13.5 years postexposure
(standard deviation [sd] 11.8). CAPS scores were in the
full PTSD range (54–171, average 111.95, sd 32.92) and
reflect the more severe end of the PTSD spectrum. The
majority of our patients group (14/19) had comorbid diag-
nosis at the time of the study, mainly major depression
(n 5 12). Six patients had panic disorder and 2 suffered
from generalized anxiety disorder. Two patients had past
substance abuse problems (at least 2 years prior to their

participation in the study). Comorbidity measures can be
found in HAM-A and HAM-D results (Table I).

Sixteen out of 19 PTSD patients (84%) were taking psy-
chotropic medications at the time of MRI. About 80% were
receiving antidepressants for either depression or anxiety
symptoms and 35% were receiving antipsychotics as major
tranquilizers or for antidepressant augmentation. One
patient (5%) was receiving mood stabilizer for impulse
control and hypervigilence symptoms. Thirty seven per-
cent were taking benzodiazepines for sleep disturbance
and anxiety symptoms.

None of the control participants met criteria for any psy-
chiatric disorder.

Comparing the demographic characteristics of PTSD
patients with civilian and military trauma showed a signifi-
cant difference in age (younger for the civilian p< 0.05) and
time from trauma (shorter for the civilian, p< 0.0005). In
MANOVA with CAPS, HAM-A and HAM-D as dependent
measures and type of trauma as a between-group factor,
there was a significant effect for trauma type (F (3,
15) 5 6.04, p< 0.01). All clinical measures were elevated in
PTSD patients who were military trauma survivors;
although in post-hoc analysis, none of the clinical measures
were significant. Moreover, regression analysis showed that
time from trauma could be predicted by clinical symptoms
(F (3, 15) 5 4.7, p< 0.02) and the factors significantly contrib-
uting to the model were CAPS (p< 0.02, t 5 2.64) and the
HAM-D (p< 0.005, t 5 23.41).

Functional Connectivity: Between-Group

Differences

For all patients and controls, we identified a map that
was similar to the expected DMN. Group ICA maps of
patients and controls were similar, and between-group t-
test of the ICA maps did not show any between-group dif-
ferences in DMN regions (Fig. 1A and Table II). ROI anal-
ysis comparing the z-scores (measuring the similarity of
the time-course in each voxel to the component of the net-
work) in the four predefined DMN ROIs failed to detect
between-group differences in any of the regions (paired
t-test: mPFC, precuneus, left IPL p> 0.1, right IPL
p 5 0.096). Similarly no between-group differences were
found when comparing the correlation between the time
courses of pairs of DMN ROIs (p> 0.1 for all pairs;
uncorrected).

Though ROI analysis did not detect significant differ-
ence within the DMN regions that were selected, analysis
of the DMN components at the whole map level identified
between-groups differences in others regions, i.e., regions
showing differences in their connectivity to the DMN but
are not considered part of it (Fig. 1B). Differences were
located in the premotor cortex, lateral prefrontal cortex,
and posterior frontal medial regions, all in the right
hemisphere (p< 0.05 cluster size corrected). Analysis of
the z-scores shows that the effect is driven by negative

TABLE I. Patients’ characteristics

Age
Years from

trauma Military CAPS HAM-A HAM-D

Patients 41.11 13.53 10/20 111.95 19.84 23.32
Sd. 11.74 11.8 32.92 11.07 10.07
Controls 42.2 13.9 10/20 2.35 0.8 0.55
Sd. 13.79 13.33 6.77 1.4 1.77

CAPS, Clinician Administered PTSD Scale; HAM-A, Hamilton
Anxiety Scale; HAM-D, Hamilton Depression Rating Scale.
Sd., standard deviation.
Grades for all subjects were within normal range.
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correlations between these regions and the activity pattern
in the DMN.

Functional Connectivity: Correlation

with Demographic Factors

Demographic factors including subjects’ age, sex, time
from trauma, and type of trauma together with a dummy
variable of the existence of PTSD significantly predicted
the connectivity z-scores in the right parietal region
(F (5,33) 5 3.32, p< 0.02, uncorrected; p 5 0.062, corrected);
factors that contributed significantly were type of trauma
(p< 0.025) and time from trauma (p< 0.04) (Fig. 2A). The
existence of PTSD variable was not significant (p 5 0.1). No
significant effect was found in the other regions of the
DMN.

Figure 1.

Functional connectivity results. The average DMN as defined using group-ICA for Controls and

PTSD patients is presented in A on an axial slice. Maps are highly similar and no significant

between-groups differences were found within the DMN regions. Between-groups differences

were found in regions beyond the DMN (B). In these regions, connectivity to the DMN regions

was significantly decreased in PTSD patients.

TABLE II. Region of interest details

Region

Talairach coordinates

# voxels Average z-scoreX Y Z

Controls
Left IPL 244.56 269.15 27.15 7025 3.8
Right IPL 44.23 265.53 25.25 6137 3.94
Precuneus 22.73 253.61 19.81 24572 4.55
mPFC 22.09 45.62 23.34 38518 3.89
Patients
Left IPL 243.63 268.92 29.43 5890 3.73
Right IPL 43.9 263.12 28.87 7605 3.79
Precuneus 22.13 256.05 24.34 26956 4.39
mPFC 27.04 42.63 23.96 27347 3.85

IPL, inferior parietal lobe; .mPFC, medial prefrontal cortex.
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Functional Connectivity: Correlation

with Clinical Data

Regression analysis showed that z-scores in the prede-
fined DMN ROIs together with age predict clinical symp-
toms. The CAPS scores were significantly predicted (F (5,
13) 5 5.185, p< 0.03 corrected); factors that contributed sig-
nificantly were age (p< 0.0035, t 5 3.57) and the right IPL
region (p< 0.0011, t 5 4.185). The HAM-A scores were sig-
nificantly predicted (F (5, 13) 5 7.154, p< 0.01 corrected); fac-
tors that contributed significantly to the model were age
(p< 0.001, t 5 4.267), the precuneus (p< 0.04, t 5 22.284),
the mPFC (p< 0.0073, t 5 3.179), and the right IPL (p<
0.0039, t 5 3.514). The HAM-D scores were significantly pre-
dicted (F (5, 13) 5 3.967, p 5 0.063 corrected); factors that
contributed significantly to the model were age (p< 0.028,
t 5 2.485), the precuneus (p< 0.02, t 5 22.69), and the right
IPL (p< 0.0021, t 5 3.837). While age and z-scores in the right
IPL and mPFC positively contributed to the prediction of
HAM-D, the z-score in the precuneus was negatively
related. A similar pattern was found when analyzing the
correlations between the time courses in the different
regions.

Anatomical Connectivity: Between-Group

Differences

The fibers connecting the mPFC and the precuneus were
reconstructed for all patients and control subjects (Fig. 3A).
Fibers were identified in the left hemisphere for all subjects

and in the right hemisphere for all but two subjects (one
patient and one control). Two-way ANOVA (with repeti-
tions) was used to evaluate the influence of group and hemi-
sphere on diffusion properties. An effect of hemisphere was
found only for the MD property (F (17, 1) 5 2; p< 0.04
uncorrected) and no effect of group or interaction was iden-
tified. As there was no interaction between hemisphere and
group, all further analyses were performed on the average
of the fibers from both hemispheres.

Evaluation of the differences between the groups along
the pathway failed to identify any differences between the
groups (for example, the FA, Fig. 3B). However, a small
difference in AD values was evident toward the posterior
part of the fiber, but this did not persist after correction
for multiple comparisons (p 5 0.048 at point 39) (Fig. 3C).
Therefore, for further fiber microstructural analysis, we
included the average of the diffusion along the whole
fiber, in addition to the average of the diffusion properties
in the posterior third of the fiber (points 32–43) (Fig. 3D).

No significant difference between patients and control
subjects was found in the average of any of the diffusion
measures evaluated; the absence of a significant difference
was seen in evaluation of the full fiber and when focusing
on the posterior third of the fiber.

When performing analysis separately for military and civil-
ian trauma survivors, we identified a significant between-
group difference in AD values in the posterior third of the
fiber (Fig. 2B). Although fiber properties were similar
for military survivors, irrespective of clinical symptoms
(p 5 0.76), AD values were significantly higher in survivors of

Figure 2.

The influence of type of trauma on functional and anatomical

measures. Functional connectivity in right IPL can be predicted

by type of trauma and time from trauma (A); anatomical con-

nectivity shows an interaction effect of trauma and clinical con-

dition; AD values in the posterior part of the DMN cingulate

fibers differ between patients and controls who are survivors of

civilian trauma but not for survivors of military trauma (B).

[Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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civilian trauma who developed PTSD compared with
trauma-matched controls (t (8) 5 25.85, p< 0.002 corrected).
A two-way between-group ANOVA with repeated measures
showed that while no main effect of group (PTSD or controls)
or type of trauma was found, there was a significant interac-
tion between factors (F (1,32) 5 4.52, p< 0.042). No other
significant effect of type of trauma was found.

Anatomical Connectivity: Correlation

with Clinical Data

Both FA and RD of the posterior third of the fiber were
correlated with CAPS in PTSD patients, with negative and
positive correlations identified, respectively (FA: R2 5 0.27,
t 5 22.51, p< 0.023 uncorrected; RD: R2 5 0.24, t 5 2.29,

p< 0.035 uncorrected). No other significant correlations
were found.

Correlation Between Anatomical and

Functional Connectivity

Z-scores in mPFC were positively correlated with the
averaged AD value for the full fiber (R2 5 0.11, t 5 2.1,
p< 0.044 uncorrected). Further analysis revealed that this
effect was driven by patient group (R2 5 0.43, t 5 3.6,
p< 0.048 corrected), with no significant correlation observed
in the control group (R2< 0.01) (Fig. 4). A similar pattern
was seen for the FA (patients: R2 5 0.23, t 5 2.24, p< 0.039,
uncorrected; controls: R2< 0.01).

Figure 3.

Anatomical connectivity results. The fibers connecting the PFC

and the precuneus from one patient are presented on a sagittal

and axial background (A). Analysis of the FA along the tract did

not show any between-group differences (B); PTSD patients in

dashed red, controls in solid black. Between-group differences in

AD properties were found in a small part of the fiber, that was

no longer significant after correction for multiple comparisons

(C); PTSD patients in dashed red, controls in solid black. Panel

D presents the significance of the between-group difference

along the fiber; values from the posterior third of the fiber are

included in the analysis (marked in light blue in C).

r Anatomical and Functional Connectivity in PTSD r

r 595 r



DISCUSSION

Our results demonstrate similar functional and anatomi-
cal connectivity patterns in the DMN of PTSD patients
and trauma-exposed control subjects. Both functional and
anatomical connectivity parameters were highly correlated
with clinical measures. Coupling between the anatomical
and functional properties was evident only in the PTSD
patient cohort. Type of trauma and time from trauma
modified functional connectivity in patients as well as con-
trols, and the effect of PTSD on anatomical connectivity
was differently modulated by the type of trauma.

Functional and Anatomical Connectivity

Patterns Do Not Differ Between PTSD

Patients and Controls

Unlike our hypothesis, we found similar functional con-
nectivity patterns in PTSD and trauma-exposed controls
within the default mode. These findings concur with those
of a Chinese earthquake survivors’ study, which reported
that the impact of trauma on brain activity was independ-
ent of PTSD symptom development [Lui et al., 2009]. In
contrast, altered connectivity patterns have been described
in military veterans with PTSD [Sripada et al., 2012] and
in women suffering from early continuous assault [Bluhm
et al., 2009; Cisler et al., 2013]. We suggest that these dif-
ferences may be explained by trauma characteristics; our
study included both survivors of military and civilian
trauma, while patients exposed to child abuse or sexual
assault were not included in this study and the age of
exposure, gender, and intensity of the events (single event

vs early repeated trauma, etc.) were different from those
of women suffering from early continuous sexual assault.

Similar anatomical connectivity measures, as expressed by
the cingulum properties, were found for patients and con-
trols. However, when limiting analysis to civilian trauma
survivors, a difference between patients and controls was
observed for the AD measure in the posterior third of the
cingulum. Several other studies reported between-group
differences albeit with contradicting results [Abe et al.,
2006; Fani et al., 2012; Kim et al., 2006]. As our results sug-
gest the influence of type of trauma on anatomical connec-
tivity, diversity in results may be partly explained by the
differences in types of trauma survivors included in the
studies. Moreover the difference between previously
reported results and our results may be explained by differ-
ences in fiber definitions; while other studies used anatomi-
cal measures to define the cingulum bundle and relate to
the fibers as a whole, we used individually defined func-
tional regions to specifically reconstruct the fibers connect-
ing the DMN regions, thereby focusing on a subset of the
cingulate bundle that is part of the default mode network.

Connectivity Patterns are Related to

Clinical Symptoms

While connectivity measures did not differ between
patients and controls, coupling between connectivity meas-
ures and clinical symptoms was evident, in accordance
with our hypothesis. The correlation between PTSD symp-
tom severity and functional connectivity patterns has previ-
ously been reported by other groups [Cisler et al., 2013;
Lanius et al., 2010a; Qin et al., 2012]. Our results support

Figure 4.

The correlation between functional and anatomical connectivity. Correlation between the

z-scores in the PFC and the AD values in the cingulum were found in PTSD patients (A in red

squares) and not in control subjects (B in black circles). [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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this correlation and also demonstrate the contribution of
anxiety and depression symptoms, a frequent aspect of
PTSD phenomenology.

Within the regions of the DMN, only the z-scores in the
right IPL were related to PTSD symptoms. Furthermore,
positive correlations with both anxiety and depression
scores were evident for the right IPL. The involvement of
the right IPL in PTSD was previously demonstrated using
several other methods including fMRI during script read-
ing provocation [Lanius et al., 2004], EEG [Metzger et al.,
2004], and MEG [Engdahl et al., 2010]; perfusion in this
region was found to be correlated with severity of depres-
sion symptoms in major depressive disorder patients
[Orosz et al., 2012].

The connectivity level of the mPFC was positively
related to anxiety. Dysfunction in the mPFC in response to
stress and traumatic reminders as part of the pathophysi-
ology of PTSD was suggested in several recent fMRI stud-
ies [Bremner et al., 2008; Damsa et al., 2009], in association
with fear regulation [Maroun, 2013], control, and suppres-
sion of emotional responses in general [Herringa et al.,
2013] and contextualization [Liberzon and Sripada, 2008].

The connectivity level of the precuneus, which is consid-
ered to be involved in self-referential activity, was negatively
correlated to anxiety and depression symptomatology.
The involvement of the precuneus in PTSD was previously
demonstrated [Lanius et al., 2004; Shu et al., 2014; Xiong
et al., 2013].

The precuneus is considered the central hub of the
DMN [Utevsky et al., 2014]. Connectivity between the pre-
cuneus and other regions of the DMN may be involved in
initiating and maintaining a “resting state” by preventing
penetration of intrusive stimuli into consciousness, thus
downregulating emotional responses. Therefore, we would
expect to find a negative correlation between the connec-
tivity level of this region and behavioral measures.

Our anatomical connectivity results show that the severity
of PTSD symptoms is related to increase FA along the cing-
ulum. As increased FA reflects fiber integrity our results
show that quality of anatomical connectivity is positively
correlated with the strength of PTSD symptoms. This is in
contrast with our expectation of finding reduced micro-
structural integrity reflecting malfunctioning of the DMN in
modulating external distractors. This discrepancy may be
resolved by an alternative interpretation of the core symp-
toms of PTSD. We suggest that hypervigilance and intru-
sive thoughts should be addressed as “resting-state”
constituents, exemplifying introspection and self-referential
thoughts, rather than external, stimulus-driven distractors.

Coupling Between the Anatomical and

Functional Properties is Evident Only

in PTSD Patients

A direct correlation between anatomical and functional
measures was found only in PTSD patients. A similar result

was reported showing a linkage between regional cerebral
blood flow (rCBF) in DMN regions and DTI in male veterans
with PTSD that was not seen in controls [Schuff et al., 2011].
One possible explanation is that PTSD creates a common
manipulating factor that dominates both functional and ana-
tomical connectivity patterns in a diseased brain. In control
patients, no such factor exists and therefore there is greater
diversity between the different measures.

Trauma Type and Time from Trauma were

Found to Modulate Connectivity Patterns

Given that trauma characteristics influence not only clini-
cal symptoms but also brain connectivity, even in healthy
controls, our results stress the importance of controlling for
trauma type in studying PTSD. Differences in the clinical
course between civilian and military trauma were previ-
ously suggested to stem from gender bias, state of arousal,
anticipation of the occurrence of trauma, the contextual
meaning, and differences in community support availability
[Jovanovic et al., 2012; Yehuda et al., 2010]. These factors
may explain the existing diversity in the PTSD literature
regarding brain connectivity patterns.

LIMITATIONS

It should be noted that the resting state of PTSD patients
may differ from controls since PTSD is characterized by
intrusive thoughts that do not allow “true” rest. Thereby it
is unclear whether functional results reflect differences in
brain connectivity or differences in performance. However,
as similar results were found using anatomical connectiv-
ity, we believe that our results reflect inherent altered
DMN connectivity patterns.

The relatively high CAPS score of our patient cohort
indicates that patients were severely ill. However, as our
results show a correlation between brain connectivity and
symptom severity, they may be extended to patients with
PTSD of milder severity. Our PTSD group included mainly
males, but gender was taken into account in the regression
analysis.

Finally, in accordance with what has previous been
reported in the literature [Lanius et al., 2010b], our cohort
mainly included patients who were under medical treat-
ment, thus it was not feasible to ascertain the relative con-
tribution of medication to the results.

CONCLUSIONS

Our study did not detect unique DMN functional and
anatomical connectivity patterns characteristic for PTSD
patients; nevertheless, strong relationship between clinical
symptoms of PTSD and both functional and anatomical
connectivity was found. Moreover, distinctive link
between anatomical and functional measures was shown
in the PTSD patients.
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We believe that using both modalities for data acquisi-
tion in PTSD is critical to enhance our understanding of
the malfunctioning brain networks in this challenging dis-
order. Our preliminary results regarding the influence of
trauma type demonstrate the significant effect of the spe-
cific circumstances of the trauma on brain function and
contribute to understanding the interactions between dif-
ferent brain components involved in PTSD.

Among mental disorders, PTSD has a unique advantage
for studying the interaction between environment and
biology. Our findings suggest that further research is
needed, studying larger and more homogenous sample
groups, in terms of demographics, trauma type, and time
from trauma. This will highlight the importance of the
environment, i.e., trauma type, on pathophysiology, i.e.,
connectivity strength in the DMN which allows for self-
reflection and the internal regulation of emotion.
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