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A B S T R A C T   

Post-traumatic stress disorder (PTSD) is a prevalent psychiatric disorder, particularly among military personnel 
and veterans. Cortical gyrification, as a specific metric derived from structural MRI, is an index of the convoluted 
folding and patterning of the gyri and sulci, and is thought to facilitate the efficiency of local neuronal wiring. It 
has the potential to act as a neurobiological risk factor for emergent psychiatric disorders – to date, it has been 
understudied in PTSD. Here, using a local measure of the degree of gyrification (local Gyrification Index, lGI) we 
investigate cortical gyrification morphology in 48 adult male soldiers with (n = 23) and without (n = 25) a PTSD 
diagnosis. We also examine the relation between lGI and PTSD severity within the PTSD group. General linear 
models yielded significant between-group differences with greater lGI found in PTSD in a cluster located in the 
medial occipito-parietal lobe on the left hemisphere and reduced lGI in a cluster located on the lateral surface of 
the parietal lobe on the right hemisphere. Brain-behaviour analyses within the PTSD group yielded significant 
positive associations between lGI and PTSD severity in a cluster located in the frontal cortex of the left hemi-
sphere and scattered clusters located within all lobes of the right hemisphere. After accounting for the effects of 
comorbid psychiatric symptoms common in PTSD, the associations in the right hemisphere reduced to clusters 
only located in the frontal lobe, while the cluster in the left hemisphere remained significant. Our results suggest 
that atypical cortical gyrification in parietal and occipital regions may be implicated in the psychopathology of 
PTSD diagnosis, and properties of prefrontal gyrification associated with the emergent severity of PTSD after 
trauma. The importance of these regions in PTSD may be attributed to a pre-existing neurobiological risk factor, 
or neuromorphological changes after trauma precipitating emergent psychiatric illness. Our brain-behaviour 
relations provide support for the existing literature by highlighting the importance of the frontal lobe in the 
pathogenesis of PTSD. Future large-scale longitudinal studies including female participants may infer causal 
implications of atypical gyrification in PTSD and shed light on the potential effect of sex on this brain metric.   

1. Introduction 

Post-traumatic stress disorder (PTSD) can occur after exposure to a 
traumatic event and is characterized by re-experiencing symptoms, such 
as flashbacks, persistent avoidance of trauma-related stimuli, negative 
thoughts and mood, and arousal and reactivity symptoms such as 

hypervigilance (American Psychiatric Association, 2013). PTSD is a 
relatively common disorder, with incident rates of 5–10% (Kessler et al., 
2005; Breslau 2009), and higher prevalence rates evident among mili-
tary veterans (Friedman et al., 1994; Richardson et al., 2010; Creamer 
et al., 2011; Gates et al., 2012; Boulos and Zamorski 2013; Hines et al., 
2014). Certain developmental components are known to increase the 

* Corresponding author. Department of Diagnostic Imaging, 555 University Ave. Toronto, M5G 1X8, Canada. 
E-mail address: ben.dunkley@sickkids.ca (B.T. Dunkley).  

Contents lists available at ScienceDirect 

Neurobiology of Stress 

journal homepage: www.elsevier.com/locate/ynstr 

https://doi.org/10.1016/j.ynstr.2021.100299 
Received 24 September 2020; Received in revised form 5 January 2021; Accepted 18 January 2021   

mailto:ben.dunkley@sickkids.ca
www.sciencedirect.com/science/journal/23522895
https://www.elsevier.com/locate/ynstr
https://doi.org/10.1016/j.ynstr.2021.100299
https://doi.org/10.1016/j.ynstr.2021.100299
https://doi.org/10.1016/j.ynstr.2021.100299
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ynstr.2021.100299&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Neurobiology of Stress 14 (2021) 100299

2

risk of developing PTSD (e.g. early life mistreatment, socio-economic 
status and IQ), as well as pre-existing and developmental neurobiolog-
ical risk factors that predispose individuals to the disorder after trauma 
(Breslau et al., 1995; Kessler et al., 2017). 

With advancements in neuroimaging techniques, subcomponents of 
cortical volume (surface area and cortical thickness) can be studied, 
each reflecting different genetic and cellular processes (Rakic 1995; 
Panizzon et al., 2009). These surface-based morphometry measures have 
been studied using structural MRI in PTSD literature (Heyn and Her-
ringa., 2019; Rinne-Albers et al., 2020; Wrocklage et al., 2017), how-
ever, cortical gyrification, as a specific measure derived from MRI, has 
received less attention, with only one known study to date (Chu et al., 
2017). Cortical gyrification, the characteristics of folds (gyri) and 
grooves (sulci) of the cortex, begins to take place prior to birth, and 
intensifies during the third trimester of fetal life (Chi et al., 1977). It 
peaks during toddlerhood (Raznahan et al., 2011; Li et al., 2014), de-
clines sharply during childhood and adolescence (Cao et al., 2017), and 
then very slowly decreases from early adulthood onwards into older age 
(Hogstrom et al., 2013; Klein et al., 2014). 

Among the numerous theories proposed regarding the formation of 
gyrification in brain development, one of the earliest postulates that the 
folding of the cortex may primarily be driven by external constraints 
such as the limited space of the skull placed upon the rapidly growing 
surface area (Le Gros Clark, 1945). Alternatively, (Van Essen, 1997) 
proposed the tension-based hypothesis of cortical folding, postulating 
that tension along axons in early development may drive strongly 
interconnected regions to pull towards one another and form gyri and 
allow less connected regions to drift apart and form the sulci of the 
cortex. Thus, cortical convolution and increased gyrification are thought 
to reflect an optimal organization of the cortex which facilitate 
increasingly efficient local circuit wiring, as the convoluted folding of 
the cortical sheet expands the possible surface area relative to a fixed 
and constrained volume (e.g. the cranium), and thus also allow the 
presence of numerous underlying axonal connections in a limited space. 
Gyrification has been found to directly relate to functional and structural 
macrocircuitry, correlating with measures of functional coupling as well 
as structural connectivity in neuropsychiatric conditions (Bos et al., 
2015). As such, changes in regional GI may reflect micro-, meso- and 
macroscopic disparities in cortical circuitry that arise during neuro-
development in the early lifespan. 

Although higher cortical gyrification has been widely associated 
with higher intelligence levels in normative literature (Luders et al., 
2008; Gregory et al., 2016), this does not necessarily indicate superiority 
of higher gyrification findings compared to lower gyrification levels as 
previous studies have reported higher gyrification in neuro-
developmental disorders (Yang et al., 2016) and other psychiatric dis-
orders (Sasabayashi et al., 2019) compared to typically developing 
individuals. Given we know that PTSD has been associated with 
hypersynchronous neural dynamics (Dunkley et al., 2015) and altered 
connectivity more generally (Jin et al., 2017), these observations would 
align with those findings of altered and elevated neurocircuitry 
connectivity. 

Cortical gyrification can be measured using different global (i.e. 
Gyrification Index, GI) and local constructs. In recent years, studies have 
focused on the computation of local Gyrification Index (lGI), an exten-
sion the 2D GI measure which quantifies the degree of local gyrification 
by estimating the amount of cortex hidden within sulci while taking into 
consideration the 3D nature of the brain (Schaer et al. 2008, 2012). lGI 
has been widely implemented in studying cortical gyrification 
morphology in neurodevelopmental disorders such as autism spectrum 
disorder (Kohli et al., 2019) and attention-deficit hyperactivity disorder 
(Ambrosino et al., 2017), as well as affective disorders like major 
depressive disorder (Depping et al., 2018) and generalized anxiety dis-
order (Molent et al., 2018), which are common comorbid conditions to 
PTSD. lGI has been proposed as an existing clinical risk factor for 
emergent psychiatric diseases preceding the maximal change in 

neurodevelopmentally-driven gyrification (Harris et al., 2007; Das et al., 
2018). 

To our knowledge, only one study to date has investigated cortical 
gyrification in PTSD (Chu et al., 2017), and that was against a group of 
healthy controls rather than an appropriately matched trauma-exposed 
control group with similar life experiences – such a robust control group 
would provide evidence that gyrification abnormalities reflect a pre-
disposition to developing PTSD after trauma, rather than a neurobio-
logical consequence of the stressor and/or trauma, per se. Here, we 
examined local gyrification indices in adults with military-related PTSD 
by 1) examining lGI differences in PTSD compared to trauma-exposed 
controls who did not develop PTSD (PN); and 2) exploring the poten-
tial functional implications of gyrification by investigating the direct 
relationship between lGI and PTSD severity, accounting for comorbid 
factors. Given known associations between levels of intelligence and 
gyrification (Luders et al., 2008; Gregory et al., 2016), and the associ-
ation of IQ with PTSD outcome (Marx et al., 2020), as well as the strong 
correlation between lGI and surface area (Forde et al., 2017), we control 
for the effects of these two variables in our data-driven analyses. Given 
the wealth of existing PTSD literature that reveals a role for hypoactive 
and cortical morphological changes in prefrontal cortex to be associated 
with the disorder, we predict a reduction in local prefrontal gyrification 
that directly scales with PTSD severity. 

2. Materials and methods 

2.1. Participants 

A total of 48 (n = 23 PTSD - “PTSD Group”; n = 25 trauma-exposed, 
no PTSD – “PN Group”) adult male participants were recruited from the 
Canadian Armed Forces. The PTSD group were recruited through an 
Operational Trauma Stress Support Centre (OTSSC), and a clinical 
diagnosis of PTSD was made by a military psychiatrist or psychologist 
specialising in trauma-related mental health injuries. Soldiers with PTSD 
were assessed using a semi-structured psychometric interview, with the 
onset of PTSD traced to an operationally-related traumatic event 
(Category A1). A PTSD diagnosis was made based on criteria in Diag-
nostic and Statistical Manual of Mental Disorders IV-TR Edition (DSM 
IV-TR) (American Psychiatric Association 2000). Participants were 
currently receiving mental health treatment that had been diagnosed 
between 1 and 4 years prior to taking part in the study. 

Participants in the PN group were combat-exposed, frontline troops 
in similar deployed roles who were exposed to traumatic events but did 
not meet the clinical criteria for PTSD. They were matched against 
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 pre-existing neuropsychiatric condition(s). Furthermore, they 
were specifically screened to exclude a diagnosis of PTSD or childhood 
trauma. They served in similar front-line combat roles as the PTSD 
group, and therefore experienced similar operational and environmental 
stressors, and witnessed similar traumatic events as those who did 
develop PTSD. 

PTSD severity was assessed on the day of the scan in the PTSD group 
using the PTSD CheckList (PCL; Weathers et al., 1993). For all partici-
pants, Intelligence quotient (IQ) scores were obtained through Wechsler 
Abbreviated Scale of Intelligence (WASI; Wechsler, 1999); Anxiety using 
the Generalized Anxiety Disorder 7 (GAD7) questionnaire (Spitzer et al., 
2006); and depression scores assessed using Personal Health Question-
naire 9 (PHQ9; Kroenke et al., 2001). 

Any potential participants that were screened for either group were 
excluded if they had a history of a traumatic brain injury (TBI), through 
a review of their electronic health record, telephone interview, and 
administration of the Defence and Veteran’s Brain Injury Centre 
(DVBIC) screening tool. Further exclusions included ferrous metal inside 
the body or implanted medical devices that might be MRI contraindi-
cations, neurological disorders, and certain ongoing medications 
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(anticonvulsants, and/or benzodiazepines, or other GABA modulators). 
This was a naturalistic study, and as such withdrawing treatment would 
be unethical to partake in the study, given the suicidality of those with 
PTSD – as such, participants undergoing treatment including evidenced- 
based psychotropic medication(s), such as selective serotonin reuptake 
inhibitors (SSRIs), serotonin-norephedrine reuptake inhibitors (SNRIs), 
and Prazosin were allowed to partake in this study. 

Exclusion criteria for both groups included standard neuroimaging 
safety exclusions, uncorrected vision, having any history of premorbid 
neurological, psychological or psychiatric disorders, a history of trau-
matic brain injury (mild, moderate, or severe, and including concussion 
which is considered a subtype of mild TBI), if they were taking anti- 
convulsant medications, benzodiazepines and GABA modulators, or 
had significant artifacts in their MRI scan. 

2.2. Neuroimaging data acquisition parameters 

Structural images were obtained using 3 T (MAGNETOM Tim Trio, 
Siemens AG, Erlangen, Germany) scanners with a 12-channel head coil. 
A T1-weighted 3D sagittal magnetization-prepared rapid gradient echo 
(MP-RAGE) sequence was utilized, with 1 mm isotropic voxel resolution, 
a FOV of 192 × 240 × 256mm 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 mo-
tion restriction was facilitated using foam padding around the head. 

2.3. Image processing 

FreeSurfer software version 6.0 (https://surfer.nmr.mgh.harvard. 
edu) was utilized for image processing and reconstruction, the steps of 
which have been thoroughly described in previous work (Greve and 
Fischl 2018). Briefly, T1-weighted images are registered to MNI305 atlas 
prior to intensity normalization, skull stripping and white matter seg-
mentation steps. During the tessellation step, a cortical surface mesh is 
computed for each individual scan. Pial (gray matter-cerebral spinal 
fluid, CSF, boundary) and white (gray-white matter boundary) surfaces 
are then differentiated. Following the inflation step, using spherical 
registration, individual scans are registered to FreeSurfer’s template 
space called fsaverage. Lastly, cortical segmentation based on Desi-
kan/Killany atlas is performed. 

2.3.1. Quality control 
Quality control on FreeSurfer output was performed based on 

ENIGMA Cortical Quality Control Protocol 2.9 (April 2017, http://en 
igma.ini.usc.edu) by visually inspecting the data for accurate gray- 
white matter segmentation and cortical labelling. Manual trouble-
shooting was performed when needed (i.e. to correct for inaccurate 
gray-white matter or gray matter-CSF boundary segmentation or 
improper skull stripping). 4 participants (n = 1 PN, n = 3 PTSD) were 
excluded due to imaging artifacts (n = 1) and inaccurate gray-white 
matter boundary segmentation (n = 3). The total number of partici-
pants included for statistical analyses are 44 adult males (n = 24 PN, n =

20 PTSD), with a range of 26–48 years of age (Table 1). The majority of 
the sample are right handed (n = 34) with the rest being either left 
handed (n = 9) or ambidextrous (n = 1). 

2.3.2. Local Gyrification Index (lGI) 
lGI was computed on FreeSurfer by running a single flag for each 

participant and computing the degree of gyrification locally at thou-
sands of vertices across each hemisphere (Schaer et al., 2008). lGI is a 3D 
measure of the ratio between the area of an estimated circular region of 
interest (ROI; 25 mm radius) on the pial surface and the area of the 
corresponding ROI on the outer surface (a smooth surface constructed 
by FreeSurfer which covers the cortex and does not follow the pro-
tuberances of the cortex). An lGI of 5 represents a highly folded cortex 
(indicating five times more cortex buried within sulci compared to the 
exposed cortex in a particular region) and an lGI of 1 represents a 
smooth cortex. 

2.4. Statistical analyses 

To compare lGI differences between groups, we undertook a whole- 
brain approach and conducted General Linear Models (GLMs) on Query, 
Design, Estimate, Contrast (QDEC) application on FreeSurfer, which 
utilizes the DODS (different offset, different slope) design matrix. We 
controlled for the effects of age, surface area and IQ (all variables 
demeaned). lGI was not smoothed as the computation of this construct 
makes it a relatively smooth measure (Schaer et al., 2012). We corrected 
for multiple comparisons using Monte-Carlo z-simulations (p < 0.05). 

Next, we explored potential lGI- PTSD severity relations within the 
PTSD group across the whole-brain using FreeSurfer’s QDEC applica-
tion. We controlled for the effects of age, surface area, IQ, anxiety and 
depression (all demeaned including PCL scores). We explored associa-
tions while controlling for different combinations of these covariates to 
assess the potential contribution of each. We corrected for multiple 
comparisons using Monte Carlo z-simulations (p < 0.05). Brain- 
behaviour relations were only conducted within PTSD participants as 
PCL scores were not available for PN participants. 

R software (https://www.r-project.org/) was used to investigate 
between-group characteristic differences in age and Full-scale IQ (FSIQ). 

3. Results 

3.1. Participant characteristics 

Using independent t-tests, we found PTSD and PN groups to be 
significantly different in age (p = 0.008) with higher mean ages in the 
PTSD group. As predicted, groups were also significantly different in 
FSIQ (p = 0.026) with higher mean FSIQ scores in the PN group 
(Table 1). 

3.2. PTSD is associated with regional effects of lGI in occipito-parietal 
cortices 

The GLM model yielded significant differences in lGI between PTSD 
and PN groups in the parietal lobes, bilaterally, and the left occipital 
lobe. Specifically, greater lGI was found in PTSD relative to PN in a 
cluster located in the medial occipito-parietal fissure and inferior part of 
the precuneus within the left hemisphere (peak localized in precuneus, 
p = 0.0001, Fig. 1a). Conversely, reduced lGI was found in PTSD relative 
to PN in a cluster located on the lateral surface of the parietal lobe on the 
right hemisphere (peak localized on the inferior parietal gyrus, p =
0.0001, Fig. 1b). Result of the main effect of IQ is presented in supple-
mentary materials (Fig. S1). No significant group-by-IQ interactions 
were observed in either hemisphere. 

Table 1 
Participant demographics.   

PTSD (n = 20) PN (n = 24) p-value 

Mean age ± SD 
[range] 

37.8 ± 6.5 [26–48] 32.9 ± 4.5 [27–40] 0.00772 

Mean FSIQ ± SD 
[range] 

110.3 ± 13.5 
[82–129] 

119.2 ± 11.6 
[95–137] 

0.02639 

Mean PCL ± SD 
[range] 

¶ 62.5 ± 7.5 [46–77] N/A  

PN trauma-exposed, no PTSD group; PTSD Post-traumatic stress disorder group; 
FSIQ Full Scale Intelligence Quotient; SD Standard deviation; ¶ the PCL score 
demographic information is for the 18 PTSD participants that have this infor-
mation available and on whom brain-behaviour analyses were conducted. 
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3.3. PTSD severity is directly related to cortical lGI 

For the brain-behaviour analyses, 2 PTSD participants were excluded 
due to not having completed the PCL questionnaire. As a result these 
analyses were conducted on n = 18 PTSD participants. When controlling 
for the effects of age, surface area and IQ, we found significant positive 
associations between lGI and PTSD severity in a cluster straddling the 
operculum/pars triangularis in the inferior portion of the frontal cortex 
and insular region of the left hemisphere. Positive relationships with 
severity were found in the right hemisphere as well, including superior 
portions of the dorsolateral prefrontal cortex and lateral orbito-frontal 
cortex, and inferior regions of the occipital cortex, including the infe-
rior part of the calcarine (Fig. 2). 

When we controlled for the effects of age, surface area, and comorbid 
psychiatric symptoms including anxiety and depression, we found sig-
nificant positive associations in the same cluster on the left hemisphere, 
but on the right hemisphere, significant associations were only observed 
in clusters located in the frontal cortex (Fig. 3). 

4. Discussion 

The investigation of cortical gyrification morphology in PTSD liter-
ature is still in its infancy, with our study, to the best of our knowledge, 
marking the second study of this disorder. Our findings show increased 
gyrification in PTSD relative to trauma-exposed control participants in 
the left medial parietal and occipital lobes, and reduced gyrification in 
the right parietal lobe. This suggests these areas are involved in the 
pathogenesis of PTSD, either acting as a pre-existing neurobiological risk 
factor, or perhaps representing gross neuromorphological changes after 
traumatic stress and associated with emergent psychiatric illness. With 
the current data it is impossible to categorically say that either is 
responsible, as we did not have pre-trauma baseline scans – it may be 
that these lGI effects represent a pre-existing risk factor for PTSD, given 
the fact that lGI only fluctuates very slowly over the age span comprising 

early and middle adulthood, the age of the participants scanned here. It 
is also plausible that atypical gyrification found in our study may be a 
result of exposure to earlier trauma or chronic stress, given that gyr-
ification atypicalities in the left lingual gyrus have also been reported in 
maltreated versus non-maltreated children (Kelly et al., 2013). How-
ever, Kelly et al. (2013) observed reduced lGI in this visual region 
compared to controls, while we found greater lGI in our PTSD group 
compared to trauma-exposed controls. This discrepancy in the direction 
of effect may be due to the older mean age of our sample reflecting a 
differing adaptation to stress or traumatic exposure in adults compared 
to children. Alternatively, it may be due to the differences in our com-
parison groups as our control group consists of individuals who have 
also been exposed to trauma and thus most probably contain differing 
structural morphologies compared to a typically developing control 
group with previous no trauma exposure. Surprisingly, only a small 
overlapping area in the right parietal lobe was significant in the 
between-group comparisons and showed data-driven associations with 
symptom severity; however, when accounting for comorbid psychiatric 
symptoms (common in PTSD), that association disappeared, leaving a 
number of bilateral regions that were related to severity of symptoms. 
Our findings do not replicate results of the only other PTSD study 
investigating gyrification morphology which reported atypicalities in 
the frontal lobe (Chu et al., 2017). As stated above, this may also 
partially be due to methodological differences between our studies, 
including a distinction between our comparison groups. Whereas study 
by Chu et al. (2017) included healthy non-traumatized controls as their 
comparison group, our study includes individuals who have been 
exposed to traumatic stress in comparable deployed roles, but did not 
develop PTSD, thus suggesting these differences are directly related to 
the pathogenesis of PTSD, rather than traumatic stress per se. Other 
methodological distinctions between our studies exist that may explain 
the discrepancies in our findings, including rigorous controlling of 
covariates in our analyses (i.e. age, surface area and IQ). 

Gyrification is highly variable even when measured across 

Fig. 1. PTSD shows differential effects in occipito-parietal gyrification indices. Group differences in lGI with A) greater lGI in PTSD relative to PN in a cluster 
straddling the parieto-occipital fissure and precuneus of the left hemisphere (p = 0.0001) and B) reduced lGI in PTSD relative to PN in a cluster centred on the inferior 
parietal lobule of the right hemisphere (p = 0.0001). 

Fig. 2. PTSD severity is associated with gyrification in numerous cortical areas. Positive associations between lGI and PTSD severity within PTSD group when 
controlling for the effects of age, surface area and IQ (all other ps = 0.0001). 
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monozygotic twins in healthy typical controls and psychiatric cases, 
despite high rates of concordance found in other structural indices such 
as in cortical volume (White et al., 2002; Kates et al., 2009). Such 
findings highlight the important combined roles of both genetic & 
non-genetic factors in modifying cortical gyrification, compared to ce-
rebral volume which is almost entirely under genetic control (White 
et al., 2002; Kremen et al., 2010). This suggests environmental factors 
during development and in aging play a large role in explaining the 
natural variation of gyrification itself. 

In line with this, the important role of environmental factors has 
been further implicated through findings of previous studies showing 
the effect of postnatal experiences, such as training (Zhang et al., 2016) 
and meditation (Luders et al., 2012), on cortical gyrification plasticity 
and modulation. Thus, it is possible that altered gyrification found here 
may be due to early-life developmental effects, and/or neuroplasticity, 
specifically as the result of chronic operational stress and trauma, as well 
as other environmental factors that contribute to the emergence of 
PTSD. However, given the cross-sectional nature of our study, it is 
challenging to infer causal implications because it is just as plausible 
that altered gyrification in our PTSD group may have been a pre-existing 
neurobiological risk factor. 

Atypical cortical gyrification found in our study may reflect dysre-
gulated and dysmaturated cortical organization and connectivity in 
PTSD, as well as numerous sequential underlying prenatal processes 
involved in the development and expansion of the cerebral cortex 
including neurogenesis, gliogenesis and migration (Rash et al., 2019). 
More research is needed to understand these underlying cellular and 
mechanical processes to elucidate the gyrification anomalies and the 
underlying neural mechanisms involved in a potential pre-disposition to 
PTSD. Our finding of atypical gyrification in the precuneus region in 
individuals with PTSD is in line with atypicalities reported in other 
psychiatric disorders including major depressive disorder, borderline 
personality disorder (Depping et al., 2018) and trait anxiety (Miskovich 
et al., 2016), suggesting that dysregulated gyrification in this region may 
be implicated in the psychopathology of affective disorders. These dis-
orders are highly comorbid in PTSD, often accompanying the primary 
diagnoses (Mott et al., 2014). Previous studies highlight the involvement 
of precuneus in episodic memory (Cavanna and Trimble 2006), a sub-
division of explicit memory referring specifically to recalling past 
personalized events or experiences (Tulving 1972) which in turn has 
autobiographical references (Tulving 1983). This is directly related to 
the definition of PTSD diagnosis as it includes characteristics such as 
flashbacks or reliving the traumatic event. In line with this, a positive 
correlation between functional activation in precuneus, among other 
regions, and PTSD symptom severity (Clinician-Administered PTSD 
Scale, CAPS) has been found in individuals with acute stress disorder 
during presentations of images related to personalized trauma experi-
enced (Cwik et al., 2017). Further, precuneus is involved in aspects of 
attention (Cavanna and Trimble 2006) which is related to PTSD given 
evidence of attentional control difficulties in individuals with this 
diagnosis (Bardeen and Fergus 2016; Bardeen et al., 2015; Olatunji 
et al., 2013). Taken together, our findings of dysregulated cortical 

gyrification in precuneus further supports the involvement of this brain 
region in PTSD psychopathology. Our finding of hypogyrification in 
PTSD in the right parietal lobe is in agreement with findings of reduced 
cortical volume in PTSD in this lobe, along with other regions (Eckart 
et al., 2011). 

We found associations between lGI and PTSD severity in a cluster 
straddling the operculum region and insula in the left hemisphere and in 
clusters located spanning partial areas of all the lobes on the right 
hemisphere. However, when we also controlled for the effects of anxiety 
and depression, two traits that are highly correlated with PTSD, our 
brain-behaviour associations on the right hemisphere tapered down to 
clusters located in the frontal lobe, while the cluster on the left hemi-
sphere remained significant. This is interesting because it indicates and 
supports existing literature which consistently highlight the importance 
of the frontal lobe in the pathogenesis of PTSD, in line with numerous 
other structural MRI studies (Chu et al., 2017; Eckart et al., 2011; 
Woodward et al., 2009). It is worthy to note the exploratory nature of 
these brain-behaviour analyses, and hence the fact that making any firm 
conclusions at this point in time is implausible, due to the limited 
number of participants (n = 18 PTSD) with available PTSD severity 
scores. Our work marks the first attempt in investigating local gyr-
ification morphology, using lGI, in a group of PTSD individuals versus 
trauma-exposed, rather than typically developing, controls who’ve 
shared similar life experiences as the PTSD group. Nevertheless, a lim-
itation of our study is the small sample size (n = 18) in our 
brain-behaviour analyses which render firm conclusions implausible. 
However, given the exploratory nature of these analyses they are highly 
valuable due to being the first attempt to investigate this relation in 
PTSD diagnosis against a carefully matched trauma-exposed control 
group. Another limitation is the lack of our ability to infer causal im-
plications of gyrification atypicalities found in our PTSD group given the 
cross-sectional nature of our study. Lastly, the significant differences in 
age between our groups is a limitation which we attempted to address by 
controlling for the effect of this variable in our statistical analyses – 
however, these data presented here should be interpreted with that 
caveat. 

Future large-scale studies, including female participants are needed 
to further investigate cortical gyrification morphology in individuals 
with PTSD and the potential effect of sex on this brain metric. Moreover, 
longitudinal studies would shed light on causal implications of cortical 
gyrification atypicalities found in individuals with a PTSD diagnosis and 
whether gyrification indices are reliable predictor of emergent pathol-
ogy after trauma. This can be addressed by measures of baseline gyr-
ification prior to frontline deployment, for example. Longitudinal 
studies would also help determine whether dysregulated cortical gyr-
ification is modulated in line with treatment, and whether gyrification 
indices would act as an effective predictor of treatment response. Future 
studies should also examine brain-behaviour relations with larger 
sample sizes to contribute to our understanding of potential functional 
implications of gyrification in PTSD. 

Fig. 3. Cortical gyrification is related to PTSD severity even after accounting for comorbid psychiatric symptoms. Positive associations between lGI and PTSD 
severity within PTSD group when controlling for the effects of age, surface area, anxiety and depression (all other ps = 0.0001). 
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5. Conclusions 

In conclusion, this work supports the existing literature on the 
importance of the dysregulated structural morphology of the frontal 
lobe in the pathogenesis and severity of PTSD, and additionally supports 
an increasing literature base that shows parietal and occipital brain re-
gions are involved in the psychopathology and symptomatology of 
PTSD. 

CRediT authorship contribution statement 

Avideh Gharehgazlou: Formal analysis, Methodology, Software, 
Validation, Visualization, Writing - original draft. J. Don Richardson: 
Writing - review & editing. Rakesh Jetly: Conceptualization, Study 
conception, Recruitment, Writing - review & editing. Benjamin T. 
Dunkley: Data curation, Funding acquisition, Project administration, 
Investigation, Supervision, Writing - original draft, Writing - review & 
editing. 

Declaration of competing interest 

The authors have no conflicts of interest to declare. 

Acknowledgments 

This work was supported by the generous support of Innovation for 
Defence Excellence and Security (IDEaS) Program, The Canadian Insti-
tute for Military and Veteran Health Research (CIMVHR), and Defence 
Research and Development Canada (DRDC). 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ynstr.2021.100299. 

References 

Ambrosino, S., Zeeuw, P.D., Wierenga, L.M., van Dijk, S., Durston, S., 2017. What can 
cortical development in attention-deficit/hyperactivity disorder teach us about the 
early developmental mechanisms involved? Cerebr. Cortex 27 (9), 4624–4634. 
https://doi.org/10.1093/cercor/bhx182. 

American Psychiatric Association, 2013. Diagnostic and Statistical Manual of Mental 
Disorders, 5 ed. Washington, DC.  

Bardeen, J.R., Fergus, T.A., 2016. Emotional distress intolerance, experiential avoidance, 
and anxiety sensitivity: the buffering effect of attentional control on associations 
with posttraumatic stress symptoms. J. Psychopathol. Behav. Assess. 38 (2), 
320–329. https://doi.org/10.1007/s10862-015-9522-x. 

Bardeen, J.R., Fergus, T.A., Orcutt, H.K., 2015. Attentional control as a prospective 
predictor of posttraumatic stress symptomatology. Pers. Indiv. Differ. 81, 124–128. 
https://doi.org/10.1016/j.paid.2014.09.010. 

Boulos, D., Zamorski, M.A., 2013. Deployment-related mental disorders among Canadian 
Forces personnel deployed in support of the mission in Afghanistan, 2001–2008. 
CMAJ (Can. Med. Assoc. J.) 185 (11), E545–E552. https://doi.org/10.1503/ 
cmaj.122120. 

Bos, D.J., Merchán-Naranjo, J., Martínez, K., Pina-Camacho, L., Balsa, I., Boada, L., 
Schnack, H., Oranje, B., Desco, M., Arango, C., Parellada, M., Durston, S., Janssen, J., 
2015. Reduced gyrification is related to reduced interhemispheric connectivity in 
autism spectrum disorders. J. Am. Acad. Child Adolesc. Psychiatr. 54 (8), 668–676. 
https://doi.org/10.1016/j.jaac.2015.05.011. 

Breslau, N., Davis, G.C., Andreski, P., 1995. Risk factors for PTSD-related traumatic 
events: a prospective analysis. Am. J. Psychiatr. 152 (4), 529–535. https://doi.org/ 
10.1176/ajp.152.4.529. 

Breslau, N., 2009. The epidemiology of trauma, PTSD, and other posttrauma disorders. 
Trauma Violence Abuse 10 (3), 198–210. https://doi.org/10.1177/ 
1524838009334448. 

Cavanna, A.E., Trimble, M.R., 2006. The precuneus: a review of its functional anatomy 
and behavioural correlates. Brain 129 (3), 564–583. https://doi.org/10.1093/brain/ 
awl004. 

Cao, B., Mwangi, B., Passos, I.C., Wu, M.J., Keser, Z., Zunta-Soares, G.B., Xu, D., 
Hasan, K.M., Soares, J.C., 2017. Lifespan gyrification trajectories of human brain in 
healthy individuals and patients with major psychiatric disorders. Sci. Rep. 7 (1), 
511–518. https://doi.org/10.1038/s41598-017-00582-1. 

Chi, J.G., Dooling, E.C., Gilles, F.H., 1977. Gyral development of the human brain. Ann. 
Neurol. 1 (1), 86–93. https://doi.org/10.1002/ana.410010109. 

Chu, C., Xie, B., Qiu, M., Liu, K., Tan, L., Wu, Y., Chen, W., Zhang, S., 2017. Cortical 
folding in post-traumatic stress disorder after motor vehicle accidents: regional 
differences in gyrification. Psychiatr. Clin. Neurosci. 71 (4), 247–253. https://doi. 
org/10.1111/pcn.12485. 

Creamer, M., Wade, D., Fletcher, S., Forbes, D., 2011. PTSD among military personnel. 
Int. Rev. Psychiatr. 23 (2), 160–165. https://doi.org/10.3109/ 
09540261.2011.559456. 

Cwik, J.C., Sartory, G., Nuyken, M., Schürholt, B., Seitz, R.J., 2017. Posterior and 
prefrontal contributions to the development posttraumatic stress disorder symptom 
severity: an fMRI study of symptom provocation in acute stress disorder. Eur. Arch. 
Psychiatr. Clin. Neurosci. 267 (6), 495–505. https://doi.org/10.1007/s00406-016- 
0713-6. 

Das, T., Borgwardt, S., Hauke, D.J., Harrisberger, F., Lang, U.E., Riecher-Rössler, A., 
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