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ABSTRACT

BACKGROUND: Cortical gyrification involves the formation of folds in the cerebral cortex, coinciding with key neu-
rodevelopmental processes. lts strong correlation with increased cortical surface area and decreased cortical thickness
may improve cortical signaling efficiency by decreasing cortico-cortical distance. Differences in brain structure have
been found in posttraumatic stress disorder (PTSD), yet few small studies have examined cortical gyrification.
METHODS: Gyrification was quantified using FreeSurfer’s Local Gyrification Index (IGl), derived from 3-dimensional
T1-weighted volumetric brain magnetic resonance imaging in 1876 participants (PTSD n = 789, control n = 1087)
across 24 sites from the ENIGMA-PGC (Enhancing Neuro Imaging Genetics through Meta-Analysis and
Psychiatric Genomics Consortium) PTSD working group. Using a region of interest-based approach, we fitted a
linear mixed-effects model with age (mean = 35.6, SD = 9.23, range = 8-95), sex (female = 967 [52%], male =
909 [48%]), pial surface area, PTSD, and random site effects to test associations between PTSD diagnosis/
severity and regional IGl. We examined moderating effects of depression, childhood trauma, age, and sex.
RESULTS: PTSD diagnosis and severity were both associated with lower IGI for the right medial orbitofrontal and
right rostral anterior cingulate cortices. The interaction of PTSD and age was associated with lower |Gl for the rostral
middle frontal cortex bilaterally. Contrasting comorbid PTSD and major depressive disorder with the PTSD-only
group showed that comorbidity was associated with lower IGl in the left inferior and medial temporal cortices.
CONCLUSIONS: Lower IGl, which is associated with impaired signaling efficiency, was observed in the PTSD group
compared with the control group for the ventromedial prefrontal cortex, a region that has been strongly implicated in
associative fear learning and extinction. It is possible that PTSD accelerates the typical age-associated decline in IGI
of the rostral middle frontal cortices.

https://doi.org/10.1016/j.bpsgos.2025.100679

Posttraumatic stress disorder (PTSD) is a chronic psychiatric characterized by avoidance, intrusive memories, and alter-
condition that may develop after exposure to traumatic events ations in arousal, mood, and cognition (4), manifesting in
such as sexual assault, combat, or natural disasters (1-3). It is symptoms such as hypervigilance, insomnia, and emotional

© 2025 THE AUTHORS. Published by Elsevier Inc on behalf of the Society of Biological Psychiatry. This is an open access article under the 1
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
ISSN: 2667-1743 Biological Psychiatry: Global Open Science March 2026; 6:100679 www.sobp.org/GOS

Biological
Psychiatry:
GOS



http://creativecommons.org/licenses/by%2Dnc%2Dnd/4.0/
https://doi.org/10.1016/j.bpsgos.2025.100679
Delta:1_given-name
Delta:1_surname
Delta:1_given-name
Delta:1_surname
Delta:1_given-name
Delta:1_surname
Delta:1_given-name
Delta:1_surname
Delta:1_given-name
Delta:1_surname
Delta:1_given-name
Delta:1_surname
Delta:1_given-name
Delta:1_surname
Delta:1_given-name
Delta:1_surname
Delta:1_given-name
Delta:1_surname
Delta:1_given-name
Delta:1_surname
Delta:1_given-name
Delta:1_surname
Delta:1_given-name
Delta:1_surname
Delta:1_given-name
Delta:1_surname
Delta:1_given-name
Delta:1_surname
Delta:1_given-name
Delta:1_surname
Delta:1_given-name
Delta:1_surname
Delta:1_given-name
Delta:1_surname
Delta:1_given-name
Delta:1_surname
Delta:1_given-name
Delta:1_surname
Delta:1_given-name
Delta:1_surname
Delta:1_given-name
Delta:1_surname
Delta:1_given-name
Delta:1_surname
Delta:1_given-name
Delta:1_surname
Delta:1_given-name
Delta:1_surname
Delta:1_given-name
Delta:1_surname
Delta:1_given-name
Delta:1_surname
Delta:1_given-name
Delta:1_surname
Delta:1_given-name
Delta:1_surname
Delta:1_given-name
Delta:1_surname
Delta:1_given-name
Delta:1_surname
Delta:1_given-name
Delta:1_surname
Delta:1_given-name
Delta:1_surname
Delta:1_given-name
Delta:1_surname
Delta:1_given-name
Delta:1_surname
Delta:1_given-name
Delta:1_surname
Delta:1_given-name
Delta:1_surname
Delta:1_given-name
Delta:1_surname
Delta:1_given-name
Delta:1_surname
Delta:1_given-name
http://creativecommons.org/licenses/by%2Dnc%2Dnd/4.0/
http://www.sobp.org/GOS

Biological
Psychiatry:
GOS

detachment (5-7). Lifetime trauma exposure is common, and
8.3% of people who have experienced a traumatic event
develop PTSD (8).

Neuroimaging studies differentiating individuals with PTSD
from trauma-exposed control participants have identified
altered activity and morphology in regions including the
amygdala (9,10), orbitofrontal cortex (OFC) (11,12), and ante-
rior cingulate cortex (ACC) (12). Although a large body of
structural magnetic resonance imaging (MRI) studies have
examined surface area (13,14), cortical thickness (15,16), and
volume in PTSD (17,18), the degree of cortical folding or
gyrification has not been widely investigated in PTSD
research. Cortical gyrification is a structural measure of the
convolutions in the cerebral cortex. The local gyrification index
(IG) is calculated as the ratio of a region’s cortical surface area
to its convex hull (19). Gyrification begins before birth when
the brain undergoes substantial morphological changes dur-
ing the third trimester of fetal life (20) and continues through
adolescence and adulthood (21). Given that neuroplasticity is
pronounced during childhood (22,23), and childhood trauma
impacts cortical thickness (24,25), investigating the associa-
tion between childhood trauma and IGl is crucial. Gyrification
is also known to decrease with age (26), and given the growing
interest in studying the link between PTSD and biological
aging using DNA methylation (27,28) and brain aging methods
(29,30), we investigated the moderating effects of PTSD
severity on the relationship between age and gyrification.

Gyrification is positively correlated with cortical surface
area (31) and intracranial volume (32) and is related to the total
number of neurons, their connectivity, and global signaling
efficiency (33). Greater cortical folding results in an increased
number of sulci, which, unlike gyri, primarily communicate
with neighboring structures, suggesting that higher local gyr-
ification may indicate enhanced local signaling efficiency
(34,35). Several theories have posited the driving force behind
the formation of cortical folds. For example, chemical
morphogens may be responsible for the differential growth of
the gyri and sulci (36). Alternatively, the axonal tension
hypothesis argues that the axons within the white matter
mechanically pull interconnected regions of the gray matter
closer together, resulting in the formation of cortical folds (37).
The leading hypothesis is that the formation of gyri is
unregulated and is caused by the mechanical bulking that
occurs as a consequence of differential growth rates across
the 6 layers of cerebral cortex within the rigid confines of the
skull (19,38).

Cortical gyrification has been linked with behavior and
cognition. Generally, hypergyrification of the frontal lobe
(31,39) has been positively associated with general cognitive
ability and better performance on executive functions such as
working memory and processing speed. Lower gyrification in
the left superior parietal cortex is associated with higher trait
anxiety (40), and hypergyrification in the left inferior temporal
and superior parietal gyri is associated with generalized
anxiety disorder (41). Investigating gyrification in PTSD pro-
vides an opportunity to discover unique neurobiological
markers that may not be consistently identified when exam-
ining other structural metrics such as surface area. Although
gyrification, a surface-based measure, is positively correlated
with surface area, studies on autism spectrum disorder (42)
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and generalized anxiety disorder (41) have demonstrated that
gyrification (not surface area) was able to detect group
differences.

Only 2 studies have investigated gyrification in PTSD. The
first study showed that PTSD patients with a history of motor
vehicle accidents had decreased gyrification of the left lateral
OFC, but the magnitude of gyrification was not significantly
correlated with PTSD symptom severity (43). The study had a
sample size of 36 participants (nprsp = 18) and enrolled
trauma-naive rather than trauma-exposed control partic-
ipants. Although Chu et al. (43) noted that the sample size was
a limitation, the study was the first to investigate gyrification in
patients with PTSD. The second study, with a slightly larger
sample size of 48 participants, found hypergyrification of the
precuneus in PTSD (44). Considering these promising but
inconsistent findings from underpowered studies, possible
markers of hypo- and/or hypergyrification across the brain in
PTSD have remained elusive. To address concerns about low
statistical power and homogeneous samples that are likely to
compromise reproducibility, we leveraged PTSD data in a
large sample from multiple sites with diverse trauma types,
age, and other sociodemographic variables. Our aim was to
test associations between IGI and PTSD diagnosis, PTSD
severity, and the magnitude of childhood trauma exposure.

METHODS AND MATERIALS

Sample

The clinical, demographic, and neuroimaging participant data
analyzed in this study were shared by the ENIGMA-PGC
(Enhancing Neuro Imaging Genetics through Meta-Analysis
and Psychiatric Genomics Consortium) PTSD working group.
The sample (N = 1876) included 789 participants with PTSD
and 1087 control participants (n = 813 [74.8%] trauma-
exposed) ascertained at 24 sites. Sample characteristics can
be found in Table 1, age distribution by site is provided in
Figure S1, and a map of the contributing institutions is pro-
vided in Figure S2. Trauma-exposure data are provided in
Table S1, exclusion and inclusion criteria are provided in
Table S2, and race and ethnicity data are provided in
Table S3. Each site acquired T1-weighted images, clinical
assessments, and demographic data as part of site-specific
studies that were subsequently shared with ENIGMA-PGC
PTSD for joint analyses. All sites received approval from their
local institutional review boards (IRBs), and all participants
provided written informed consent. The data analysis was
deemed exempt by the Duke University Medical Center IRB.

Harmonization of Symptom Severity

Scores were harmonized to a 0 to 1 range using minimum-
maximum normalization:

stmin

Smax - Smin

1)

Xnorm =

where X is the original score, and S,,;, and S, are the original
minimum and maximum scores for a given assessment,
respectively. The only assessment used for childhood trauma
exposure was the Childhood Trauma Questionnaire (CTQ)
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Table 1. Sample Characteristics by Site From the ENIGMA-PTSD Working Group

Sex Diagnosis

PTSD Severity

Diagnostic
Site n Age, Years Female Male PTSD Control Tool PTSD Control Severity Tool
Amsterdam AMC 70 39.6 (9.96) 32 38 36 34 CAPS-4 0.5 (0.1) 0.04 (0.03) CAPS-4
Beijing 77 47.79 (10.32) 47 30 36 41 PCL-5 0.54 (0.13) 0.2 (0.11) PCL-5
Columbia 76 35.86 (12.46) 34 42 24 52 SCID 0.45 (0.12) 0.1 (0.12) CAPS-5
Duke 132 39.98 (9.94) 26 106 33 99 CAPS-4, 0.47 (0.16) 0.07 (0.12) CAPS-4, CAPS-5
CAPS-5
Emory 59 40.22 (11.73) 59 0 12 47 CAPS-4 0.43 (0.08) 0.14 (0.11) CAPS-4, MPSS
Ghent 59 36.76 (11.71) 59 0 6 53 MINI - -
Groningen 35 37.83 (9.52) 35 0 35 0 CAPS-4 0.5 (0.09) - CAPS-4
Leiden 22 14.91 (1.93) 19 3 7 15 ADIS-C/P 0.44 (0.25) 0.13 (0.12) PTSD subscale of the
TSCC
Mannheim 49 35.86 (11.64) 49 0 49 0 SCID 0.54 (0.2) - DTS
Masaryk 268 5212 (18.92) 162 106 108 160 PCL-C 0.33 (0.11) 0.08 (0.06) PCL-C
Michigan 53 30.58 (7.56) 0 53 36 17 CAPS-4 0.52 (0.13) 0.07 (0.07) CAPS-4
Minneapolis VA 98 32.59 (7.64) 3 95 24 74 CAPS-4 0.45 (0.15) 0.14 (0.09) CAPS-4
Minnesota 61 43.07 (9.44) 5 56 12 49 CAPS-4 0.39 (0.08) 0.07 (0.07) CAPS-4
Miinster 34 25.68 (6.39) 30 4 18 16  SCID4 - -
Nanjing 139 57.25 (5.91) 73 66 50 89 SCID4 0.35 (0.09) 0.13 (0.08) CAPS-4
Stanford 101 36.42 (10.59) 57 44 67 34 CAPS-4 0.51 (0.12) 0.02 (0.02) CAPS-4
Tours 38 27.55 (9.87) 38 0 8 30 CAPS-4 0.43 (0.1) 0.21 (0.1) CAPS-4
Vanderbilt 50 31.34 (4.63) 9 41 15 35 CAPS-5 0.34 (0.06) 0.03 (0.03) CAPS-5
Waco VA 28 41.11 (10.99) 4 24 13 15 PCL-5 0.61 (0.14) 0.14 (0.14) PCL-5
Washington 145 12.83 (2.64) 72 73 31 114  CAPS-5, 0.18 (0.04) 0.01 (0.03) CAPS-5
CAPS-4
West Haven VA 60 35.02 (9.71) 7 53 31 29 CAPS-4 0.49 (0.11) 0.11 (0.11) CAPS-4
Western Ontario 63 36.6 (13.33) 39 24 35 28 CAPS-4, 0.51 (0.1) 0.01 (0.03) CAPS-4, CAPS-5
CAPS-5
Wisconsin- 104 32.82 (8.28) 104 0 84 20 CAPS-5, 0.54 (0.19) 0.02 (0.03) PCL-5, PCL-C
Madison-Cisler SCID4
Wisconsin- 55 30.51 (6.4) 4 51 19 36 CAPS-4 0.48 (0.11) 0.16 (0.13) CAPS-4
Madison-Grupe
24 Sites? 1876 35.6 (9.23) 967 909 789 1087 - 0.45 (0.12) 0.09 (0.08) -

Values are presented as n or mean (SD). PTSD assessments: CAPS-4 (100), CAPS-5 (62), DTS (101), MPSS (102), PCL-5 (103), PCL-C (104), and the PTSD subscale of

the TSCC (105), SCID/SCID4 (106), MINI (107), ADIS-C/P (108).

ADIS-C/P, Anxiety Disorders Interview Schedule for DSM-IV for Child and Parent version; AMC, Academic Medical Center; CAPS-4, Clinician Administered PTSD
Scale for DSM-IV; CAPS-5, Clinician-Administered PTSD Scale for DSM-5; DTS, Davidson Trauma Scale; ENIGMA, Enhancing Neuro Imaging Genetics through
Meta-Analysis; MINI, Mini-International Neuropsychiatric Interview; MPSS, Modified PTSD Symptom Scale; PCL-5, PTSD Checklist for DSM-5; PCL-C, PTSD
Checklist-Civilian Version; PGC, Psychiatric Genomics Consortium; PTSD, posttraumatic stress disorder; SCID/SCID4, Clinical Interview for DSM-IV Axis | disorders;

TSCC, Trauma Symptom Checklist for Children; VA, Veterans Affairs.

4Final row provides totals for participant counts (across sites, by sex, and by diagnosis) and mean PTSD symptom severity for PTSD and Control groups.

(45). See Tables S4 to S6 for details on depression and PTSD
assessments.

Neuroimaging Data Acquisition and Processing

The MRI acquisition parameters for each cohort are detailed in
Table S7. Cortical folding quantifies the degree of con-
volutions in the cerebral cortex by comparing the pial surface
area of a region to its smoothed outer surface area. The IGI
(46), a measure of cortical folding, was computed for each
participant using the FreeSurfer software version 7.1.1
(https://surfer.nmr.mgh.harvard.edu/). An IGI of 5 indicates
more cortical folding (gyrification), while an IGI value of 1
signifies a smooth cortical surface without folding. See
Figure 1 for an illustration of the IGI calculation process. The
FreeSurfer software performs the following key steps.

Surface Preparation. An outer smoother surface wrapping
the pial surface was generated. The cortex was segmented
into 68 cortical regions using the Desikan-Killiany Atlas.

Region of Interest Estimation. Circular regions of inter-
est (ROIs) were estimated on the outer smoothed surface, and
their corresponding circular areas were estimated on the pial
surface.

Measurements. Local gyrification was computed for each
vertex on the smooth outer surface and averaged within ROls.
For each ROI on the outer surface, the ratio of its area to the
corresponding pial surface patch was calculated to derive its
IGI. These IGI values were mapped back onto the pial surface,
providing a detailed representation of cortical folding.

Biological Psychiatry: Global Open Science March 2026; 6:100679 www.sobp.org/GOS 3
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Coronal View: Pial Surface and Smooth Enclosing Surface (MNI Space)

Pial Surface
— Smooth Enclosing Surface
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IGI =

ROI Surface Area

Local Gyrification of the vmPFC in PTSD

Figure 1. lllustration of local gyrification calcu-
lation. In the example illustration, the local gyrification
index (IGl) is calculated by taking the ratio of the pial
surface area (red) to the smoothed enclosing area
(blue). MNI, Montreal Neurological Institute; ROI,
region of interest.
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Quality Control. Quality control was performed using
FreeSurfer's QATools (47). We quantitatively inspected the
gray matter signal-to-noise ratio and excluded statistical
outliers falling outside *+2.698 SDs (48). This procedure
resulted in the exclusion of 20 participants (1.05% of the initial
sample), yielding a final sample size of 1876.

Statistical Analyses

A linear mixed-effects model was used to determine whether
PTSD diagnosis was associated with IGl. The model included
fixed effects of age, sex, and total cortical surface area and a
random effect of site (to mitigate the possible influence of
unobserved heterogeneity across sites/scanners). Analyses
were performed using the Ime4 package (49) in R version
4.3.2. The analyses were then repeated using PTSD severity
as a continuous variable in place of a categorical variable for
PTSD diagnosis. Both analyses included data from trauma-
naive, trauma-exposed, and PTSD groups with normalized
mean symptom severities of 0.02, 0.1, and 0.45, respectively.
Trauma-naive participants may report mild symptoms con-
sistent with posttraumatic psychopathology even though they

Main Effects

Demographics

/

Childhood Trauma p——9| CTQ:3,4,5

Age: 1,2

Diagnosis: 3

T
" ROI Enclosing Area O

have not been exposed to a traumatic event. To account for
the false discovery rate (FDR) from testing of multiple ROls
(prpR < .05; 68 tests), the Benjamini-Hochberg procedure (50)
was applied to correct the significance values. PTSD diag-
nosis (model 1) and PTSD severity (model 2) are the effects of
interest for the primary analysis. Y represents the ROI.

Y ~ PTSD Diagnosis + Age + Sex + Total Surface Area
+ (1/|Site) (Model 1)

Y ~ PTSD Severity + Age + Sex + Total Surface Area
+(1/Site) (Model 2)

Exploratory analyses included additional variables for child-
hood trauma severity (51) and depression (52,53). These var-
iables were integrated into the linear mixed-effects model to
assess their potential moderating effects on the association
between PTSD and IGl. The moderating effects of PTSD
severity on the relationship between aging and IGI was also
examined. See Figure 2 for a diagram of the exploratory

Interactions

PTSD x Childhood Trauma >

/'

Severity x CTQ: 6

Interactions  f——p PTSD x Depression —> Severity x Severity: 7
Severity x Sex: 8
PTSD x Demographics
Severity x Age: 9

Figure 2. Diagram of exploratory analyses. A diagram of the effects of interest for exploratory analysis. The values represent the model number. Each
mixed-effects model includes the main effects of age, sex, total cortical surface area, and the random effects of site. PTSD, posttraumatic stress disorder.

4 Biological Psychiatry: Global Open Science March 2026; 6:100679 www.sobp.org/GOS


http://www.sobp.org/GOS

Local Gyrification of the vmPFC in PTSD

analyses and Figure S3 for the correlation between predictors.
Descriptive statistics for the effects of interest by PTSD
diagnosis can be found in Table 2. We used the Johnson-
Neyman technique (54) from the interactions (55) package in
R to assist with interpreting significant interaction results.

Sensitivity Analyses

Finally, post hoc sensitivity analyses were conducted to
assess the robustness of primary findings against potential
confounds, including alcohol use, scanner field strength
(1.5T), and diagnostic instrument (Clinician-Administered
PTSD Scale [CAPS]) (see Table S15). Detailed inclusion criteria
for these restricted subsets, including specific cutoffs for the
Alcohol Use Disorders Identification Test (AUDIT)/AUDIT-
Consumption (56) and exclusion definitions, are provided in
Table S14. These analyses were restricted specifically to the
ROIs identified as significant in the primary analysis (see
Results).

RESULTS

PTSD Diagnosis and Severity

Applying model 1, PTSD diagnosis was associated with lower
IGI of the right medial OFC (mMOFC) (tigs0 = —3.77, prpr = .012)
and the right rostral anterior cingulate (tigso = —3.34, Prpr =
.029). There was also a trend-level association between PTSD
diagnosis and lower IGI of the right lateral OFC (tg1g4 = —2.96,
Prpr = -053, punc = .0031), left pars orbitalis (t1g4 = —3.03, Prpr =
.053, punc = -0025), and right frontal pole (t1g49 = —2.78, PrpRr =
0.075, punc = -0055) (see Table S8).

Consistent with the PTSD diagnosis analysis, PTSD
severity (model 2) was associated with lower IGI of the right
mMOFC (t1700 = —4.12, prpr = .0027) and right rostral ACC
(t1721 = —3.52, prpr = .015) (see Figures 3 and 4). There was a
trend-level association between PTSD severity and lower |Gl
of the right frontal pole cortex (t1703 = —2.99, prpr = .065,
Punc = -0029) (see Table S9).

The effect sizes measured by Cohen’s d for the right mOFC
were dprsp piagnosis = —0.18 and dprsp severity = —0.2 and for
the right rostral ACC were dpiagnosis = —0.16 and

Table 2. Descriptive Statistics of Cohort by Diagnosis

dseverity = —0.17. We note that the Cohen’s d estimates are
approximations because a mixed-effects model has different
variance for each site.

When adjusting for CTQ scores, PTSD diagnosis (model 3)
and severity (model 4) were both still associated with lower IGI
of the right mOFC (diagnosis: tess = —3.30, prpr = .035;
severity: tgzs = —3.58, pepr = .017) and the right rostral ACC
(diagnosis: tgss = —3.35, prpr = .035; severity: tezs = —3.51,
Pror = .017).

Exploratory Analyses and Confounding Factors

We found no significant main effects of childhood trauma
(CTQ) on IGI in models 3, 4, and 5 (pgpr > .25). Similarly, no
significant interactions were observed between PTSD severity
and CTQ scores (model 6; pgpr > .56) or depression severity
(model 7; pepr > .35) for any region.

Comorbid PTSD and Major Depressive Disorder

To investigate the effects of PTSD and major depressive
disorder (MDD) comorbidity, participants were organized into
4 groups: 1) a comorbid group of patients with both PTSD and
MDD diagnosis, 2) a group of patients with only a PTSD
diagnosis, 3) a group of patients with only an MDD diagnosis,
4) and a control group who had neither. Following an analysis
of covariance, we conducted a post hoc pairwise test and
corrected for multiple comparisons using Tukey’s method.
There was a significant difference when we contrasted the
comorbid group and the PTSD-only group, with the comorbid
group being associated with lower IGI for the left inferior
temporal cortex (t1gss = 3.04, p = .013) and the left middle
temporal cortex (tigs7 = 3.79, p < .001). When we contrasted
participants with PTSD and control participants, the PTSD
group was associated with increased left middle temporal IGI
(t1865 = —2.69, p = 036)

Sex

Applying model 1, female participants had significantly greater
IGI for most regions (see Table S10) including the left mOFC
(B =0.05, t1707 = 9.37, prpr < .001) and the left supramarginal
cortex (B = 0.083, t1e58 = 8.57, prpr < .001). Applying model 2,

Variable Trauma-Exposed and Trauma-Naive Group PTSD Group Statistics

Age, Years, N = 1876 37.59 * 16.72 38.77 = 14.52 t1g74 = —1.62, p = .105

Sex, Female/Male, N = 1876 505/582 462/327 %2 = 26.30, p < .001

PTSD Severity, n = 1741 0.08 = 0.10 0.45 + 0.16 t1730 = —55.63, p < .001
Available/missing 976 (89.8%)/111 (10.2%) 765 (97.0%)/24 (3.0%)

MDD Diagnosis, 895/192 331/458 t1g74 = 19.19, p < 0.001
No MDD/MDD, N = 1876

Depression Severity, n = 1469 0.16 = 0.18 0.40 = 0.19 t1467 = —24.01, p < .001
Available/missing 838 (77.1%)/249 (22.9%) 631 (80.0%)/158 (20.0%)

CTQ, n = 665 35.75 £ 13.25 61.90 + 24.24 teez = 17.15, p < .001

Available/missing 340 (31.3%)/747 (68.7%)

325 (41.2%)/464 (58.8%)

Continuous variables are presented as mean * SD, while categorical variables are presented as n or n (%). Descriptive statistics for age, sex, PTSD severity, MDD
diagnosis, depression severity, and CTQ scores by PTSD diagnosis. The statistics reported in the final column represent unadjusted group differences (t tests for
continuous variables, % tests for categorical variables) and do not account for the covariates (age, sex, total surface area) or random effects of site included in the

primary linear mixed-effects models.

CTQ, Childhood Trauma Questionnaire; MDD, major depressive disorder; PTSD, posttraumatic stress disorder.
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Figure 3. Posttraumatic stress disorder (PTSD) severity by local gyrification index (IGl) for significant regions. PTSD severity by right medial orbitofrontal
gyrus (left) IGI and right rostral anterior cingulate gyrus (right) IGI. The fitted line is in blue with gray 95% confidence bands, and the data points are plotted in
the background.

females had greater IGI for most regions (see Table S11)
including the left mOFC (B = 0.051, t1g33 = 9.24, prpr < .001)
and the left supramarginal cortex (f = 0.087, t1s55 = 8.78, Prpr
< .001).

Sex X PTSD Severity

The interaction between PTSD severity and sex (model 8) had
a trend-level association with greater IGI of the right caudal
middle frontal cortex (B = 0.123, t1719 = 3.37, Pror = .053, Punc
< .001). Simple slopes analysis revealed that the association
between PTSD severity and right caudal middle frontal IGI was
negative for males (3 = —0.08, p = .001) but trended positive

for females (B = 0.05, p = .08). As PTSD severity increased,
right caudal middle frontal IGI increased for females but
decreased for males.

Age

While controlling for PTSD diagnosis, age (model 1) was
associated with lower IGI for most regions including the right
precentral cortex (1776 = —15.91, pppr < .001) and right
caudal middle frontal cortex (t1733 = —15.64, prpr < .001) but
greater |Gl of the right parahippocampal cortex (t1516 = 2.97,
Pror = -0038) (see Table S12). While controlling for PTSD
severity, age (model 2) was associated with lower IGI for most

PTSD Severity - (p < 0.05) PTSD Diagnosis - (p < 0.05)

Cohen's d
0.2

Cohen's d
0.2

right right
H hemigphere

hemisphere

Figure 4. Effect size plotted for posttraumatic stress disorder (PTSD) diagnosis and severity. Right medial view of false discovery rate—corrected p < .05
thresholded Cohen’s d plot for PTSD severity (left) and PTSD diagnosis (right).
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regions including the right precentral cortex (tigs0 = —15.54,
prpr < .001) and right caudal middle frontal cortex
(t1616 = —15.23, prpr < .001) but greater IGI of the right par-
ahippocampal cortex (t14as = 2.66, prppr = .0074) (see
Table S13).

Age X PTSD Interactions

The PTSD severity X age interaction (model 9) was associated
with lower IGlI of the left rostral middle frontal cortex
(t1733 = —3.57, prpr = .015) and the right rostral middle frontal
cortex (t1721 = —3.51, pgppr = .015). Using the Johnson-
Neyman technique, PTSD severity significantly predicted left
rostral middle frontal cortex IGI when age was outside the
interval of 23.6 to 43.3 years, and PTSD severity significantly
predicted right rostral middle frontal cortex IGlI when age was
outside the interval of 14.4 to 38.0 years. Gyrification was
reduced with advancing age, and this association was stron-
ger with greater PTSD severity (see Figure S4). The range of
observed values of age was 8 to 95 years.

Sensitivity Analyses

Sensitivity analyses confirmed that the associations between
PTSD (diagnosis and severity) and lower IGl in the right mOFC
were robust to alcohol exclusion, scanner field strength, and
diagnostic instrument (p < .05) (see Tables S14 and S15).
Associations in the right rostral ACC remained significant for
PTSD severity across all subsets, although the association
with diagnosis was statistically attenuated in alcohol-
restricted samples.

DISCUSSION

Leveraging data from the ENIGMA-PGC PTSD consortium,
we tested the relationship between PTSD and the degree of
cortical folding. PTSD diagnosis and severity were associated
with hypogyrification of regions within the right ventromedial
prefrontal cortex (vmPFC), the right rostral ACC, and the right
mOFC (see Figure 4). Having comorbid MDD and PTSD was
associated with lower IGI in the left inferior and middle tem-
poral cortices compared with having a PTSD diagnosis alone.
We also observed an interaction between PTSD severity and
age, where gyrification reduction with advancing age was
more pronounced in individuals with higher PTSD severity.
Lastly, female participants exhibited significantly greater IGI
across most brain regions examined. These findings provide
novel evidence that the morphology of the cortex, beyond its
overall size, is associated with PTSD diagnosis and symptom
severity.

The vmPFC is a hub for mentalizing (57), self-referential
thought (58), decision making (59,60), and interoception (61),
connecting episodic memory with affective processes (61). In
PTSD, intrusive memories (62) are often triggered by heightened
arousal to trauma-resembling contexts (63), highlighting the
importance of contextual control in conditioned fear responses
(64,65). In rodent models, vmPFC-amygdala interconnectivity
modulates fear extinction (66). In humans, lower vmPFC acti-
vation is associated with higher PTSD severity (67), decreased
amygdala connectivity (68), and hypoactivation during extinction
recall. Considered together, individuals with PTSD exhibit
altered processing of contextual information distinguishing
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danger from safety (65,69). Thus, reduced vmPFC gyrification is
consistent with diminished inhibitory control over the amygdala
and impaired contextual processing.

Gray matter reduction of the ACC (70) and vmPFC (70,71)
has been found in patients with PTSD compared with trauma-
exposed control participants. Cortical thickness of the vmPFC
has been associated with extinction retention (72), and larger
cortical thickness of the right subgenual ACC subregion has
been directly correlated with an improvement in PTSD symp-
toms after a 6- to 9-month follow-up (73). In North Korean ref-
ugees, greater mPFC thickness was observed only in trauma-
exposed control participants and was associated with lower
anxiety and depression, suggesting a link between mPFC
morphology and resilience (74). Cortical gyrification is strongly
associated with volume and surface area (38,75). Frontal gyr-
ification is linked to working memory, mental flexibility (31), and
fluid intelligence (76), whereas the vmPFC is implicated in
impulsivity and self-control (77-79). Thus, lower right vmPFC
gyrification in PTSD supports published findings and may
explain the reduced capacity to regulate intrusive thoughts and
negative mood.

Two previous studies examined gyrification in PTSD. Chu
et al. (43) reported decreased left lateral OFC IGI, while Ghar-
ehgazlou et al. (44) found altered IGI in parietal and occipital
lobes, with positive severity associations in the dorsolateral PFC
and lateral OFC. While our study found nonsignificant results for
those regions, it had a much larger sample size (N = 1876), a
sociodemographically more diverse sample, and an inclusive
sample (i.e., female participants, many trauma types, and
trauma-exposed control participants), resulting in greater stat-
istical power and more robust findings. The Cohen’s d effect
sizes that we calculated for the right mOFC were dprsp
Diagnosis = —0.18 and dprsp severity = —0.2 and for the right rostral
ACC were dpjagnosis = —0.16 and dseverity = —0.17. While these
associations are statistically robust, the small effect sizes indi-
cate that they are unlikely to be sufficient for individual-level
clinical diagnosis. Rather, these findings contribute to under-
standing group-level neurobiological correlates of PTSD. Future
studies integrating gyrification measures with other neuro-
imaging modalities and clinical measures may help determine
whether cortical folding patterns can contribute to clinically
useful multivariate predictive models.

Notably, the effects of PTSD on gyrification appeared to be
specific to the disorder. We found no significant effects of
CTQ scores, but PTSD remained significantly associated with
lower IGI of the right mOFC and right rostral ACC. This dis-
sociation suggests that the observed hypogyrification is linked
to the pathophysiology of PTSD rather than being a general
neurodevelopmental consequence of childhood trauma.
However, given the cross-sectional design, we cannot defin-
itively determine causality. While these alterations may be a
consequence of the disorder, it is possible that lower IGI
represents a preexisting vulnerability that predates trauma
exposure and impairs resilience, thereby increasing the risk of
developing PTSD.

MDD, which is highly comorbid with PTSD (52,80-82), is
associated with lower cortical gyrification of the bilateral OFC
(83,84), left ACC (83), and insula (83,84), while hypergyrification
is observed in the right precentral and supramarginal regions
(85). In our analysis, the comorbid PTSD-MDD group showed
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significantly lower IGl in the left inferior and medial temporal
cortices compared with the PTSD-only group (p < .001).
Notably, when we contrasted the PTSD-only group and the
control group, PTSD-only was associated with greater left
middle temporal IGl (p = .036). While this hypergyrification
finding was less statistically robust and warrants replication, it
suggests that comorbidity is not simply an additive effect.
Instead, PTSD may exhibit a distinct morphological profile
compared with the combined burden of PTSD and MDD. A
morphometry meta-analysis and structural comparison study
found no regional volume differences when comparing PTSD
and MDD (86,87), highlighting that interactive effects of cortical
morphology are complex and necessitate further investigation.
Further analyses showed significant interactions between
PTSD and age. Specifically, IGI of the bilateral rostral middle
frontal cortex decreased with age, and the rate of decline was
steeper as PTSD severity increased. This suggests that PTSD
may exacerbate age effects on the rostral middle frontal cortex,
a region previously implicated in PTSD via cortical complexity
(88) and volume/thickness reductions (89-92). This inter-
pretation is consistent with work linking PTSD to advanced
biological aging in DNA methylation (27,28), cardiovascular
health (93), and predicted brain age (29,30). These findings
support the hypothesis that PTSD accelerates brain aging
effects in the rostral middle frontal cortices. However, we must
interpret this interaction with caution given the cross-sectional
design. While similar associations between trauma and accel-
erated senescence have been reported in traumatic brain injury
(TBI) (94,95), it is possible that this interaction is influenced by
unmeasured comorbidities. For example, TBI is highly prevalent
in military populations and shares overlapping features with
PTSD. Therefore, the interaction could alternatively reflect the
cumulative burden of TBI and PTSD in older veterans or a
preexisting vulnerability [e.g., reduced cognitive reserve result-
ing from genetic factors (96)] that becomes more pronounced
with age rather than an acceleration of the aging process itself.
Finally, exploratory analyses revealed widespread sexual
dimorphism. Females exhibited significantly greater IGI across
most cortical regions, including the left medial orbitofrontal and
left supramarginal cortices. While previous studies reported
mixed findings, such as higher gyrification in males that
attenuates after correcting for brain volume (31), our results
demonstrate greater female gyrification even after strictly con-
trolling for total cortical surface area. This supports longitudinal
work suggesting that males experience steeper age-related
prefrontal gyrification declines (97), potentially resulting in
higher comparative IGl in females during adulthood. Addition-
ally, recent work in older adults reported higher gyrification in
females within frontal regions, although higher gyrification was
observed in males in the right supramarginal gyrus (98). This
heterogeneity highlights that sex is an important modulator of
cortical morphology that likely interacts with age and brain
volume. Therefore, biological sex should be treated as a
fundamental covariate in future gyrification research.

Limitations and Strengths

Limitations of the current study include the lack of compre-
hensive data on medication, substance use beyond alcohol, and
PTSD chronicity. Furthermore, our pragmatic harmonization of
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symptom scores enables comparison across cohorts but
assumes a linear relationship between raw scores and severity
that may vary across instruments. Regarding statistical model-
ing, while the random intercept approach mitigates baseline site
differences, it simplifies factors such as scanner type and
population into a single variable. We utilized this structure rather
than random slopes to ensure stability, given small sample sizes
at specific sites (99). Consequently, the model assumes that the
magnitude of the PTSD effect is constant across sites and may
not detect nuanced site X diagnosis interactions. However,
sensitivity analyses excluding 1.5T scanner data and restricting
the sample to CAPS assessments confirmed that primary
findings were robust to these major sources of methodological
variance (see Table S15). Finally, regarding the small effect
sizes, unmeasured sources of variance in large-scale analyses,
such as genetics and environmental exposures, inflate the error
term. This suggests that our estimates likely represent a con-
servative lower bound of the true biological effect. Despite these
limitations, this study represents the largest mega-analysis of
gyrification in PTSD to date. The clinical demography is highly
diverse with respect to age, sex, trauma type, and cultural
background. This diversity, combined with the use of data from
multiple scanners, significantly enhances the generalizability of
these findings compared with previous single-site studies with
homogeneous samples.

Conclusions

These findings provide novel evidence that the morphology of
the cortex, beyond its overall size, is associated with PTSD
diagnosis and symptom severity. Lower IGl, which is asso-
ciated with impaired signaling efficiency, was observed in the
PTSD group compared with the control group for the vmPFC,
a region that has been strongly implicated in associative fear
learning and extinction. It is possible that PTSD may accel-
erate the typical age-associated decline in IGl of the rostral
middle frontal cortices.
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