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Approximately 23% of World Trade Center (WTC) responders are experiencing chronic posttraumatic stress disorder (PTSD)
associated with their exposures at the WTC following the terrorist attacks of 9/11/2001, which has been demonstrated to be a risk
factor for cognitive impairment raising concerns regarding their brain health. Cortical complexity, as measured by analyzing Fractal
Dimension (FD) from T1 MRI brain images, has been reported to be reduced in a variety of psychiatric and neurological conditions.
In this report, we hypothesized that FD would be also reduced in a case-control sample of 99 WTC responders as a result of WTCrelated PTSD. The results of our surface-based morphometry cluster analysis found alterations in vertex clusters of complexity in
WTC responders with PTSD, with marked reductions in regions within the frontal, parietal, and temporal cortices, in addition to
whole-brain absolute bilateral and unilateral complexity. Furthermore, region of interest analysis identiﬁed that the magnitude of
changes in regional FD severity was associated with increased PTSD symptoms (reexperiencing, avoidance, hyperarousal, negative
affect) severity. This study conﬁrms prior ﬁndings on FD and psychiatric disorders and extends our understanding of FD associations
with posttraumatic symptom severity. The complex and traumatic experiences that led to WTC-related PTSD were associated with
reductions in cortical complexity. Future work is needed to determine whether reduced cortical complexity arose prior to, or
concurrently with, onset of PTSD.
Translational Psychiatry (2021)11:597 ; https://doi.org/10.1038/s41398-021-01719-7

INTRODUCTION
Responders exposed to the terrorist attacks on the World Trade
Center (WTC) on September 11th, 2001, experienced severe
psychological trauma [1–22]. In the years after 9/11, approximately
23% of these responders continued reported symptoms of chronic
post-traumatic stress disorder [PTSD] [1, 22, 23]. Several studies by
our group [2, 3, 24, 25] and other investigators [26–29] have
shown that PTSD is a risk factor for cognitive impairment (CI).
Neuroimaging studies have identiﬁed neurobiological changes in
the brains of patients with PTSD [30]. Moreover, studies have
identiﬁed negative association between PTSD severity and cortical
thickness (CTX) with combat exposed veterans with PTSD [31], in
veterans exposed to early life trauma [32], prolonged single
trauma exposure survivors with PTSD [33], increased combat
exposure severity [34], and in veterans with increased lifetime
burden of PTSD [35]. However, our prior study of WTC responders
with long-term PTSD examined cortical thickness and did not ﬁnd
patterns that differentiated PTSD from non-PTSD patients. This
was surprising, however difﬁculty replicating ﬁndings across
studies can be due to differences in exposure severity and
recency, sample characteristics, methods of assessing PTSD, and

focus of the imaging studies themselves. Therefore, we sought to
identify alternative neurobiological changes that might occur in
WTC-responders with PTSD.
Two recent studies identiﬁed reductions in gyriﬁcation associated with PTSD severity [36, 37], suggesting that PTSD may
induce morphological changes. A more comprehensive measure
of cortical complexity than gyriﬁcation is fractal dimension (FD).
T1-weighted MRI image cortical complexity can be measured
through the extraction and quantiﬁcation of a FD metric, which
can elucidate the size and complexity of cerebral surfaces.
Volumetric structural MRI images permit the 3D reconstruction
of cortical surfaces in order to perform 3D-FD “box-counting” of
these surfaces down to a spatial scale of 3 mm, which corresponds
well with measures of CTX [38], or down to 1 mm when using a
different implementation [39]. FD analysis techniques can go
beyond just estimating CTX, as FD additionally measures
gyriﬁcation and sulcal depth of the cortical ribbon as a single
quantiﬁable index value [40, 41]. FD analysis is a promising
method to study inherent irregularities of cerebral geometry in
comparison to measures relying on integral Euclidian geometry, as
nonintegral FD follows the more practical geometry found in
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nature and can be applied to the complicated, irregular and fractal
convolutedness of cerebral surfaces [42, 43].
FD has yet to be studied in populations with PTSD, but recent
studies in psychiatry have begun to examine cortical complexity.
For example, individuals with chronic psychiatric conditions,
including obsessive-compulsive disorder, anorexia nervosa and
schizophrenia [44–48], have all identiﬁed unique patterns of
reductions in cortical complexity. Additionally, reductions in
cortical complexity have also been identiﬁed in advanced
neurological disorders that exhibit concomitant psychiatric
symptoms, such as frontal lobe epilepsy [49], Alzheimer’s disease
[50, 51], Spinocerebellar Ataxia Type 2 [52], small vessel disease
with CI [53], multiple sclerosis [54, 55], Amyotrophic Lateral
Sclerosis [56], frontotemporal dementia [FTD] [57], and also the
aging brain [39, 58–61]. Therefore, FD presents as a novel and
useful measurement of cortical complexity in psychiatrically
affected populations and in this paper, we examined WTC
responders with and without long-term PTSD to determine if
those with PTSD would exhibit reductions in cortical complexity.
PTSD is a heterogenous condition often comorbid with
depression, anxiety, and cognitive impairment that involves
complex memory, emotional, and behavioral processes [62], and
encompasses distinct symptom domains including reexperiencing
traumatic events, effortful avoidance, hyperarousal, and emotional
numbing/negative affect [63]. Prior work has noted that reexperiencing symptoms are more consistently associated with risk of
aging-related conditions [7, 24, 25, 64–66], while serologic
analyses have found that avoidance was identiﬁed as a key
symptom to older DNA methylation age estimates [67] and
transcriptomics dysregulation [68].
The primary aim of this paper was to study cortical complexity,
measured as FD, in the whole brain, each hemisphere, and by
region of interest (ROI) parcellation, in a sample of 99 WTC
responders with and without long-term PTSD. A secondary aim of
this study was to generate outcome estimates of cortical
complexity alterations by total PTSD symptom severity, and by
the severity each of the four individual symptom domains, in
affected regions of interest (ROIs) while controlling for cortical
thickness in respective ROIs and for differences in comorbidities.
These adjustments were applied to improve model sensitivity, to
identify the magnitude of changes more precisely in regional
complexity caused by aspects of PTSD in this sample. These
measures serve to further our understanding of the underlying
central neurobiological changes experiences by WTC responders
with PTSD because of their traumatic exposures at 9/11.

TR = 1900ms, TE = 2.49 ms, TI = 900 ms; Flip Angle = 9°; acquisition matrix:
256 × 256; voxel resolution: 0.89 × 0.89 × 0.89 mm3. For incidental pathology screening, 2D T2-weighted anatomical scans used a turbo spin-echo
pulse sequence (34 axial slices, TR = 6170 ms, TE = 96 ms; Refocusing ﬂip
angle = 150°; acquisition matrix = 320 × 320; pixel size = 0.36 × 0.36 mm2,
slice thickness/gap = 3/0 mm), and were acquired and read by a boardcertiﬁed radiologist to determine incidental ﬁndings.
Fractal Dimension image processing. Fractals are common in natural
systems and identify structures that are nested within complex replications
of their own surfaces [71]. The human brain is generally thought to be best
described by 3D fractal geometry, instead of 2D Euclidean geometry;
hence FD is a good utility to describe the complexity of the anatomical
surface of the cortical ribbon [72].
Image processing was completed by analyzing 99 volumetric MRI
images from WTC responders with (n = 47) and without (n = 52) PTSD and
performing 3D fractal dimension (FD) analysis was conducted in
Computational Analysis Toolbox 12 (CAT12, Structural Brain Imaging
Group, University of Jena, Germany) in n Matlab R2019a version 9.6
(MathWorks Inc., Sherborn, MA, USA), which can extract fractal dimension
values at the global (whole-brain), regional (based on regions of interest of
an atlas), and local (vertex) level, based on a spherical harmonic
reconstruction method previously described [73] and presently used. The
CAT12 SBM toolbox provides detailed instructions for analysis [74] and
prior work has found that CAT12 is reliable and highly efﬁcient for
segmentation purposes [75, 76]. To that end, structural images were ﬁrst
stratiﬁed in the left and right hemispheres before being resampled,
merged, and smoothed at 25 mm following the recommended processing
procedures [73]. Brieﬂy, FD was estimated based on spherical reconstructions and was calculated as the slope of a logarithmic plot for surface area
against the maximum l-value, which is the frequency bandwidth [73]. For
regional analyses, ROI-based FD values were estimated for 68 unilateral
ROIs using the Desikan–Killiany atlas included in the CAT12 toolbox using
standard procedures [77]. Visual inspection of all images for motion
artifacts and missing portions, and image rating was performed for quality
control by two experts (S.C. and C.H.); all scans passed global visual
inspection using the “Slice Display” and “Surface Data Homogeneity” tools
in CAT12.

Clinical measures
Posttraumatic stress disorder. PTSD diagnosis was determined using the
Structured Clinical Interview for the DSM-IV [SCID-IV] [78], a semistructured interview administered by trained clinical interviewers. Symptom subdomains were measured using subscales calculated using
reported symptom severity in the SCID for the following symptom
domains: reexperiencing symptoms, avoidance, hyperarousal, and negative life experiences.

WTC exposure severity
WTC exposure severity was operationalized as time spent (in months) on
site during the search and rescue efforts [25, 66].

MATERIALS AND METHODS
Data derived from the Stony Brook–Mount Sinai WTC responder imaging
study has been previously described [4]. Brieﬂy, 99 participants were
recruited from a single clinic-based WTC health monitoring program on
Long Island, NY [69, 70], where an ongoing epidemiologic study of
accelerated aging was undertaken [24]. PTSD diagnosis was determined
from a structured diagnostic interview, described below. Inclusion criteria
were ages 44 to 65, ﬂuent in English, and a diagnostic assessment of WTCPTSD. Subjects also satisﬁed eligibility criteria for MRI scanning including
body mass index ≤40, no known claustrophobia, no known metal implants
or shrapnel that was not deemed MRI-safe, and no prior history of
traumatic brain injury. Upon enrollment, eligible responders were screened
to ensure case status. The case and control groups were matched on age
within 5 years, sex, race/ethnicity, type of responder (police vs nontraditional), and education. Overall, the 99 WTC responders who completed the
study were mostly male (78.8%) and had an average age of 55.9 (SD 5.2).

Imaging measures
Image acquisition. MRI acquisitions were performed on a 3 T Siemens
Biograph mMR scanner at Icahn School of Medicine at Mount Sinai, NY.
Three-dimensional T1-weighted magnetization-prepared rapid gradient
echo (MPRAGE) images were acquired using the following parameters:

Statistical analyses
In the present study, confounding from key variables including age was
completed using matching in the recruitment design phase. Pairwise
t-tests with Welch’s correction and χ2 tabulations were used to examine
differences in matching and diagnostic variables across diagnostic groups.
Assessment of distribution for all continuous variables was performed with
Shapiro–Wilk test and visualization of histogram densities. Statistical
signiﬁcance was considered when p < 0.05; Type I errors were controlled
for by adjusting signiﬁcance using the False Discovery Rate (FDR) set at
0.05 [79].
The analytic plan ﬁrst focused on studying whole-brain surface-based
morphometry (SBM) FD clusters. Whole-brain SBM analysis relied on
threshold-free cluster enhancement algorithm (FCE; E = 0.5, H = 2.0) using
Draper–Stoneman (10,000 permutations) to detect vertex clusters; FCEcalculated t-values were reported (tFCE) with P reporting a p-value that is
adjusted for the false discovery rate. [80] Cluster-based analyses were
reported and mapped onto central surface maps; cluster locations were
reported in X/Y/Z indicate coordinates, expressed in millimeters, using the
Montreal Neurological Institute’s coordinate system and then further
remapped onto Desikan–Killiany ROIs for extended parcellation and visual
comparison with the follow up ROI analysis (see below). Next, we
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examined absolute bilateral and unilateral FD, before ﬁnally examining FD
in ROIs and employed two-tailed independent sample t-tests with Welch’s
correction with effect sizes reported as Cohen’s d. Power analysis given
two-tailed α = 0.05, at a minimum acceptable level of 80% power, with a
sample size of n = 99, required an effect size of d = 0.57.
Next, we examined bivariate correlations between ROI FD, the four PTSD
symptom cluster scores (reexperiencing, hyperarousal, avoidance, negative
affect), and WTC exposure duration, using two-tailed Spearman’s rank
correlation coefﬁcients (α = 0.05). Power analysis given two-tailed α = 0.05,
at a minimum acceptable level of 80% power, with a sample size of n = 99,
required an effect size of Spearman’s Rho |ρ| = ± 0.27.
Finally, a series of multiple linear regressions were used, with each PTSD
symptom cluster score (total combined, reexperiencing, hyperarousal,
avoidance, negative affect) entered as predictors/independent variables,
and each cortical ROI entered as outcome/dependent variables, while
adjusting for cortical thickness in each respective ROI, major depressive
disorder, anxiety disorder, diabetes, sleep apnea, obstructive airway
disease, gastroesophageal disorder, and cardiovascular disease.
Analyses were completed in: JASP (Version 0.15.0), JASP Team (2020),
University of Amsterdam, Netherlands; GraphPad Prism (Version 9.1.0),
GraphPad Software, San Diego, California USA; and G*Power 3.1, IDRE
Stats, UCLA.

Table 1. Sample (n = 99) characteristics for WTC responders with and
without PTSD diagnosis.
Characteristic

PTSD- (n = 52)

PTSD + (n = 47)

p

Age

56.88 (5.31)

55.81 (5.05)

0.3073

BMI

29.55 (4.03)

28.86 (5.04)

Male

76.92%

80.85%

Female

23.08%

19.15%

Black

11.54%

8.51%

White

75.00%

78.72%

Other

13.46%

12.77%

Yes

15.38%

8.51%

No

84.62%

91.49%

15.71 (1.96)

15.28 (2.47)

The Institutional Review Board at both Stony Brook University and the
Icahn School of Medicine at Mount Sinai approved study procedures;
participants provided informed written consent.

FD in WTC-PTSD
We ﬁrst compared responders with and without DSM-IV WTCPTSD on background and testing characteristics. Table 1 shows
that responders with a diagnosis of WTC-PTSD were not
demographically different from those without PTSD, consistent
with the matching design of the study. Nor were there differences
in duration of efforts at the WTC recovery site. As expected,
responders with a clinical diagnosis of PTSD reported signiﬁcantly
greater PTSD symptom severity on all subscales. Furthermore,
signiﬁcantly more responders with WTC-PTSD had higher rates of
comorbidities (see Table 1).
We then performed SBM analyses of cortical FD clusters in WTC
responders with/without PTSD and identiﬁed statistically signiﬁcant clusters with ﬁve cluster-peaks that survived adjustment for
multiple comparisons [see Fig. 1]. Cluster-peaks were evident
predominantly in the right hemisphere with focal alterations in
the parietal lobe reaching into the superior temporal gyrus. The
most signiﬁcant reductions in FD were focused across several
large clusters including a focal peak in the right superior parietal
(MNI coordinates: 32/−52/54 mm, tTFCE = 17,521.41, p = 0.002),
the left frontal pole (−39/43/−2; tTFCE = 7798.88, p = 0.001), the
left lateral occipital (−13/−87/29; tTFCE = 4749.16, p = 0.002), the
right precentral (6/−29/74; tTFCE = 2239.24; p = 0.050), the left
anterior cingulate (−3/−2/36; tTFCE = 1,639.78; p = 0.050), and
the left caudal anterior cingulate (−4/5/30; tTFCE = 1592.69; p =
0.050).
Whole brain analysis of FD using pairwise comparisons
identiﬁed signiﬁcantly lower absolute FD in the PTSD + group
(t = −3.3144, p = 0.0013, mean difference −0.0160, SE = 0.0048,
Cohen’s d = −0.67) [see Fig. 2].
Examination of unilateral hemispheric differences in FD using
pairwise comparisons identiﬁed signiﬁcantly lower absolute
unilateral FD in the left hemisphere (t = −2.5535, p = 0.0122,
mean difference −0.0149, SE = 0.0058, Cohen’s d = −0.5139), with
Translational Psychiatry (2021)11:597

0.3391

WTC Exposures
WTC efforts (months)

Early arrival 9/11 - 9/12
Exposure to human
remains
Experienced loss of life
Experienced suffering
of others

RESULTS
By design, sample subgroups were matched in terms of age at
scan, sex, race/ethnicity, educational attainment, and analyses
reported below indicate that the matching was successful.
Therefore, analyses did not require additional adjustments for
these matching variables.

0.2953

Hispanic

Engulfed by 9/11
dust cloud

Ethics

0.8724

Race

Education (school years)

0.3943
0.6331

Sex

3.75 (3.19)

3.69 (2.49)

0.9373

11.54%

12.77%

0.8518

78.85%

72.34%

0.4507

63.46%

74.47%

0.2383

53.85%

76.60%

0.0181*

53.85%

72.34%

0.0575

DSM-IV SCID Trauma
Screen
Total PTSD symptoms

49.62 (8.08)

95.81 (13.03)

3.9639e -33*

Reexperiencing

12.17 (3.12)

23.36 (4.29)

7.2437e -25*

Avoidance

16.27 (3.23)

32.70 (6.13)

2.1250e -25*

Hyperarousal

12.13 (2.92)

23.98 (3.33)

2.6739e -32*

Negative affect

9.04 (1.66)

15.77 (4.19)

8.2934e -15*

0.00%

38.30%

8.0727e -7*

Comorbidities
Major Depressive
Disorder
Anxiety Disorder

9.62%

31.92%

0.0058*

Substance Abuse
Disorder

1.92%

2.13%

0.9424

Diabetes

3.00%

9.00%

0.0417*

Hypertension

17.00%

18.00%

0.5602

Sleep Apnea

21.15%

55.32%

0.0005*

Upper Respiratory
Disease

61.54%

68.09%

0.4963

Obstructive Airway
Disease

30.77%

53.19%

0.0237*

GERD

32.69%

63.83%

0.0019*

Coronary Artery Disease

0.00%

6.38%

0.0643

Heart Attack

1.92%

4.26%

0.4990

Abnormal Heartbeat

0.00%

6.38%

0.0643

Heart Murmur

1.92%

6.38%

0.2604

1.92%

0.00%

0.3393

Other Heart Disease

9.62%

21.28%

0.1061

Cardiovascular Disease

15.38%

38.30%

0.0097*

Cancer

19.23%

25.53%

0.4514

Congestive Heart
Disease

Note: Means (standard deviations) or percentages (%) reported, P-values
examine the extent to which noted characteristics differ and were derived
using χ2 tests for categorical variables, and independent samples Welch’s ttests for continuous variables, *denotes signiﬁcance of p < 0.05, BMI body
mass index, PTSD posttraumatic stress disorder, DSM-IV SCID structured
clinical interview for DSM disorders, GERD gastroesophageal reﬂux disease,
WTC world trade center.

a larger reduction in the right hemisphere (t = −3.1798, p =
0.0020, mean difference −0.0172, SE = 0.0054, Cohen’s d =
−0.6358) in the PTSD + group when compared to the PTSDgroup (see Fig. 3).
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Examination of regional differences using pairwise comparisons
of FD in each of the 68 unilateral ROIs identiﬁed nominally
signiﬁcantly lower cortical complexity in the PTSD + when
compared to the PTSD− group. However, given adjustment for

Fig. 1 Group-wise nonparametric analyses of FD using surfacebased morphometry comparing PTSD negative to PTSD positive
responders. Regions lacking signiﬁcant differences in FD between
groups are shown in gray while statistically signiﬁcant results are
shown using a rainbow colormap ranging from blue to red. Figure
generated using Computational Anatomy Toolbox (CAT12) with
superimposed Desikan–Killiany (DK) atlas regions shown in black
borders.

Fig. 2 Raincloud plots showing data distribution (cloud), jittered
raw data and central tendency boxplots comparing absolute
cortical complexity between WTC responders with PTSD versus
those without. Analyses identiﬁed signiﬁcantly lower absolute whole
brain cortical complexity (Welch’s t = −3.3144, p = 0.0013, Cohen’s
d = −0.67) in the PTSD + group (mean = 2.5946, SD = 0.0234), when
compared to the PTSD- group (mean = 2.6107, SD = 0.0247). PTSD
posttraumatic stress disorder, X-axis denotes whole brain FD.

68 multiple comparisons, none survived FDR, which we suspect as
a Type-II error. Therefore, we report the nominally signiﬁcant
reductions spanning across the frontal, temporal, and parietal lobe
(see Table 2).
Associations between dimensional measures of PTSD symptom
clusters and WTC exposure duration (months) with FD in each ROI
identiﬁed multiple signiﬁcant correlations between reexperiencing
symptom cluster and the right pars triangularis, the right rostral
middle frontal and the right paracentral. We also found signiﬁcant
associations between the avoidance cluster and the right pars
triangularis, the right rostral middle frontal and the right
postcentral, and between the negative affect cluster and the left
and right superior parietal (see Supplementary Table 1).
A series of adjusted multiple regression models were conducted
to estimate the effects of total PTSD symptom severity along with
the individual four PTSD symptom severity clusters, with each
entered individually as the independent variable/predictor on
each ROI FD serving as the dependent variable/outcome. Analyses
identiﬁed signiﬁcantly negative estimates across four regions in
the frontal lobe, three regions in the limbic lobe, two regions in
the temporal lobe and seven regions in the parietal lobe (see
Table 3).
DISCUSSION
In this study, we tested the hypothesis that reductions in cerebral
complexity would be found in individuals with chronic PTSD in a
sample of 99 WTC responders assessed almost two decades after
9/11. We conﬁrmed that reductions in cortical complexity,
previously found in speciﬁc psychiatric disorders, were also noted
in WTC responders with PTSD. Using FD to measure both global,
unilateral, and regional cortical complexity, we identiﬁed signiﬁcant associations between reduced FD and WTC-PTSD. SBM
analysis revealed clusters that were signiﬁcantly reduced in PTSD
+ responders across the frontal, parietal, temporal, and
occipital lobes.
Examination of hemispheric cortical complexity also identiﬁed
reductions like those identiﬁed with SBM analysis. The right
hemisphere was found to have a larger reduction in cortical
complexity in WTC responders with PTSD when compared to
matched WTC responders without PTSD. Prior studies have
demonstrated larger activations in the right hemisphere in
traumatized populations [81–84]. The right hemisphere develops
earlier than the left, and has been implicated in nonverbal
emotional communication and the dynamic and holistic integration across sensory modalities [85]. The right hemisphere also
greatly integrates with the amygdala, which processes emotional
signiﬁcance of sensory inputs and then outputs appropriate
hormonal and autonomic responses, and has been implicated
with personality, emotional, and behavioral disturbances [86, 87].

Fig. 3 Raincloud plots showing pairwise comparisons between bilateral cortical complexity between WTC responders with PTSD versus
those without. Analyses identiﬁed lower absolute cortical complexity in the PTSD + group in the left hemisphere (t = −2.5535, p = 0.0122,
Cohen’s d = −0.5139; PTSD+: mean = 2.5979, SD = 0.0290; PTSD−: mean = 2.6128, SD = 0.0289), and the right hemisphere (t = −3.1798, p =
0.0020, Cohen’s d = −0.6358; PTSD + : mean = 2.5913, SD = 0.0257; PTSD−: mean = 2.6085, SD = 0.0282), when compared to the PTSDgroup. PTSD posttraumatic stress disorder, X-axis denotes hemispheric FD.
Translational Psychiatry (2021)11:597
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Table 2.

Pairwise comparisons of regional fractal dimension (FD) cortical complexity using independent samples t-test with Welch’s correction
between WTC responders with/without PTSD.
PTSD− (n = 52)

PTSD+ (n = 47)

Lobe

Regional complexity

Mean

SD

Mean

SD

t

p

d

Frontal

L Pars Triangularis

2.759

0.158

2.695

0.161

−1.988

0.05

−0.4

R Pars Triangularis

2.736

0.14

2.677

0.146

−2.041

0.044

−0.41

R Precentral

2.766

0.077

2.737

0.063

−2.113

0.037

−0.42

R Middle Temporal

2.644

0.085

2.596

0.11

−2.422

0.018

−0.49

R Superior Temporal

2.964

0.115

2.915

0.108

−2.196

0.031

−0.44

R Inferior Parietal

2.783

0.095

2.741

0.088

−2.287

0.024

−0.46

R Superior Parietal

2.711

0.091

2.666

0.093

−2.478

0.015

−0.5

L Supramarginal

2.679

0.079

2.645

0.09

−2.029

0.045

−0.41

Temporal

Parietal

Note: nonsigniﬁcant results are omitted; SD standard deviation, t statistic, p < 0.05, d = Cohen’s d effect size.

In contrast, the left hemisphere, which is largely involved with
verbal communication and problem-solving abilities, seems to be
less associated with PTSD [88]. Therefore, our results identifying
greater reductions in cortical complexity of the right hemisphere
in responders with WTC-PTSD are largely consistent with the
literature, in so far that the right hemisphere appears to be more
generally affected by PTSD when compared to the left hemisphere, which may have led to the observed reduction in right
hemisphere complexity.
Similar to the present ﬁndings, SBM reductions of FD in the
superior parietal, the frontal pole, the precentral gyrus, the lateral
occipital and the cingulate gyri have been reported in psychiatrically affected populations with anorexia nervosa, with a
reduction of FD in the parietal lobe, which is involved in selfimage and body-image perception, suggesting that this region
may be particularly vulnerable to changes in cortical complexity in
psychiatric conditions [46]. Eating disorders share similarities with
PTSD regarding the rates of dissociative behaviors, where an
increase of traumatic events in an individual’s life can lead to
higher rates of developing eating disorders [89]. Moreover,
patients with negative schizophrenia have also been identiﬁed
to display reductions in FD in the superior parietal, the frontal
pole, precentral gyrus, and cingulate gyri [47]. Negative schizophrenia and PTSD share certain psychiatric similarities in so far
that they can both exhibit negative symptoms of social withdrawal, loss of volition, affective ﬂattening, and poverty of speech,
presumed to be associated with structural brain abnormalities
[90]. Given the evidence and the overlap in regions displaying FD
reductions between these two conditions, these brain regions
may be susceptible to changes in cortical complexity in
psychiatrically complex populations.
Segmentation identiﬁed nominally signiﬁcant, but reduced FD
in regions spanning across the frontal, temporal, and parietal
lobes in WTC responders with chronic PTSD. Multiple regression
models entering total PTSD symptom severity and individual
symptom severity as the predictor, with FD from individual ROIs as
the outcome, while adjusting for CTX in the respective region,
revealed signiﬁcant negative effects of total, and individual PTSD
symptoms in ROIs spanning across the frontal, temporal, and
parietal lobes. The regions with FD reductions identiﬁed in this
study encompass cortical areas involved in: language control [91];
executive function; emotion regulation and working memory
[92, 93]; perceived stress [94, 95]; PTSD trauma [96–98]; chronic
schizophrenia [99, 100]; and cognitive decline [101–105]. The
signiﬁcant associations of PTSD symptoms with the parietal lobe,
such as negative experiences associated with reduced FD in the
postcentral gyrus (which is the major component of the primary
somatosensory cortex), have been implicated with exposure to
trauma [106], decreased inhibition in PTSD combat veterans [107],
Translational Psychiatry (2021)11:597

as well as a positive association of resting state activity within this
region with the number of traumatic experiences [108]. Furthermore, clusters of associations were observed in the superior
parietal lobule, which has been implicated with reduced cortical
thickness in miners with PTSD [96, 109], the dissociative subtype
of PTSD [110], greater fMRI activation among PTSD patients [111],
and reduced cortical complexity in patients with negative and
paranoid schizophrenia [47]. Taken together, these regional
ﬁndings suggest that WTC-PTSD from exposure to traumatic
events during the search and rescue efforts at 9/11 may have led
to reductions in cortical complexity. It is also possible that prior
reduction in cortical complexity may have predisposed responders
to PTSD.
SBM analysis identiﬁed clusters that were signiﬁcantly reduced
in responders with PTSD, with peaks included from areas such as
the left frontal pole, the left lateral occipital, the left anterior
cingulate, and the left caudal anterior cingulate, that were not
replicated in the ROI analysis, while the focal peak in the right
precentral was. The reason for this discrepancy may lie in the fact
that ROI based analyses are univariate approaches that are
selected based on atlases using prior knowledge that do not
always fully account for anatomical brain differences in individuals
[112, 113]. In contrast, SBM analyses represent a multivariate
approach that identiﬁes peaks or troughs in a speciﬁc measure
and can identify clusters around those areas that are correspondingly affected. Peaks/troughs are identiﬁed at the node in SBM,
while the cluster may range in any direction from the peak. This
has the advantage of being anatomically unrestricted and better
able to capture even small spatial differences between groups of
individuals as it provides maps which display common covariation
where changes are evident [113, 114], though changes should be
smaller in some portions of the cluster than in others potentially
leading to small differences between conclusions made using SBM
as compared to ROI-based analyses.
Cortical complexity is a developmental process, whereby the
increase in folding of the cortical ribbon begins at the neonatal
stage and increases with development and life experience. It is
also associated with cortical thickness and neural density and has
been previously demonstrated to be negatively associated with
neurological and psychiatric disorders, and the aging brain.
However, very little is known about the etiology of reduced
cortical complexity in WTC responders with chronic PTSD,
let alone the association of cortical complexity with PTSD in other
trauma affected populations. As has been previously noted, it has
been demonstrated that PTSD is a risk factor for CI and that PTSD
is associated with neurobiological changes, such as a reduction in
cortical thickness. However, our prior neuroimaging study of
cortical thickness in WTC responders with PTSD failed to show
signiﬁcant reductions in cortical thickness associated with PTSD.
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Alternatively, recent studies have shown a reduction of gyriﬁcation in patients with PTSD, and several recent studies in psychiatry
have demonstrated distinct patterns of changes in cortical
complexity, suggesting that PTSD may be associated with
morphological changes at the cerebral surface. Therefore, to
better interrogate the underlying neurobiological changes in WTC
responders with long-term PTSD, we employed the novel measure
of FD for cortical complexity and identiﬁed several reductions
associated with PTSD. We are, however, in part limited by the prior
literature, which is nascent due to a reliance on this relatively
novel measurement.
According to the tension-based hypothesis, cortical complexity
during development is associated with elongation or retraction of
axonal tension, which in turn leads to the formation of gyri and
sulci, thereby inﬂuencing complexity of the cortical surface
[115–118]. Thus, cortical complexity can be inﬂuenced by underlying white matter connectivity, whereby disruptions in the
connectivity of underlying axons could reduce surface complexity.
Indeed, studies have documented disruptions in white matter
connectivity and integrity in trauma and PTSD populations
[119–124], which has been proposed to have an underlying
etiology due to increased neuroinﬂammation due to psychosocial
stress [125–132], with accelerated brain senescence [133–135],
and that normal brain aging is associated with reduced cortical
complexity [39, 58–61]. Coupled with our own studies that have
identiﬁed increased neuroinﬂammation in responders with
chronic WTC-PTSD [68, 136–138], we therefore propose that one
possible avenue for the reduced cortical complexity observed in
WTC responders with chronic PTSD in this study may be due to
increased neuroinﬂammation from elevated psychosocial stress,
which may have led to white matter atrophy, in turn leading to
reduced cortical complexity through retraction of axonal tension.
Future studies with WTC responders and other trauma affected
populations should directly interrogate FD analysis, and if possible,
integrate diffusion tensor imaging analyses of white matter
integrity from MRI, along with concurrent Positron Emission
Tomography (PET) biomarkers of neuroinﬂammation, such as the
Translocator protein 18-kDa (TSPO) ligand FEPPA, or others. Doing
so, would better position future research studies to interrogate
this theory and further investigate the neurobiological mechanisms involved in the reduction of cortical complexity, whether in
WTC responders with PTSD, or with other trauma exposed
populations with PTSD. Such studies may further elucidate why
PTSD is a risk factor CI.
The present study is the ﬁrst study to investigate this novel
marker of cortical complexity in a sample of WTC responders and
the ﬁrst study to investigate this measure speciﬁcally in WTCPTSD. Our ﬁndings not only identify that cortical complexity was
negatively associated with WTC-PTSD, but also provide evidence
that reduced cortical complexity may be negatively associated
with PTSD as a psychiatric condition. Future neuroimaging studies
interrogating the neural correlates of PTSD with a non-WTC
exposed control group without PTSD will be better able to
generalize their results by quantifying cortical complexity in
addition to gray matter volumetric, cortical thickness, and
functional MRI approaches. Such approaches may prove fruitful
to future research studies of trauma and PTSD affected populations to help understand the presence, prognosis, and features of
related psychiatric symptoms that aid clinical monitoring of such
individuals. Detection of novel characteristic neuroanatomical
differences in psychiatric patients will lead to more effective
diagnosis, treatment, and ultimately interventions. Since we did
not ﬁnd evidence of changes in cortical thickness associated with
PTSD in our WTC responder population, but instead identiﬁed
reductions in the complexity of the cortical ribbon associated with
PTSD, future studies should test whether cortical complexity is a
signature in other PTSD populations, and if so, whether it serves as
a biomarker for PTSD.
Translational Psychiatry (2021)11:597

M. Kritikos et al.

7
Limitations
While novel in many ways, this study has a number of important
limitations including a small sample size, unique nature of WTC
exposures, and lack of non-WTC external control group that
together prevent us from generalizing our ﬁndings to the general
population. Though we did make efforts to increase recruitment of
minorities and women to the point of doubling the numbers of
both in this sample compared to the responder population
enrolled in our program, the sample would beneﬁt from improved
diversity. Furthermore, although we found signiﬁcant differences
between those with and without PTSD, we could not shed light on
time of onset and possible changes in cortical complexity in
responders with WTC-PTSD. Speciﬁcally, the ﬁnding of reduced FD
in responders with WTC-PTSD could have resulted from a onetime massive systemic shock or cumulative effects of chronic
stressors leading to PTSD. In addition, we do not have accurate
assessments of life trauma and/or PTSD in WTC responders prior
to 9/11, and we lack a comparison group of responders with subsyndromal, mild, heterogeneous, or remitted PTSD. While current
medication yes/no is collected at the WTC-HP for responders with
comorbidities, they were unfortunately not in the analysis ﬁles,
and we hope to analyze medications (medical and psychiatric) in
future papers. Finally, PTSD symptom clusters of reexperiencing,
avoidance, negative affect, and hyperarousal are strongly intercorrelated. Hence disentangling the unique contribution of each
symptom cluster to changes in cortical complexity is challenging
and will require larger samples, and samples with greater
symptom heterogeneity, in the future. Nevertheless, our results
still demonstrate a clear association between WTC-PTSD and
reduced cortical complexity.
CONCLUSIONS
This is the ﬁrst study of its kind to examine cortical complexity in a
sample of WTC responders. The WTC disaster exposed tens of
thousands of individuals, including professional and civilian
responders, to the toxic detritus of the towers after they collapsed
and the ensuing emotional disturbances arising from the terrorist
attacks. The most prominent psychiatric conditions among
exposed responders have been chronic PTSD with a prevalence
of approximately 23%. Our ﬁndings herein report evidence that
WTC-PTSD is negatively associated with a novel marker of cortical
complexity across different cortical areas, extending previous
studies of other psychiatric disorders. Thus, our study is the ﬁrst to
study cortical complexity in a population with and without chronic
PTSD and the ﬁrst to demonstrate that PTSD is associated with
reductions in cortical complexity. More research is needed to
determine if the current ﬁndings are replicated in other, non-WTC
trauma-exposed populations and if neuroimaging measures of
cortical complexity, such as fractal dimension, serve as a
biomarker for PTSD in trauma- affected individuals.
DATA AVAILABILITY
Data can be made available by request to the corresponding author.

REFERENCES
1. Bromet EJ, Hobbs MJ, Clouston SA, Gonzalez A, Kotov R, Luft BJ. DSM-IV posttraumatic stress disorder among World Trade Center responders 11-13 years
after the disaster of 11 September 2001 (9/11). Psychol Med. 2016;46:771–83.
2. Clouston SAP, Guralnik JM, Kotov R, Bromet EJ, Luft BJ. Functional limitations
among responders to the world trade center attacks 14 years after the disaster:
implications of chronic posttraumatic stress disorder. J Trauma Stress.
2017;30:443–52.
3. Clouston SAP, Deri Y, Diminich E, Kew R, Kotov R, Stewart C, et al. Posttraumatic
stress disorder associated with total amyloid burden and amyloid-ß 42/40 ratios
in plasma: Results from a pilot study of world trade center responders. Alzheimer’s Dement. 2019;11:216–20.

Translational Psychiatry (2021)11:597

4. Clouston SAP, Deri Y, Horton M, Tang C, Diminich E, DeLorenzo C, et al. Reduced
cortical thickness in World Trade Center responders with cognitive impairment.
Alzheimers Dement. 2020;12:e12059.
5. Hammock AC, Dreyer RE, Riaz M, Clouston S, McGlone A, Luft B. Trauma and
relationship strain: oral histories with World Trade Center disaster responders.
Qual Health Res. 2019;29:1751–65.
6. Kritikos M, Clouston S, Diminich ED, Deri Y, Yang X, Carr M, et al. Pathway
analysis for plasma beta-Amyloid, tau and neuroﬁlament light (ATN) in World
Trade Center responders at midlife. Neurol Ther. 2020;9:159–71.
7. Mukherjee S, Clouston S, Kotov R, Bromet E, Luft B. Handgrip strength of World
Trade Center (WTC) responders: the role of re-experiencing posttraumatic stress
disorder (PTSD) symptoms. Int J Environ Res Public Health. 2019;16:1128.
8. Ruggero CJ, Kotov R, Callahan JL, Kilmer JN, Luft BJ, Bromet EJ. PTSD symptom
dimensions and their relationship to functioning in World Trade Center
responders. Psychiatry Res. 2013;210:1049–55.
9. Litcher-Kelly L, Lam Y, Broihier JA, Brand DL, Banker SV, Kotov R, et al. Longitudinal study of the impact of psychological distress symptoms on new-onset
upper gastrointestinal symptoms in World Trade Center responders. Psychosom
Med. 2014;76:686–93.
10. Kotov R, Bromet EJ, Schechter C, Broihier J, Feder A, Friedman-Jimenez G, et al.
Posttraumatic stress disorder and the risk of respiratory problems in world trade
center responders: longitudinal test of a pathway. Psychosom Med.
2015;77:438–48.
11. Zvolensky MJ, Farris SG, Kotov R, Schechter CB, Bromet E, Gonzalez A, et al.
World Trade Center disaster and sensitization to subsequent life stress: a
longitudinal study of disaster responders. Prev Med. 2015;75:70–74.
12. Zvolensky MJ, Kotov R, Schechter CB, Gonzalez A, Vujanovic A, Pietrzak RH, et al.
Post-disaster stressful life events and WTC-related posttraumatic stress,
depressive symptoms, and overall functioning among responders to the World
Trade Center disaster. J Psychiatr Res. 2015;61:97–105.
13. Friedberg F, Adamowicz JL, Caikauskaite I, Napoli A, Shapira O, Hobbs M, et al.
Fatigue severity in World Trade Center (9/11) responders: a preliminary study.
Fatigue Biomed Health Behav. 2016;4:70–79.
14. Feder A, Mota N, Salim R, Rodriguez J, Singh R, Schaffer J, et al. Risk, coping and
PTSD symptom trajectories in World Trade Center responders. J Psychiatr Res.
2016;82:68–79.
15. Alper HE, Gargano LM, Cone JE, Brackbill RM. Injury severity and psychological
distress sustained in the aftermath of the attacks of 11 September 2001 predict
somatic symptoms in World Trade Center health registry enrollees sixteen years
later. Int J Environ Res Public Health 2020;17:4232.
16. Brite J, Friedman S, de la Hoz RE, Reibman J, Cone J. Mental health, long-term
medication adherence, and the control of asthma symptoms among persons
exposed to the WTC 9/11 disaster. J Asthma. 2020;57:1253–62.
17. Alper HE, Yu S, Stellman SD, Brackbill RM. Injury, intense dust exposure, and
chronic disease among survivors of the World Trade Center terrorist attacks of
September 11, 2001. Inj Epidemiol. 2017;4:17.
18. Li J, Brackbill RM, Jordan HT, Cone JE, Farfel MR, Stellman SD. Effect of asthma
and PTSD on persistence and onset of gastroesophageal reﬂux symptoms
among adults exposed to the September 11, 2001, terrorist attacks. Am J Ind
Med. 2016;59:805–14.
19. Brackbill RM, Cone JE, Farfel MR, Stellman SD. Chronic physical health consequences of being injured during the terrorist attacks on World Trade Center
on September 11, 2001. Am J Epidemiol. 2014;179:1076–85.
20. Fireman EM, Lerman Y, Ganor E, Greif J, Fireman-Shoresh S, Lioy PJ, et al.
Induced sputum assessment in New York City ﬁreﬁghters exposed to World
Trade Center dust. Environ Health Perspect. 2004;112:1564–9.
21. Centers for Disease Control and Prevention. Use of respiratory protection
among responders at the World Trade Center site-New York City, September
2001. MMWR Morb Mortal Wkly Rep 2002;51:6–8.
22. Azofeifa A, Martin GR, Santiago-Colón A, Reissman DB, Howard J. World Trade
Center health program - United States, 2012-2020. MMWR Surveill Summ.
2021;70:1–21.
23. Giesinger I, Li J, Takemoto E, Cone JE, Farfel MR, Brackbill RM. Association
between posttraumatic stress disorder and mortality among responders and
civilians following the September 11, 2001, Disaster. JAMA Netw Open. 2020;3:
e1920476.
24. Clouston SA, Kotov R, Pietrzak RH, Luft BJ, Gonzalez A, Richards M, et al. Cognitive
impairment among World Trade Center responders: Long-term implications of reexperiencing the 9/11 terrorist attacks. Alzheimers Dement. 2016;4:67–75.
25. Clouston S, Pietrzak RH, Kotov R, Richards M, Spiro A, Scott S, et al. Traumatic
exposures, posttraumatic stress disorder, and cognitive functioning in World
Trade Center responders. Alzheimers Dement. 2017;3:593–602.
26. Dossi G, Delvecchio G, Prunas C, Soares JC, Brambilla P. Neural bases of cognitive impairments in post-traumatic stress disorders: a mini-review of functional magnetic resonance imaging ﬁndings. Front Psychiatry. 2020;11:176.

M. Kritikos et al.

8
27. Hayes JP, Vanelzakker MB, Shin LM. Emotion and cognition interactions in PTSD:
a review of neurocognitive and neuroimaging studies. Front Integr Neurosci.
2012;6:89.
28. Sullivan DR, Marx B, Chen MS, Depue BE, Hayes SM, Hayes JP. Behavioral and
neural correlates of memory suppression in PTSD. J Psychiatr Res.
2019;112:30–37.
29. Günak MM, Billings J, Carratu E, Marchant NL, Favarato G, Orgeta V. Posttraumatic stress disorder as a risk factor for dementia: systematic review and
meta-analysis. Br J Psychiatry. 2020;217:600–8.
30. Nutt DJ, Malizia AL. Structural and functional brain changes in posttraumatic
stress disorder. J Clin Psychiatry. 2004;65:11–17.
31. Wrocklage KM, Averill LA, Cobb Scott J, Averill CL, Schweinsburg B, Trejo M, et al.
Cortical thickness reduction in combat exposed U.S. veterans with and without
PTSD. Eur Neuropsychopharmacol. 2017;27:515–25.
32. Corbo V, Salat DH, Amick MM, Leritz EC, Milberg WP, McGlinchey RE. Reduced
cortical thickness in veterans exposed to early life trauma. Psychiatry Res.
2014;223:53–60.
33. Qi S, Mu Y, Liu K, Zhang J, Huan Y, Tan Q, et al. Cortical inhibition deﬁcits in
recent onset PTSD after a single prolonged trauma exposure. NeuroImage Clin.
2013;3:226–33.
34. Averill LA, Abdallah CG, Pietrzak RH, Averill CL, Southwick SM, Krystal JH, et al.
Combat exposure severity is associated with reduced cortical thickness in combat
veterans: a preliminary report. Chronic Stress. 2017;1:2470547017724714.
35. Lindemer ER, Salat DH, Leritz EC, McGlinchey RE, Milberg WP. Reduced cortical
thickness with increased lifetime burden of PTSD in OEF/OIF Veterans and the
impact of comorbid TBI. NeuroImage: Clin. 2013;2:601–11.
36. Gharehgazlou A, Richardson JD, Jetly R, Dunkley BT. Cortical gyriﬁcation morphology in PTSD: a neurobiological risk factor for severity? Neurobiol stress.
2021;14:100299–100299.
37. Chu C, Xie B, Qiu M, Liu K, Tan L, Wu Y, et al. Cortical folding in post-traumatic
stress disorder after motor vehicle accidents: regional differences in gyriﬁcation.
Psychiatry Clin Neurosci. 2017;71:247–53.
38. Kiselev VG, Hahn KR, Auer DP. Is the brain cortex a fractal? Neuroimage.
2003;20:1765–74.
39. Marzi C, Giannelli M, Tessa C, Mascalchi M, Diciotti S. Toward a more reliable
characterization of fractal properties of the cerebral cortex of healthy subjects
during the lifespan. Sci Rep. 2020;10:16957.
40. Im K, Lee JM, Yoon U, Shin YW, Hong SB, Kim IY, et al. Fractal dimension in
human cortical surface: multiple regression analysis with cortical thickness,
sulcal depth, and folding area. Hum Brain Mapp. 2006;27:994–1003.
41. Free SL, Sisodiya SM, Cook MJ, Fish DR, Shorvon SD. Three-dimensional fractal
analysis of the white matter surface from magnetic resonance images of the
human brain. Cereb Cortex. 1996;6:830–6.
42. Kirkby MJ. The fractal geometry of nature. Benoit B. Mandelbrot. W. H. Freeman
and co., San Francisco, 1982. No. of pages: 460. Price: £22.75 (hardback). Earth
Surf Process Landf. 1983;8:406–406.
43. Majumdar S, Prasad RR. The fractal dimension of cerebral surfaces using magnetic resonance images. Computers Phys. 1988;2:69–73.
44. Ha TH, Yoon U, Lee KJ, Shin YW, Lee JM, Kim IY, et al. Fractal dimension of
cerebral cortical surface in schizophrenia and obsessive–compulsive disorder.
Neurosci Lett. 2005;384:172–6.
45. Sandu AL, Rasmussen IA Jr, Lundervold A, Kreuder F, Neckelmann G, Hugdahl K,
et al. Fractal dimension analysis of MR images reveals grey matter structure
irregularities in schizophrenia. Comput Med Imaging Graph. 2008;32:150–8.
46. Collantoni E, Madan CR, Meneguzzo P, Chiappini I, Tenconi E, Manara R, et al.
Cortical complexity in anorexia nervosa: a fractal dimension analysis. J Clin Med
2020;9:833.
47. Nenadic I, Yotter RA, Sauer H, Gaser C. Cortical surface complexity in frontal and
temporal areas varies across subgroups of schizophrenia. Hum Brain Mapp.
2014;35:1691–9.
48. Zhao G, Denisova K, Sehatpour P, Long J, Gui W, Qiao J, et al. Fractal dimension
analysis of subcortical gray matter structures in schizophrenia. PloS ONE.
2016;11:e0155415–e0155415.
49. Cook MJ, Free SL, Manford MRA, Fish DR, Shorvon SD, Stevens JM. Fractal
description of cerebral cortical patterns in frontal lobe epilepsy. Eur Neurol.
1995;35:327–35.
50. King RD, George AT, Jeon T, Hynan LS, Youn TS, Kennedy DN, et al. Characterization of atrophic changes in the cerebral cortex using fractal dimensional
analysis. Brain Imaging Behav. 2009;3:154–66.
51. King RD, Brown B, Hwang M, Jeon T, George AT, Alzheimer’s Disease Neuroimaging I. Fractal dimension analysis of the cortical ribbon in mild Alzheimer’s
disease. Neuroimage. 2010;53:471–9.
52. Marzi C, Ciulli S, Giannelli M, Ginestroni A, Tessa C, Mascalchi M, et al. Structural
complexity of the cerebellum and cerebral cortex is reduced in spinocerebellar
ataxia type 2. J Neuroimaging. 2018;28:688–93.

53. Pantoni L, Marzi C, Poggesi A, Giorgio A, De Stefano N, Mascalchi M, et al. Fractal
dimension of cerebral white matter: a consistent feature for prediction of the
cognitive performance in patients with small vessel disease and mild cognitive
impairment. Neuroimage Clin. 2019;24:101990.
54. Esteban FJ, Sepulcre J, de Miras JR, Navas J, de Mendizábal NV, Goñi J, et al.
Fractal dimension analysis of grey matter in multiple sclerosis. J Neurol Sci.
2009;282:67–71.
55. Roura E, Maclair G, Andorrà M, Juanals F, Pulido-Valdeolivas I, Saiz A, et al.
Cortical fractal dimension predicts disability worsening in Multiple Sclerosis
patients. Neuroimage Clin. 2021;30:102653.
56. Chen J-H, Huang N-X, Zou T-X, Chen H-J. Brain cortical complexity alteration in
amyotrophic lateral sclerosis: a preliminary fractal dimensionality study. BioMed
Res Int. 2020;2020:1521679.
57. Sheelakumari R, Venkateswaran Rajagopalan, Chandran A, Varghese T, Zhang L,
Yue GH, et al. Quantitative analysis of grey matter degeneration in FTD patients
using fractal dimension analysis. Brain Imaging Behav. 2018;12:1221–8.
58. Kedzia A, Rybaczuk M, Dymecki J. Fractal estimation of the senile brain atrophy.
Folia Neuropathol. 1997;35:237–40.
59. Madan CR, Kensinger EA. Predicting age from cortical structure across the lifespan. Eur J Neurosci. 2018;47:399–416.
60. Madan CR, Kensinger EA. Cortical complexity as a measure of age-related brain
atrophy. Neuroimage. 2016;134:617–29.
61. Krohn S, Froeling M, Leemans A, Ostwald D, Villoslada P, Finke C, et al. Evaluation of the 3D fractal dimension as a marker of structural brain complexity in
multiple-acquisition MRI. Hum Brain Mapp. 2019;40:3299–320.
62. Lawrence-Wood E, Van Hooff M, Baur J, McFarlane AC. Re-experiencing phenomena following a disaster: The long-term predictive role of intrusion symptoms in the development of post-trauma depression and anxiety. J Affect
Disord. 2016;190:278–81.
63. King DW, Leskin GA, King LA, Weathers FW. Conﬁrmatory factor analysis of the
clinician-administered PTSD scale: evidence for the dimensionality of posttraumatic stress disorder. Psychological Assess. 1998;10:90–96.
64. Clouston S, Guralnik JM, Kotov R, Bromet EJ, Luft BJ. Functional limitations
among responders to the World Trade Center attacks 14 years after the disaster:
implications of chronic posttraumatic stress disorder. J Trauma Stress.
2017;30:443–52.
65. Clouston S, Deri Y, Diminich E, Kew R, Kotov R, Stewart C, et al. Posttraumatic
stress disorder and total amyloid burden and amyloid-β 42/40 ratios in plasma:
results from a pilot study of World Trade Center responders. Alzheimers
Dement. 2019;11:216–20. pp
66. Clouston SAP, Diminich ED, Kotov R, Pietrzak RH, Richards M, Spiro A, et al.
Incidence of mild cognitive impairment in World Trade Center responders: longterm consequences of re-experiencing the events on 9/11/2001. Alzheimers
Dement. 2019;11:628–36.
67. Kuan P-F, Ren X, Clouston S, Yang X, Jonas K, Kotov R, et al. PTSD is associated
with accelerated transcriptional aging in World Trade Center responders. Transl
Psychiatry. 2021;11:311–311.
68. Kuan PF, Clouston S, Yang X, Che C, Gandy S, Kotov R, et al. Single-cell transcriptomics analysis of mild cognitive impairment in World Trade Center disaster responders. Alzheimers Dement. 2021;13:e12154.
69. Dasaro CR, Holden WL, Berman KD, Crane MA, Kaplan JR, Lucchini RG, et al.
Cohort proﬁle: World Trade Center health program general responder cohort.
Int J Epidemiol. 2017;46:e9.
70. Luft BJ, Schechter C, Kotov R, Broihier J, Reissman D, Guerrera K, et al. Exposure,
probable PTSD and lower respiratory illness among World Trade Center rescue,
recovery and clean-up workers. Psychol Med. 2012;42:1069–79.
71. Theiler J. Estimating fractal dimension. J Opt Soc Am A. 1990;7:1055–73.
72. Mandelbrot BB, Mandelbrot BB. The fractal geometry of nature, vol. 1. New York:
WH freeman; 1982.
73. Yotter RA, Nenadic I, Ziegler G, Thompson PM, Gaser C. Local cortical surface
complexity maps from spherical harmonic reconstructions. NeuroImage.
2011;56:961–73.
74. Gaser C, Dahnke R. CAT-a computational anatomy toolbox for the analysis of
structural MRI data. Hbm. 2016;2016:336–48.
75. Tavares V, Prata D, Ferreira HA. Comparing SPM12 and CAT12 segmentation
pipelines: a brain tissue volume-based age and Alzheimer’s disease study. J
Neurosci methods. 2020;334:108565.
76. Seiger R, Ganger S, Kranz GS, Hahn A, Lanzenberger R. Cortical thickness estimations of FreeSurfer and the CAT12 toolbox in patients with Alzheimer’s disease and healthy controls. J Neuroimaging. 2018;28:515–23.
77. Desikan RS, Ségonne F, Fischl B, Quinn BT, Dickerson BC, Blacker D, et al. An
automated labeling system for subdividing the human cerebral cortex on MRI
scans into gyral based regions of interest. Neuroimage. 2006;31:968–80.
78. First MB Structured clinical interview for DSM-IV axis I disorders. Biometrics
Research Department; 1997.

Translational Psychiatry (2021)11:597

M. Kritikos et al.

9
79. Benjamini Y, Hochberg Y. Controlling the false discovery rate - a practical and
powerful approach to multiple testing. J R Stat Soc B. 1995;57:289–300.
80. Smith SM, Nichols TE. Threshold-free cluster enhancement: addressing problems of smoothing, threshold dependence and localisation in cluster inference.
Neuroimage. 2009;44:83–98.
81. Bremner JD. Traumatic stress: effects on the brain. Dialogues Clin Neurosci.
2006;8:445–61.
82. Hartley CA, Phelps EA. Changing fear: the neurocircuitry of emotion regulation.
Neuropsychopharmacology. 2010;35:136–46.
83. Hartley CA, Phelps EA. Changing fear: the neurocircuitry of emotion regulation.
Neuropsychopharmacology. 2010;35:136–46.
84. van der Kolk B. Posttraumatic stress disorder and the nature of trauma. Dialogues Clin Neurosci. 2000;2:7–22.
85. Davidson J, Smith R, Kudler H. Familial psychiatric illness in chronic posttraumatic stress disorder. Compr psychiatry. 1989;30:339–45.
86. Henninger P. Conditional handedness: handedness changes in multiple personality disordered subject reﬂect shift in hemispheric dominance. Conscious
Cognition. 1992;1:265–87.
87. Davidson RJ, Tomarken AJ. Laterality and emotion: an electrophysiological
approach. Handb Neuropsychol. 1989;3:419–41.
88. van der Kolk B. Posttraumatic stress disorder and the nature of trauma. Dialogues Clin Neurosci. 2000;2:7–22.
89. Mitchell KS, Mazzeo SE, Schlesinger MR, Brewerton TD, Smith BN. Comorbidity of
partial and subthreshold ptsd among men and women with eating disorders in
the national comorbidity survey-replication study. Int J Eat Disord. 2012;45:307–15.
90. Jablensky A. The diagnostic concept of schizophrenia: its history, evolution, and
future prospects. Dialogues Clin Neurosci. 2010;12:271–87.
91. Elmer S. Broca pars triangularis constitutes a “Hub” of the language-control
network during simultaneous language translation. Front Hum Neurosci.
2016;10:491.
92. Koenigs M, Grafman J. The functional neuroanatomy of depression: distinct
roles for ventromedial and dorsolateral prefrontal cortex. Behav Brain Res.
2009;201:239–43.
93. Miller EK, Cohen JD. An integrative theory of prefrontal cortex function. Annu
Rev Neurosci. 2001;24:167–202.
94. Michalski LJ, Demers CH, Baranger D, Barch DM, Harms MP, Burgess GC, et al.
Perceived stress is associated with increased rostral middle frontal gyrus cortical
thickness: a family-based and discordant-sibling investigation. Genes Brain
Behav. 2017;16:781–9.
95. Michalski LJ, Demers CH, Baranger D, Barch DM, Harms MP, Burgess GC, et al.
Perceived stress is associated with increased rostral middle frontal gyrus cortical
thickness: a family-based and discordant-sibling investigation. Genes Brain
Behav. 2017;16:781–9.
96. Tan L, Zhang L, Qi R, Lu G, Li L, Liu J, et al. Brain structure in post-traumatic stress
disorder: a voxel-based morphometry analysis. Neural Regen Res. 2013;8:2405–14.
97. Eckart C, Stoppel C, Kaufmann J, Tempelmann C, Hinrichs H, Elbert T, et al.
Structural alterations in lateral prefrontal, parietal and posterior midline regions
of men with chronic posttraumatic stress disorder. J Psychiatry Neurosci.
2011;36:176–86.
98. Popescu M, Popescu EA, DeGraba TJ, Fernandez-Fidalgo DJ, Riedy G, Hughes JD.
Post-traumatic stress disorder is associated with altered modulation of prefrontal alpha band oscillations during working memory. Clin Neurophysiol.
2019;130:1869–81.
99. Kikinis Z, Fallon JH, Niznikiewicz M, Nestor P, Davidson C, Bobrow L, et al. Gray
matter volume reduction in rostral middle frontal gyrus in patients with chronic
schizophrenia. Schizophr Res. 2010;123:153–9.
100. Quan M, Lee SH, Kubicki M, Kikinis Z, Rathi Y, Seidman LJ, et al. White matter
tract abnormalities between rostral middle frontal gyrus, inferior frontal gyrus
and striatum in ﬁrst-episode schizophrenia. Schizophr Res. 2013;145:1–10.
101. Cho H, Jeon S, Kang SJ, Lee JM, Lee JH, Kim GH, et al. Longitudinal changes of
cortical thickness in early- versus late-onset Alzheimer’s disease. Neurobiol
Aging. 2013;34:1921 e1929–1921 e1915.
102. Ridgway GR, Lehmann M, Barnes J, Rohrer JD, Warren JD, Crutch SJ, et al. Earlyonset Alzheimer disease clinical variants: multivariate analyses of cortical
thickness. Neurology. 2012;79:80–84.
103. Thambisetty M, Wan J, Carass A, An Y, Prince JL, Resnick SM. Longitudinal
changes in cortical thickness associated with normal aging. Neuroimage.
2010;52:1215–23.
104. Cho J, Noh Y, Kim SY, Sohn J, Noh J, Kim W, et al. Effects of long-term exposure
to ambient air pollution on brain cortical thinning among elderly individuals
without neurological diseases. SSRN Electronic Journal 2019. https://doi.org/
10.2139/ssrn.3402016.
105. Lindemer ER, Salat DH, Leritz EC, McGlinchey RE, Milberg WP. Reduced cortical
thickness with increased lifetime burden of PTSD in OEF/OIF Veterans and the
impact of comorbid TBI. Neuroimage Clin. 2013;2:601–11.

Translational Psychiatry (2021)11:597

106. Chen HJ, Zhang L, Ke J, Qi R, Xu Q, Zhong Y, et al. Altered resting-state dorsal
anterior cingulate cortex functional connectivity in patients with post-traumatic
stress disorder. Aust N Z J Psychiatry. 2019;53:68–79.
107. van Rooij SJ, Rademaker AR, Kennis M, Vink M, Kahn RS, Geuze E. Impaired right
inferior frontal gyrus response to contextual cues in male veterans with PTSD
during response inhibition. J Psychiatry Neurosci. 2014;39:330–8.
108. Jeon S, Lee YJ, Park I, Kim N, Kim S, Jun JY, et al. Resting state functional
connectivity of the thalamus in north korean refugees with and without posttraumatic stress disorder. Sci Rep. 2020;10:3194.
109. Qi S, Mu Y, Liu K, Zhang J, Huan Y, Tan Q, et al. Cortical inhibition deﬁcits in
recent onset PTSD after a single prolonged trauma exposure. Neuroimage Clin.
2013;3:226–33.
110. Nicholson AA, Densmore M, Frewen PA, Théberge J, Neufeld RW, McKinnon MC,
et al. The dissociative subtype of posttraumatic stress disorder: unique restingstate functional connectivity of basolateral and centromedial amygdala complexes. Neuropsychopharmacology. 2015;40:2317–26.
111. Zhang JN, Xiong KL, Qiu MG, Zhang Y, Xie B, Wang J, et al. Negative emotional
distraction on neural circuits for working memory in patients with posttraumatic
stress disorder. Brain Res. 2013;1531:94–101.
112. Kanaan RA, Kim JS, Kaufmann WE, Pearlson GD, Barker GJ, McGuire PK. Diffusion
tensor imaging in schizophrenia. Biol Psychiatry. 2005;58:921–9.
113. Caprihan A, Abbott C, Yamamoto J, Pearlson G, Perrone-Bizzozero N, Sui J, et al.
Source-based morphometry analysis of group differences in fractional anisotropy in schizophrenia. Brain Connect. 2011;1:133–45.
114. Xu L, Groth KM, Pearlson G, Schretlen DJ, Calhoun VD. Source-based morphometry: the use of independent component analysis to identify gray matter
differences with application to schizophrenia. Hum Brain Mapp. 2009;30:711–24.
115. Hilgetag CC, Barbas H. Role of mechanical factors in the morphology of the
primate cerebral cortex. PLoS Comput Biol. 2006;2:e22.
116. Kroenke CD, Bayly PV. How forces fold the cerebral cortex. J Neurosci.
2018;38:767–75.
117. Xu G, Knutsen AK, Dikranian K, Kroenke CD, Bayly PV, Taber LA. Axons pull on
the brain, but tension does not drive cortical folding. J Biomech Eng
2010;132:071013.
118. Zilles K, Palomero-Gallagher N, Amunts K. Development of cortical folding
during evolution and ontogeny. Trends Neurosci. 2013;36:275–84.
119. Daniels JK, Lamke JP, Gaebler M, Walter H, Scheel M. White matter integrity and
its relationship to PTSD and childhood trauma—A systematic review and meta‐
analysis. Depression Anxiety. 2013;30:207–16.
120. O’doherty DCM, Ryder W, Paquola C, Tickell A, Chan C, Hermens DF, et al. White
matter integrity alterations in post-traumatic stress disorder. Hum Brain Mapp.
2018;39:1327–38.
121. Sun Y, Wang Z, Ding W, Wan J, Zhuang Z, Zhang Y, et al. Alterations in white
matter microstructure as vulnerability factors and acquired signs of trafﬁc
accident-induced PTSD. PLoS ONE. 2013;8:e83473.
122. Li L, Lei D, Li L, Huang X, Suo X, Xiao F, et al. White matter abnormalities in posttraumatic stress disorder following a speciﬁc traumatic event. EBioMedicine.
2016;4:176–83.
123. Siehl S, King JA, Burgess N, Flor H, Nees F. Structural white matter changes in
adults and children with posttraumatic stress disorder: a systematic review and
meta-analysis. NeuroImage Clin. 2018;19:581–98.
124. Fani N, King TZ, Jovanovic T, Glover EM, Bradley B, Choi K, et al. White matter
integrity in highly traumatized adults with and without post-traumatic stress
disorder. Neuropsychopharmacology. 2012;37:2740–6.
125. Christensen J, Holcomb J, Garver DL. State-related changes in cerebral white
matter may underlie psychosis exacerbation. Psychiatry Res. 2004;130:71–78.
126. Calcia MA, Bonsall DR, Bloomﬁeld PS, Selvaraj S, Barichello T, Howes OD. Stress and
neuroinﬂammation: a systematic review of the effects of stress on microglia and
the implications for mental illness. Psychopharmacology. 2016;233:1637–50.
127. Goldwaser EL, Chiappelli J, Kvarta MD, Du X, Millman ZB, Adhikari BM. et al.
White matter in prolonged glucocorticoid response to psychological stress in
schizophrenia. Neuropsychopharmacology 2021;46:2312–9.
128. Johnson AD, McQuoid DR, Steffens DC, Payne ME, Beyer JL, Taylor WD. Effects of
stressful life events on cerebral white matter hyperintensity progression. Int J
Geriatr psychiatry. 2017;32:e10–e17.
129. Piirainen S, Youssef A, Song C, Kalueff AV, Landreth GE, Malm T, et al. Psychosocial stress on neuroinﬂammation and cognitive dysfunctions in Alzheimer’s
disease: the emerging role for microglia? Neurosci Biobehav Rev.
2017;77:148–64.
130. Miller MW, Lin AP, Wolf EJ, Miller DR. Oxidative stress, inﬂammation, and neuroprogression in chronic PTSD. Harv Rev Psychiatry. 2018;26:57–69.
131. Shalev I, Mofﬁtt TE, Braithwaite AW, Danese A, Fleming NI, Goldman-Mellor S,
et al. Internalizing disorders and leukocyte telomere erosion: a prospective
study of depression, generalized anxiety disorder and post-traumatic stress
disorder. Mol Psychiatry. 2014;19:1163–70.

M. Kritikos et al.

10
132. Najjar S, Pearlman DM. Neuroinﬂammation and white matter pathology in
schizophrenia: systematic review. Schizophrenia Res. 2015;161:102–12.
133. Lohr JB, Palmer BW, Eidt CA, Aailaboyina S, Mausbach BT, Wolkowitz OM, et al. Is
post-traumatic stress disorder associated with premature senescence? A review
of the literature. Am J Geriatr Psychiatry. 2015;23:709–25.
134. Picard M, McEwen BS. Psychological stress and mitochondria: a conceptual
framework. Psychosom Med. 2018;80:126–40.
135. Greenberg MS, Tanev K, Marin MF, Pitman RK. Stress, PTSD, and dementia.
Alzheimers Dement. 2014;10:S155–165.
136. Deri Y, Clouston S, DeLorenzo C, Gardus JD, Bartlett EA, Santiago-Michels S, et al.
Neuroinﬂammation in World Trade Center responders at midlife: a pilot study
using [18F]-FEPPA PET imaging. Brain, Behav, Immun - Health. 2021;16:100287.
137. Kuan PF, Yang X, Clouston S, Ren X, Kotov R, Waszczuk M, et al. Cell type-speciﬁc
gene expression patterns associated with posttraumatic stress disorder in World
Trade Center responders. Transl Psychiatry. 2019;9:1.
138. Kuan P-F, Clouston S, Yang X, Kotov R, Bromet E, Luft BJ. Molecular linkage
between post-traumatic stress disorder and cognitive impairment: a targeted
proteomics study of World Trade Center responders. Transl psychiatry.
2020;10:1–15.

expertize. R.L. and B.L. provided clinical and scientiﬁc oversight, expertize with the
population, helped conceptualized the study, and edited the ﬁnal manuscript.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41398-021-01719-7.
Correspondence and requests for materials should be addressed to Sean A. P.
Clouston.
Reprints and permission information is available at http://www.nature.com/
reprints
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional afﬁliations.

ACKNOWLEDGEMENTS
The authors would like to acknowledge support from the Centers for Disease Control
and Prevention for supporting the neuroimaging study (CDC/NIOSH U01 OH011314),
the National Institute on Aging that supports research on characterization and
treatment of Alzheimer’s disease (NIH/NIA P50 AG005138), and aging-related work in
this population (NIH/NIA R01 AG049953). We would also like to acknowledge
ongoing funding to monitor World Trade Center responders as part of the WTC
Health and Wellness Program (CDC 200-2011-39361).

AUTHOR CONTRIBUTIONS
M.K. conceptualized the study, helped complete analyses, and drafted the paper. S.C.
conceptualized the study, helped complete analyses, and edited the ﬁnal paper. C.H.
oversaw analysis, helped with data description, and edited the ﬁnal manuscript. A.P.,
S.S., and M.C. collected data and edited the ﬁnal manuscript. R.K., E.J.B. helped with
study conceptualization, deﬁned psychiatric phenotyping, and edited the ﬁnal
manuscript. S.G. helped in cognitive phenotyping and provided neurodegenerative

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2021

Translational Psychiatry (2021)11:597

