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Approximately 23% of the men and women who participated in rescue and recovery efforts at the 9/11 World Trade Center (WTC)
site experience persistent, clinically significant post-traumatic stress disorder (PTSD). Recent structural and functional magnetic
resonance imaging (MRI) studies demonstrate significant neural differences between WTC responders with and without PTSD. Here,
we used brain age, a novel MRI-based data-driven biomarker optimized to detect accelerated structural aging and examined the
impact of PTSD on this process. Using BrainAgeNeX, a novel convolutional neural network that bypasses brain parcellation and has
been trained and validated on over 11,000 T1-weighted MRI scans, we predicted brain age in WTC responders with PTSD (WTC-
PTSD, n= 47) and age/sex matched responders without PTSD (non-PTSD, n= 52). Brain Age Difference (BAD) was then calculated
for each WTC responder by subtracting chronological age from brain age. We found that BAD was significantly older in WTC-PTSD
compared to non-PTSD responders (BADno_PTSD=−0.43 y; BADWTC_PTSD= 3.07 y; p < 0.001). Further, we found that WTC exposure
duration (months working on site) moderates the association between PTSD and BAD (p= 0.005). Our results suggest that brain
age is a relevant marker of structural damage in WTC responders with and without PTSD. PTSD may be a risk factor for accelerated
aging in trauma-exposed populations.
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INTRODUCTION
Individuals involved in rescue and recovery efforts at the World
Trade Center (WTC) site following the 9/11 attacks exhibit a
notably higher prevalence of chronic, clinically significant post-
traumatic stress disorder (PTSD) [1, 2], exceeding rates observed in
the general U.S. population [3]. PTSD is a neuropsychiatric
condition triggered by the experience of traumatic events,
characterized by hypervigilance and hyperarousal, intrusive and
recurrent flashbacks or dreams, and psychological and physiolo-
gical distress in response to trauma-resembling cues [4]. Among
WTC responders and, more generally, in the PTSD patient
population, PTSD has been linked to several epigenomic, immune,
and inflammatory biomarkers indicative of accelerated cellular
aging, compared to chronological aging [5–15]. Individuals with
PTSD have been identified as being at increased risk of age-related
medical conditions, such as premature cognitive decline [16, 17].
Individuals diagnosed with PTSD early in life ( < 40 years old)
are twice as likely to develop Alzheimer’s later in life [16, 17]
with neurodegenerative pathological signatures including

hippocampal volume loss [18–21], cortical thinning [22–24],
changes in white matter connectivity, and amyloidosis [25]. These
brain changes indicating pathological aging culminate to
increased morbidity and mortality [26], posing a significant health
threat to this already vulnerable population. These brain changes
are especially notable in the population of WTC responders, who
face an exacerbated prevalence of premature cognitive impair-
ment and its neuropathological underpinnings in mid-life,
decades earlier than when age-expected neurocognitive decline
typically is observed [27–29].
Recent neuroimaging studies of WTC responders, including

work from our group, leverage a diverse array of magnetic
resonance imaging (MRI) modalities to examine structural brain
changes [30–32] and functional neural mechanisms [32–37], such
as reduced cortical complexity [32], observed in responders with
PTSD (WTC-PTSD) and those without PTSD (non-PTSD). Several
studies have shown that responders with greater exposure to the
disaster site and more severe PTSD symptoms show increased
vulnerability to brain changes, including cortical atrophy and

Received: 10 December 2024 Revised: 27 October 2025 Accepted: 14 November 2025

1Department of Environmental Medicine, Icahn School of Medicine at Mount Sinai, New York, NY, USA. 2Department of Neurology, Icahn School of Medicine at Mount Sinai, New
York, NY, USA. 3Windreich Department of Artificial Intelligence and Human Health, Icahn School of Medicine at Mount Sinai, New York, NY, USA. 4Department of Geriatrics and
Palliative Medicine, Icahn School of Medicine at Mount Sinai, New York, USA. 5World Trade Center Health and Wellness Program, Renaissance School of Medicine at Stony Brook
University, Stony Brook, NY, USA. 6Department of Psychology, The Graduate Center, City University of New York, New York, NY, USA. 7Department of Psychiatry, Renaissance
School of Medicine at Stony Brook University, Stony Brook, NY, USA. 8Department of Environmental Health Sciences, Robert Stempel School of Public Health, Florida International
University, Miami, FL, USA. 9Department of Medicine, Renaissance School of Medicine at Stony Brook University, Stony Brook, NY, USA. 10Program in Public Health and
Department of Family, Population, and Preventive Medicine, Renaissance School of Medicine at Stony Brook University, Stony Brook, NY, USA. 11Department of Radiology and
Psychiatry, Icahn School of Medicine at Mount Sinai, New York, NY, USA. 12These authors contributed equally: Azzurra Invernizzi, Francesco La Rosa.
✉email: azzurra.invernizzi@mssm.edu

www.nature.com/tpTranslational Psychiatry

1
2
3
4
5
6
7
8
9
0
()
;,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41398-025-03769-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41398-025-03769-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41398-025-03769-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41398-025-03769-7&domain=pdf
http://orcid.org/0000-0001-7411-8552
http://orcid.org/0000-0001-7411-8552
http://orcid.org/0000-0001-7411-8552
http://orcid.org/0000-0001-7411-8552
http://orcid.org/0000-0001-7411-8552
http://orcid.org/0000-0002-9224-4664
http://orcid.org/0000-0002-9224-4664
http://orcid.org/0000-0002-9224-4664
http://orcid.org/0000-0002-9224-4664
http://orcid.org/0000-0002-9224-4664
http://orcid.org/0000-0002-5034-6048
http://orcid.org/0000-0002-5034-6048
http://orcid.org/0000-0002-5034-6048
http://orcid.org/0000-0002-5034-6048
http://orcid.org/0000-0002-5034-6048
http://orcid.org/0000-0003-0150-289X
http://orcid.org/0000-0003-0150-289X
http://orcid.org/0000-0003-0150-289X
http://orcid.org/0000-0003-0150-289X
http://orcid.org/0000-0003-0150-289X
http://orcid.org/0000-0002-9723-0237
http://orcid.org/0000-0002-9723-0237
http://orcid.org/0000-0002-9723-0237
http://orcid.org/0000-0002-9723-0237
http://orcid.org/0000-0002-9723-0237
http://orcid.org/0000-0001-9008-7004
http://orcid.org/0000-0001-9008-7004
http://orcid.org/0000-0001-9008-7004
http://orcid.org/0000-0001-9008-7004
http://orcid.org/0000-0001-9008-7004
http://orcid.org/0000-0002-6124-0329
http://orcid.org/0000-0002-6124-0329
http://orcid.org/0000-0002-6124-0329
http://orcid.org/0000-0002-6124-0329
http://orcid.org/0000-0002-6124-0329
http://orcid.org/0000-0001-7839-7958
http://orcid.org/0000-0001-7839-7958
http://orcid.org/0000-0001-7839-7958
http://orcid.org/0000-0001-7839-7958
http://orcid.org/0000-0001-7839-7958
https://doi.org/10.1038/s41398-025-03769-7
mailto:azzurra.invernizzi@mssm.edu
www.nature.com/tp


neuropathy [27, 37–39]. These findings underscore the neurolo-
gical burden experienced by WTC responders with PTSD. Cortical
atrophy and peripheral neuropathy were previously observed in
this population and are consistent with patterns of accelerated
brain aging, which have been increasingly recognized among
individuals with chronic stress-related disorders such as PTSD
[29, 40]. Yet, the identification of a whole-brain aging biomarker
applicable to the population of WTC responders has yet to be
established.
The pressing need to disentangle PTSD and its impact on the

trajectory of healthy brain aging necessitates the identification of
prodromal biomarkers sensitive to accelerated aging and related
neurodegeneration. This prodromal biomarker will help to inform
diagnosis, prognosis, and treatment intervention. “Brain age” is an
estimate of the biological age of the brain based on MRI scans.
MRI-based brain age has proven to be a valuable marker for
identifying accelerated aging, particularly by detecting subtle
brain atrophy and early neurodegenerative changes that may not
be found in a standard clinical assessment [41]. Here, we apply a
state-of-the-art whole-brain MRI-based brain age estimation
method sensitive to accelerated brain aging across the entire
human lifespan. Among WTC responders with and without PTSD,
we calculate and compare responders’ “brain age” to chronolo-
gical age to derive “brain age difference (BAD) [42, 43], a
prodromal biomarker of an individual’s brain aging with reference
to normative brain aging curvatures. Using BAD, we compare
neurological aging signatures between responders with and
without PTSD, identify brain regions associated with BAD, and
gain insight into the neural mechanisms driving accelerated brain
aging in PTSD. Finally, we examine how the association between
BAD and PTSD is moderated by the duration of responders’ WTC-
related exposure. This study expands our knowledge of the
neurological basis linking PTSD and brain aging, highlighting the
impact of exposures during 9/11 rescue and recovery efforts on
the human brain in WTC-responders.

METHODS AND MATERIALS
Participants
In 2002, the Centers for Disease Control and Prevention (CDC), through the
World Trade Center (WTC) Health Program, began monitoring over 50,000
WTC responders using a comprehensive health surveillance protocol at
several clinical centers throughout the New York City metropolitan area
[44–46]. The Stony Brook University (SBU) site monitors law enforcement
and non-law enforcement responders (e.g., construction workers, utility
personnel, and volunteers) who primarily reside on Long Island, New York
[45, 47]. These responders are evaluated for a range of health conditions,
including PTSD and cognitive status. A subset of the individuals at the SBU
site participated in a voluntary substudy involving structural and functional
magnetic resonance imaging (MRI) [27, 37, 45, 47]. Briefly, all participants
had been involved in rescue, recovery, cleanup, or related operations
following the 9/11 attacks [45, 46]. Eligible participants were between the
ages of 44 and 65, fluent in English, and met MRI safety criteria (e.g., no
metal implants, no shrapnel, no claustrophobia, no history of traumatic
brain injury, and BMI ≤ 40).
Diagnostic assessment of PTSD was determined from the Structured

Clinical Interview for the DSM-IV (SCID-IV) [48], a semi-structured interview
administered by trained clinical interviewers. The PTSD module used WTC
exposures as the index trauma. Eligibility criteria for PTSD status was
presence (PTSD)/absence (non-PTSD) of current PTSD diagnosis. Symptom
subdomains were measured using subscales calculated based on reported
symptom severity in the Structured Clinical Interview for Diagnostic and
Statistical Manual of Mental Disorders (SCID-IV) for the following symptom
domains: re-experiencing, avoidance, hyperarousal, and negative thoughts
(scores ranging from [10–30], [14–42], [10–30], [8–24], respectively). Major
depressive disorder (MDD) was also assessed using the SCID-IV, the
presence or absence of current (i.e., active in the past month) MDD was
determined. Current MDD is a common comorbidity of PTSD and was not
an exclusion criterion.
Upon enrollment, case (WTC-PTSD) and control (non-PTSD) groups were

matched based on age, sex, race/ethnicity, occupation (i.e., law

enforcement), cognitive status, and education at the time of 9/11.
Supplemental details on participants’ ethnicity, occupation, time of arrival
on 9/11/2001, exposure to human remains, dust cloud exposure,
witnessing the suffering of a family member, friend, or colleague, and
whether they experienced personal loss can be found in supplementary
material (Table S1).

Ethics
Study procedures that follow the Declaration of Helsinki, were approved by
the Institutional Review Boards at both Stony Brook University and the
Icahn School of Medicine at Mount Sinai. All participants signed informed
consents upon explanation of study procedures prior to enrollment.

WTC exposure duration
Upon enrollment into the WTC General Responders Cohort [45], all
responders completed a questionnaire about their experience during
rescue and recovery efforts. WTC exposure was calculated from self-
reported responses to items regarding the time spent (expressed in
months and collected at enrollment in the parent study) working on the
WTC sites [28, 49]. This exposure variable was not available for 10
participants in our study. There were no significant differences in any
demographic characteristics or PTSD status between participants with
missing exposure data (n= 10) compared to those with complete
exposure data (n= 89; Table 1). Therefore, we imputed missing exposure
data using the chained equations method available through the mice
package in R. This approach estimates missing values by leveraging the
relationships among variables in the dataset and accounts for the
uncertainty introduced by the imputation process.

MRI data acquisition and preprocessing
MRI data acquisition was performed on a 3-Tesla SIEMENS mMR Biograph
scanner using a 20-channel head and neck coil. For each WTC responder, a
high-resolution 3D T1-weighted structural brain scan was acquired using a
MPRAGE sequence (TR=1900ms, TE= 2.49ms, TI= 900ms, flip angle=9,
acquisition matrix=256 × 256 and 224 slices with final voxel
size=0.89 × 0.89 × 0.89 mm). All T1w images underwent skull-stripping
using SynthStrip [50], N4 bias field correction with default parameters, and
linear registration with 6 degrees of freedom to the MNI152 1mm isotropic
space with ANTs [51]. This minimal preprocessing ensures that all
anatomical images are in the same space, enabling consistent analysis
across subjects.

Brain age prediction: BrainAgeNeXt
To predict brain age, we applied the BrainAgeNeXt model [52], a novel
convolutional neural network (CNN) designed for accurate brain age
estimation from T1-weighted MRI scans. BrainAgeNeXt is based on the
MedNeXt architecture, a transformer-inspired CNN developed specifically
for 3D medical images [53]. The original MedNeXt segmentation network
has been adapted by using only the encoder path for the brain age
regression task. The model automatically extracts relevant features from
the entire 3D volume of T1-weighted MRI scans, offering a significant
advantage over older machine learning methods that rely on pre-extracted
brain volumetric features [54]. BrainAgeNeXt [52] was trained on a large
dataset of 11,574 1.5 T and 3 T MRI scans from healthy individuals, aged 5
to 95 years, who were imaged at 75 sites. The method consists of five
individual models, all trained in the same way with randomly initialized
weights, and the final output is obtained by combining their predictions
using a mean ensemble approach. On a separate testing set of 1,523 MRI
scans, BrainAgeNeXt achieved a mean age error (MAE) of 2.78 ± 3.64 years,
outperforming state-of-the-art methods [55, 56]. MAE is defined as the
average absolute difference between the predicted brain age and the true
chronological age. This metric is commonly used to evaluate brain age
models because it directly reflects the accuracy of age prediction in
healthy individuals, where the chronological age serves as the ground
truth. In our study, each subject’s T1-weighted scan was processed through
BrainAgeNeXt to obtain the predicted brain age. We then calculated the
difference between brain age and chronological age to determine the
Brain Age Difference (BAD) as it serves as a quantitative marker of brain
aging. To demonstrate the robustness of this new model, we applied two
additional algorithms to predict brain age, brainageR [55] and pyment [56]
(Table 2). Then, to better understand BrainAgeNeXt predictions, we
investigated monotonic correlations between brain volumes as obtained
using SynthSeg [57] based on FreeSurfer [56], a segmentation approach
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based on CNN trained with synthetic data, and BAD were evaluated using
Spearman’s rank correlation in all 99 WTC-responders and then, stratified
by responders with PTSD (WTC-PTSD) and without PTSD (non-PTSD; Fig. 2).

Statistical analysis
All analyses were conducted in the R statistical software package, version
4.4.3. To examine differences in clinical and demographic characteristic
across groups (WTC-PTSD and non-PTSD), pairwise Student t-test with
Welch’s correction for continuous variables and χ2 tests for categorical

variables were used. To assess model performance, we calculated Pearson
correlation coefficient (R) and the explained variance of the model (VE)
between chronological age and predicted brain age. BAD (predicted brain
age - chronological age) was calculated for each subject, using
BrainAgeNeXt, and was used as the primary outcome measure. To quantify
differences in predicted age and BAD between WTC responders with and
without PTSD, pairwise Student t-tests were used. To quantify differences
in brain volumes, we combined brain volumes from the left and right
hemispheres, and each volume was normalized by the total intracranial
volume. Statistical significance was determined using a p-value threshold

Table 1. Sociodemographic and clinical characteristics of WTC responders selected into the current study (N= 99).

Characteristics All WTC responders (n= 99) PTSD- (n= 52) PTSD+ (n= 47) p

Age (n) 0.33

mean ± sd 55.87 ± 5.22 56.36 ± 5.34 55.34 ± 5.07

Sex (n, %)

Male 79 (78%) 40 (73%) 39 (83%)

Female 20 (22%) 12 (23%) 8 (17%)

MoCA (n) 0.971

mean, [range] 23.23 [12,30] 23.25 [15,30] 23.21, [12,30]

Comorbidities (n, %)

Major Depressive Disorder <0.001*

No 81 (82%) 52(100%) 29 (60%)

Yes 18 (18%) 0 (0%) 18 (40%)

Cognitive Impairment 0.989

No 51 (51.5%) 27 (53%) 23 (43%)

Yes 48 (48.5%) 25(47%) 24 (45%)

WTC Exposure (mean ± sd) 0.771

Total months on site 2.73 ± 5.1 2.58 ± 5.2 2.88 ± 4.96

DSM-IV SCID Trauma Screen (mean ± sd)

Re-experiencing 17.48 ± 6.73 12.17 ± 3.12 23.4 ± 4.29 <0.001*

Avoidance 24.01 ± 9.54 16.27 ± 3.23 32.71 ± 6.12 <0.001*

Hyperarousal 17.76 ± 6.73 12.13 ± 2.92 23.97 ± 3.44 <0.001*

Negative thoughts 12.23 ± 4.58 9.04 ± 1.66 15.76 ± 4.18 <0.001*

Mean, standard deviation (sd), range (minimum and maximum values), and percentage (%) are reported. P-values quantify differences between WTC-PTSD
and non-PTSD were derived using Student t-tests for continuous variables and χ_2 tests for categorical variables. *p < 0.005.

Table 2. Models comparison of different brain age frameworks applied to WTC responders cohort.

Characteristics (n) All WTC responders (n= 99) PTSD- (n= 52) PTSD+ (n= 47) p

Age 0.330

mean; 95% CI 55.9; (54.8, 56.9) 56.4; (54.8, 57.8) 55.3; (53.8, 56.8)

Predicted Age - BrainAgeNeXt 0.099

mean; 95% CI 57.1; (55.6, 58.6) 55.9; (53.7, 58.1) 58.4; (56.4, 60.4)

BAD - BrainAgeNeXt <0.001*

mean; 95% CI 1.2; (0.3, 2.2) 0.4; (1.7, 0.8) 3.1; (1.7, 4.4)

Predicted Age - BrainageR 0.034

mean; 95% CI 57.9; (56.2, 59.7) 56.2; (53.7, 58.6) 59.9; (57.4, 62.3)

BAD - BrainageR <0.001*

mean; 95% CI 2.1; (−0.2, 4.5) 0.2; (−2.3, 1.9) 4.5; (2.6, 6.4)

Predicted Age - Pyment 0.218

mean; 95% CI 54.6; (53.3, 56.1) 53.8; (51.8, 55.8) 55.6; (53.6, 57.5)

BAD - Pyment <0.001*

mean; 95% CI 1.2; (−2.1, −0.3) 2.5; (−3.7, −1.3) 0.2; (−1.1, 1.5)

Mean, and 95% confidence interval (CI) are reported. P-values quantifying differences between WTC-PTSD and non-PTSD were derived using Student t-tests.
*p < 0.005.
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of 0.05. Finally, to test our hypothesis that WTC exposure duration (months
on site) moderated the association between PTSD and BAD, general linear
model (GLM) regressions were computed using current PTSD diagnosis
and cumulative WTC exposure duration expressed in months as predictors
and BAD as the outcome.

RESULTS
Demographic and clinical characteristics
Table 1 reports the clinical and demographic characteristics for the
99 WTC responders included in this study stratified by responders
with PTSD (WTC-PTSD) and without PTSD (non-PTSD). Responders
were in their mid-fifties at the time of the imaging data acquisition
(55.8 ± 5.2 years) and the majority were male (78%). By design, the
groups were matched, resulting in no significant differences in
age at the time of neuroimaging, sex, race/ethnicity, or educa-
tional attainment. Current MDD and PTSD symptoms scales (DSM-
IV SCID trauma screen) significantly differ between groups: WTC-
PTSD had a significantly higher prevalence of MDD compared to
non-PTSD (40% vs 0%) and had higher scores across the PTSD
symptom sub scales (Table 1). No significant difference in WTC
exposure duration was found between WTC responders with/
without PTSD (average months on site for WTC-PTSD= 2.88 and
non-PTSD= 2.58, p= 0.771).

Prediction of brain age in WTC responders
Brain age in WTC responders was estimated using three
algorithms: brainageR, pyment, and BrainAgeNeXt (Table 2).
Across all three methods, we observed a statistically significant

difference between PTSD– and PTSD+ participants, with the PTSD
+ group showing, on average, higher brain age estimates relative
to their chronological age. Among the three algorithms, BrainA-
geNeXt has previously demonstrated superior performance in
terms of mean age error when evaluated on an independent test
dataset of 1,523 MRI scans from healthy volunteers [52]. This
evidence supports our decision to adopt BrainAgeNeXt as the
primary brain age prediction approach for the subsequent
analyses of the present study.
Predicted brain age from BrainAgeNeXt and chronological age

were significantly and positively correlated (R= 0.77 and VE=
59.31%), while there is no significant correlation between BAD
and chronological age (R= 0.11, p= 0.25). By design, sample
subgroups were matched on chronological age at the time of scan
thus there were no differences in chronological age between
WTC-PTSD and non-PTSD (p= 0.33; Table 3 and Fig. 1, panel A).
No significant difference was observed in predicted brain age
between WTC-PTSD and non-PTSD (p= 0.099; Table 3 and Fig. 1,
panel B). BAD differed significantly between WTC-PTSD and non-
PTSD responders where WTC-PTSD shown a higher mean BAD of
3.1 years [minimum of −9.4 and maximum of 11.7 years]
compared to non-PTSD responders, who had a mean BAD of
−0.4 years, p < 0.001 (Table 3 and Fig. 1, panel C).

Brain volumes and BAD
Across All WTC-responders (Fig. 2, panel A), BAD was most
strongly correlated with cerebrospinal fluid (CSF) and ventricular
volumes: fourth ventricle (r= 0.424, p < 0.001), third ventricle
(r= 0.621, p < 0.001), lateral ventricle (r= 0.461, p < 0.001), inferior

Table 3. Statistical differences in chronological age, predicted brain age and brain age difference (BAD) between WTC-PTSD and no-PTSD groups.

Characteristics (n) All WTC responders (n= 99) PTSD- (n= 52) PTSD+ (n= 47) p

Age 0.330

mean ± sd 55.87 ± 5.22 56.36 ± 5.34 55.34 ± 5.07

Predicted Age 0.099

mean ± sd 57.12 ± 7.51 55.93 ± 7.92 58.41 ± 6.88

BAD

mean ± sd 1.23 ± 4.82 0.43 ± 4.54 3.07 ± 4.48 <0.001*

P-values quantify differences between WTC-PTSD and non-PTSD were derived using Student t-tests. *p < 0.005.

A CB

Fig. 1 Brain Age Difference (BAD) is greater in WTC-PTSD responders. Density plots showing the distribution of chronological age (Panel A),
predicted brain age (Panel B) and Brain Age Difference (BAD; Panel C) stratified by WTC-PTSD (orange line) and non-PTSD (blue line). Only BAD
differed significantly between WTC-PTSD and non-PTSD groups. Significance level: * p < 0.05, ** p < 0.01, *** p < 0.001.
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lateral ventricle (r= 0.452, p < 0.001) and cerebrospinal fluid
(r= 0.424, p < 0.001). For non-PTSD responders (Fig. 2, panel B),
BAD was significantly correlated with the fourth ventricle
(r= 0.615, p < 0.001), third ventricle (r= 0.611, p < 0.001), inferior
lateral ventricle (r= 0.519, p < 0.001) and cerebrospinal fluid
(r= 0.51, p < 0.001). For WTC-PTSD responders (Fig. 2, panel C),
BAD correlated significantly with the third ventricle (r= 0.591,
p < 0.001) and lateral ventricle (r= 0.581, p < 0.001). Correlations
between brain volumes and predicted brain age are reported in
supplementary materials (Figure S1). Interestingly, the thalamus
emerged as the only non-ventricular brain region negatively
associated with increased predicted brain age in WTC-PTSD
responders but not in those without PTSD (Figure S1). Finally, CSF
and ventricular volumes that were significantly correlated with
BAD and/or predicted brain age metrics were not significantly
different between responders with and without PTSD (Table S2).

Impact of WTC exposure on BAD
Results from generalized linear modeling suggest that WTC
exposure duration (months on site) moderates the association
between PTSD and BAD (p-value for interaction = 0.05, 95% CI
[−0.01, 1.12]; Fig. 3, Table 4). In WTC-PTSD responders, prolonged
WTC exposure is associated with increased BAD. Models that used
chronological and predicted age as outcomes are reported in
supplementary materials (Figure S2). Supplementary materials
report results of prolonged WTC exposure and BAD adjusting for
chronological age and MDD (Table S3).

DISCUSSION
MRI-based brain age models are key to understanding healthy
aging trajectories, identifying deviations from these patterns, and
identifying prodromal biomarkers that may indicate accelerated
brain aging. These models provide valuable insights into the
brain’s structural changes, helping to link early signs of
neurodegenerative diseases with long-term clinical outcomes. In
this study, we investigated the relationship between traumatic
exposures, PTSD, and brain age among WTC responders. Using a
novel convolutional neural network (BrainAgeNeXt), we deter-
mined predicted-brain age, estimating the BAD, an imaging
biomarker derived from anatomical MRI that captures structural
brain variations with high precision for each WTC responder.

Unlike traditional machine learning approaches that depend on
pre-extracted volumetric features, BrainAgeNeXt automatically
extracts relevant features from the full 3D volume of T1-weighted
MRI scans, offering a significant methodological advantage [54].
We found a significant increase in BAD among responders with
PTSD compared to those without (p < 0.001), providing evidence
of an association between PTSD and premature brain aging. To
further establish the robustness of this finding, we also tested two
additional brain age models, and the pattern of accelerated aging
among responders with PTSD was observed across methods,
indicating that the finding is agnostic to the specifics of any single
algorithm. Additionally, the duration of WTC exposure (months on
site working in rescue and recovery efforts) moderated the

A B C

Fig. 2 BAD strongly correlates with CSF and ventricular volumes. Correlations between brain volumes (normalized for intracranial brain
volume) and BAD for all 99 WTC responders (Panel A), non-PTSD (Panel B) and WTC-PTSD (Panel C). Brain parcellation was performed with
SynthSeg (FreeSurfer) [57]. Significance level: * p < 0.05, ** p < 0.01, *** p < 0.001.

Fig. 3 WTC exposure duration moderates association between
PTSD and BAD. This graph plots the relationship (interaction)
between WTC exposure duration in months (x-axis) and brain age
difference (BAD) (y-axis) stratified by WTC-PTSD (orange dots) and
non-PTSD (blue dots). WTC exposure duration (months on site)
moderates the association between PTSD status and BAD (p-value
for interaction = 0.05, 95% CI [−0.01, 1.12]).

A. Invernizzi et al.

5

Translational Psychiatry           (2026) 16:23 



association between PTSD and BAD (p= 0.05). These findings
demonstrate a link between PTSD and brain aging, highlighting
CSF and ventricular volumes that may be associated with greater
BAD among responders with PTSD. This suggests that PTSD is a
substantial risk factor for accelerated brain aging – a process
moderated by the degree of exposure to the rescue and recovery
site. Our findings also provide support for the use of “brain age”
and “BAD” as promising diagnostic and prognostic biomarkers for
accelerated aging in the broader vulnerable population of aging
individuals diagnosed with PTSD.
Brain age significantly differs between WTC responders with

and without PTSD, with those experiencing WTC-related PTSD
showing accelerated brain aging, as reflected by higher Predicted
Age Difference (BAD) estimates - the gap between brain predicted
and chronological age (Table 3, Fig. 1). Previous studies have
already linked PTSD among WTC responders to anatomical [32, 35]
and functional neural changes [33], as well as a range of aging-
related conditions manifesting clinically as memory loss [28],
increased risk of cognitive impairment [58–60] and physical
functional limitations [61]. Additionally, studies within the broader
WTC cohort have shown that markers of epigenetic and
transcriptomic aging, such as gene expression [62] and DNA
methylation [15], suggest that WTC responders with PTSD are
aging at a significantly faster rate than those without PTSD [9].
These molecular findings, along with observed structural and
functional brain changes, provide compelling evidence linking
PTSD to accelerated aging in the WTC responder population.
Taken together, these findings highlight the profound impact of
PTSD on long-term brain health, underscoring that PTSD is not
only a chronic psychological condition but also a significant
contributor to accelerated biological aging [12, 63], with its
underlying neural mechanisms playing a key role in this process.
Future analyses investigating the relationship between brain age
and measures of epigenetic and transcriptomic aging in this
unique cohort are warranted to further elucidate these associa-
tions Table 4.
As our population ages, there is an increasing need to

understand where and how the brain changes over time and
the clinical implications of these changes [64]. A notable strength
of our study was using a convolutional neural network to derive
brain age [52]. One of the key advantages of BrainAgeNeXt is its
ability to learn directly from 3D MRI data without relying on pre-
extracted volumetric features. While this approach mitigates the
issues associated with brain parcellation variability and facilitates
the model’s applicability to real-world clinical settings, a limitation
is understanding the neural drivers of prediction. To overcome
this, we explored which brain area volumes were most correlated
with BAD. Among WTC responders, we found that BAD was
correlated with CSF and several ventricular volumes (Fig. 2). These
findings align with well-established aging patterns, where

increased CSF volume reflects brain atrophy, including cortical
shrinkage and ventricular enlargement [65]. This volumetric
increase in CSF is typical of normal aging, indicating brain atrophy
[66, 67], but is often more pronounced in neurodegenerative
conditions [68–70]. Finally, as interest grows in identifying
methods to monitor increased risk of neurodegeneration condi-
tions, our findings establish that brain age is a valuable and robust
biomarker for detecting accelerated aging processes in PTSD. Our
findings underscore the need for continued research in this area.
Future studies should explore whether therapeutic interventions
in WTC responders can slow the rate of accelerated aging,
particularly among those with PTSD. Additionally, there is a critical
need to investigate the relationship between the influence of
trauma exposure and PTSD severity on accelerated brain aging.
Understanding these connections could pave the way for targeted
interventions to promote healthier brain aging in populations
affected by PTSD.
We investigated the correlation between the predicted brain

age and brain volumes. Interestingly, the thalamus emerged as
the only non-ventricular brain region negatively associated with
increased predicted age in WTC-PTSD responders but not in those
without PTSD (Figure S1). None of these brain volumes showed
statistically significant differences between responders with and
without PTSD (Table S2). The thalamus plays a key role in sensory,
emotional, and fear regulation, acting as a relay between the
amygdala and prefrontal cortex. In animal models, the thalamus
showed vulnerability to the cumulative effects of both psycholo-
gical and environmental stress [71]. Neuronal cell death was
observed in brain areas, including the thalamus, among rats with
combined exposure to stress and low doses of environmental
neurotoxins [71]. Reduced thalamic volume has been observed in
structural MRI studies of PTSD, consistent with our finding that
smaller thalamic volumes are linked to greater predicted age in
responders with PTSD [72, 73]. Among the WTC cohort, previous
studies identified reduced white matter integrity in the thalamic
radiation, a connection between the thalamus to the cerebral
cortex [74]. Intriguingly, epidemiologic studies in this cohort and
others have reported evidence of slowed cognitive and physical
responses, which may be consistent with thalamic aging [59, 61].
Further studies are necessary to explore the specific role of the
thalamus and other brain structures most vulnerable to this
decline, which may become key targets for clinical therapies
aimed at mitigating and slowing down the accelerated neurode-
generative processes.
Among the more than 35,000 responders enrolled in the

ongoing WTC-HP, 23% of them continue to experience chronic
WTC-related PTSD [1, 26, 75]. In this study of responders selected
based on PTSD case status (WTC-PTSD vs WTC non-PTSD), the
duration of WTC exposure (i.e., number of months spent at the
WTC site in rescue and recovery efforts) did not differ between
responders with PTSD and those without PTSD (Table 1). While all
responders experienced some degree of traumatic exposure, not
all responders developed PTSD. Among responders with PTSD,
greater BAD is associated with prolonged WTC exposure during
search and rescue efforts during and following 9/11 (Fig. 3),
suggesting that prolonged exposure may exacerbate the already
adverse effects of PTSD on brain aging in this vulnerable
population. During these months on the pile, WTC responders
experienced psychologically traumatic stressors and inhaled dust
and smoke containing many pollutants (i.e., particulate matter,
lead, polycyclic aromatic hydrocarbons (PAHs), polychlorinated
biphenyls (PCBs), and dioxins). Circulating particulates and/or
toxicants may have reached the brain through the olfactory
system, disrupting blood-brain barrier function, and inducing
neuroinflammation at the global-network [28, 49]. This unique
combined exposure to traumatic stressors and environmental
toxicants may play a role in the anatomical and functional
changes observed in our population [76–79]. Although all

Table 4. WTC exposure duration moderates association between
PTSD and BAD.

Brain Age Difference (BAD)

Predictors Estimates CI p

Intercept 0.29 52.79–57.84 0

Months on site −0.18 52.79–57.85 0.393

PTSD 0.75 52.79–57.86 0.615

Months on site*PTSD 0.56 52.79–57.87 0.05

Observations 99

R2 0.172

WTC exposure duration (months on site) moderates the association
between PTSD status and BAD (p-value for interaction = 0.05, 95% CI
[−0.01, 1.12]).
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participants were WTC responders, we lack detailed individual-
level data on specific airborne toxin or pollutant exposure. As
such, we used “time on the pile” as a proxy for exposure in this
work; while informative, it does not provide the resolution
necessary to assess differential exposure across individuals.
However, our results are consistent with previous studies within
the WTC cohort that found associations between longer-duration
WTC exposure and greater structural changes such as reduced
cortical volumetric and decreased cortical complexity [32, 35].
Synthesizing our results and prior literature, there may be a
synergistic interaction between PTSD and prolonged exposure to
psychological and environmental stressors at play, amplifying
responders’ susceptibility to accelerated aging.
Our findings demonstrate the feasibility of using a whole-brain

MRI-based “brain age” biomarker to identify and quantify
deviations from healthy aging trajectories, assessing an increased
risk of accelerated aging. “Brain age” is a well-validated measure in
healthy individuals and has been extensively studied in popula-
tions with neurodegenerative diseases [80–82] and neuropsychia-
tric disorders [52, 83–85]. However, the application of “brain age”
to PTSD is largely underexplored. While recent studies suggest a
potential link between PTSD and accelerated brain aging as
measured by BAD [55, 86], these findings have been inconsistent
and suffer from methodological biases. One study found
preliminary evidence that PTSD may be associated with acceler-
ated brain aging [86], but it had several limitations including a
younger participant sample and imbalanced group sizes. Another
study reported that young males with PTSD had a higher BAD
compared to both young and old male controls [55]. However,
older males with PTSD exhibited a lower BAD, contradicting
growing evidence that PTSD likely contributes to accelerated brain
aging [55]. Like the previous study [86], this one was also limited
by the young average and broad age range of participants, with
an average age of 35.6 years, a stage at which significant
neurodegenerative changes are generally not prominent, making
it difficult to accurately capture BAD [55]. Despite these intriguing
preliminary results, the underlying mechanisms by which psycho-
logical trauma, such as PTSD, might disrupt healthy brain aging —
particularly at a neurological level — remain unclear. Our study
sample and design presented a unique opportunity to examine
brain aging in regard to a homogenous traumatic experience, the
9/11 World Trade Center tragedy and its aftermath. Having an
age-matched control group without PTSD who experienced the
same trauma as their counterparts who with PTSD, allows us to
isolate the effects of the psychological and physiological sequelae
of PTSD rather than the less specific effects of trauma-exposure or
environmental toxic exposures. This minimizes potential con-
founding external variables between groups, providing more
support for a causal inference and overall validity of our results.
Limitations of our study design include the small sample size and

lack of an external control group (non-WTC). A larger sample size
might improve statistical power. While a strong effort was made to
increase the recruitment of underrepresented populations including
women and people of color to the point of doubling the numbers of
both in this sample compared to the responder population enrolled
in our program [37, 49, 58], our sample could nevertheless benefit
from improved diversity in order to facilitate subgroup analyzes that
are out of reach of this study. The age range of WTC-responders
included in this study (mean age of 55 years, ranging from 44 to 65)
might be considered a limitation to the generalizability of our results
as other PTSD studies typically focus on younger-aged groups rather
than late adulthood. However, less is known about the effect of
PTSD on the brain in individuals in this later stage of life and there is
a need for more studies in this understudied age category. The
exposure questionnaire, from which we gather self-reported
experience during WTC rescue and recovery efforts, was often first
administered years after 9/11 experiences were completed and may
therefore be subject to recall bias. Although WTC exposure was used

as the index trauma in this study, comprehensive data on
participants’ prior trauma histories for this cohort were not available.
As a result, we cannot rule out the potential influence of other
trauma exposures on the observed outcomes, and this limitation
further underscores that our findings are correlational in nature and
do not support causal inferences. Finally, we lack accurate
assessments of life trauma and/or PTSD status and MRI scans in
WTC responders prior to 9/11, and we lack a comparison group of
responders with subsyndromal, mild, heterogeneous, or remitted
PTSD. Additionally, the lack of data on traumas endorsed prior to or
following the 9/11 efforts (i.e., Criterion A) limits our ability to
examine the potential compounding effects of cumulative trauma
exposure on differences in BAD between groups. The complexity of
factors influencing brain aging, such as toxic exposures, physical
health comorbidities, and barriers to care, may interact in several
ways with PTSD progression in this cohort. While these limitations
may reduce the generalizability of these findings to the broader
population, it is important to recognize that individuals exposed to
traumatic circumstances often differ from the general population in
meaningful ways - psychologically, socially, and biologically. As such,
studying trauma-exposed populations provides unique and essential
insight that may not be captured in the general population. In this
study, the relationship between PTSD and brain age was assessed
cross-sectionally at a single time point. Thus, we cannot infer
causality or determine the directionality of the relationship between
PTSD and potential accelerated brain aging. Future studies could
benefit from examining PTSD and brain aging longitudinally in
similarly homogeneous cohorts, which could help clarify the
temporal dynamics of this association while minimizing some of
the confounding factors present in this dataset.
To conclude, this is the first study to investigate the link

between PTSD and brain aging, highlighting the impact of
traumatic stressors in WTC responders. We successfully derived
Brain Age Difference (BAD) from MR imaging using a novel
convolutional neural network to compute brain age in a PTSD
population. Our results suggest that responders who developed
WTC-related PTSD present significantly accelerated brain aging
compared to non-PTSD responders. This effect was consistent
across three different brain age prediction methods, underscoring
the robustness and generalizability of the finding. BAD is
correlated with volumes of specific brain areas previously shown
to be associated with aging and PTSD. Finally, brain age is
associated with WTC-exposure. By offering a reliable biomarker to
assess aging trajectories, this study expands our understanding of
the neurobiological impact of PTSD in WTC responders and
highlights the broader potential of “brain age” to inform targeted
individual and public health interventions aimed at promoting
healthy brain aging across the lifespan.
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