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Neuroanatomical findings on panic disorder (PD) are typically difficult to replicate, with inconsistent effects. These concerns

prompted a paradigm shift towards large-scale collaborations, focused on harmonized data extraction and processing for robust
examination of PD brain correlates. Hence, leveraging the largest-ever multi-site neuroimaging database on PD (Age: 10-66 years;
global sites: 28), compiled by the ENIGMA-Anxiety Working Group, we report on cortical and subcortical differences in individuals
with PD (N = 1146) versus healthy controls (HC: N = 3778). The analyses revealed lower thickness and smaller cortical surface area
within fronto-temporo-parietal regions in PD (Cohen'’s ds: —0.08-0.13), along with lower thalamic and caudate volumes (Cohen’s ds:
—0.07-0.12). Diagnosis-by-age? interactions (Cohen'’s ds: 0.07-0.12) revealed lower thickness in individuals with PD compared to HC
in certain regions during adulthood (25-55 years), with relative absence of such differences during youth (<25 years) or late

adulthood (>55 years). Finally, patient subgroup analyses showed that early disease onset (<21 years) in PD was associated with
larger lateral ventricles (Cohen’s ds: 0.31-0.38), whilst no medication, comorbidity, or severity effects were found. These findings
lend support to neurocircuitry models of PD, which postulate differences within fronto-striato-limbic circuits and temporo-parietal
regions. Moreover, findings highlight the potential importance of abnormal development and aging in neuroanatomical differences
related to PD. Given its unprecedented scale, the current study is an important milestone towards identifying the structural brain

correlates of PD.

Molecular Psychiatry (2026) 31:2402-2417; https://doi.org/10.1038/s41380-025-03376-4

INTRODUCTION

Panic disorder (PD) is a common anxiety disorder that affects
adolescents, adults, and even children. The condition has a 1-2%
12-month, and a 1.7-4% lifetime prevalence [1, 2]. Diagnosis of PD
involves the presence of recurrent panic attacks, alongside other
debilitating symptoms and behavioral changes due to the fear of
potential attacks [3,4], leading to great personal distress. More-
over, PD is a significant public health concern linked to a

multitude of adverse physical health outcomes [5]. This highlights
the urgency to improve our understanding of the diagnosis and
etiology of the disorder, to optimize -early-intervention and
treatment.

Despite almost two decades of anxiety neuroimaging research
with some promising findings [6], our knowledge of the
pathophysiology and underlying neurobiology of PD remains
incomplete [7]. Structural neuroimaging studies of PD suggest the
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Fig. 1

Putative neurocircuitry of PD and clinical anxiety. Anomalies within these regions tend to collectively impede how emotionally

salient information is perceived, processed, and modulated. This includes brain areas involved in sensory processing (occipital cortex, fusiform
gyrus, thalamus; green), emotion generation and processing (striatum, amygdala, insula, dorsal anterior cingulate cortex; red) and emotion
modulation (medial prefrontal cortex, hippocampus, dorsolateral prefrontal cortex, subgenual/rostral anterior cingulate cortex; blue). Adapted
and reprinted with permission from Wiley Periodicals, Inc.: Human Brain Mapping (Bas-Hogendam et al., [1]). Amy Amygdala, Cau, Nucleus
Caudatus, Hip Hippocampus; NAcc, Nucleus Accumbens, Pa Pallidum, Pu Putamen, Tha Thalamus, CAcc Caudal Anterior Cingulate Cortex, FF
Fusiform, INS Insula, LOC Lateral Occipital, MOF Medial Orbitofrontal, RAcc Rostral Anterior Cingulate Cortex, RMF Rostral Middle Frontal, SF

Superior Frontal.

presence of gray matter differences within fronto-striato-limbic
circuitries and additional temporo-parietal sensory regions [8-10],
sometimes modulated by lifestyle factors [11]. More specifically,
individuals with PD have been observed to exhibit both higher
and lower volumes in the amygdala, hippocampus, and temporal
and occipital regions, whereas lower gray matter volumes were
slightly more consistently reported in the thalamus, anterior
cingulate cortex, and cerebellum [12-14]. An overview of regions
previously implicated in PD are presented in Fig. 1. These findings,
however, lack robust reproducibility and typically arise from
studies with small sample sizes, low statistical power, diverse
analytic approaches, and marked clinical heterogeneity [7].

One recent meta-analysis combined data from eight studies
with a total of 201 people with PD; this revealed converging gray
matter deficits in various prefrontal brain regions, along with the
insula and superior/middle temporal gyrus [12]. While encoura-
ging, meta-analyses based on published data are typically plagued
by publication bias [13], and confounded by the vastly hetero-
geneous analytical approaches adopted by individual studies
included [14]. Overall, neuroimaging research on PD so far has had
important limitations that preclude a robust understanding of its
underlying neurobiology.

To address these limitations, large-scale collaborations have
been initiated, focused on the harmonization of data preproces-
sing and standardization of analyses. The Enhancing Neuro-
Imaging Genetics Through Meta-Analysis (ENIGMA) consortium is
an example of such a global effort [14], and the current study is
from the PD subgroup within the greater ENIGMA-Anxiety Working
Group [7,15]. The large-scale and inclusive nature of ENIGMA
studies, in terms of populations, sample sizes, research centers, and
data diversity, has proven critical in pinpointing robust structural
brain correlates of psychopathology [14]. Hence, through the
ENIGMA consortium, we performed the largest-ever coordinated
investigation of cortical and subcortical neuroanatomy in people
with PD (N=1146) versus healthy controls (HC) (N=3778),
gathered from 28 international cohorts (45 global sites). Based
on prior work, we expected individuals with PD to show
neuroanatomical differences within the fronto-striato-limbic and
temporo-parietal regions, particularly characterized by lower/
smaller morphometry in the temporal, orbitofrontal, and prefrontal
brain areas. Exploratory analyses further examined the potential
modulating effects of key demographic (e.g., age, sex) and clinical
(eg, age of onset, medication use, severity, comorbidity)
characteristics on cortical and subcortical neuroanatomy.

Molecular Psychiatry (2026) 31:2402 -2417

METHODS

Participants

This analysis included neuroimaging data from 28 international studies,
with clinical data from people with a lifetime and/or current DSM-IV or
DSM-5 PD diagnosis and HC (i.e, free from psychopathology and
psychotropic medication). A more detailed overview of the sample
information is reported elsewhere [7]. In line with prior ENIGMA Anxiety
studies [16, 17], diagnostic interviews (SCID, CIDI) were used to ascertain
the presence or absence of PD diagnosis and other psychiatric disorders
(e.g., social anxiety disorder, agoraphobia, generalized anxiety disorder,
specific phobia, major depressive disorder, obsessive compulsive disorder,
posttraumatic stress disorder, substance use disorder). Individuals were
excluded if they showed any MRI contra-indications (e.g., metal implants,
pacemakers, claustrophobia, pregnancy) or had any history of severe
neurological (e.g., seizures, stroke, multiple sclerosis, traumatic brain injury)
or medical disorders. In line with prior ENIGMA Anxiety work [16,17],
exclusion criteria for PD patients also included comorbid schizophrenia (or
schizophrenia spectrum disorder), bipolar disorder, and autism spectrum
disorder. Exclusion criteria for HCs were lifetime major psychiatric
diagnoses and psychotropic medication use at the time of scan. Clinical
information for additional analyses included symptom age of onset,
psychotropic medication use at time of scan, current or lifetime presence
of comorbid anxiety disorders (i.e., social anxiety disorder, agoraphobia,
general anxiety disorder, specific phobia), comorbid MDD and clinical
severity as measured by the Anxiety Sensitivity Index (ASI), the trait anxiety
subscale from the State Trait Anxiety Inventory (STAL_T; measuring
“individual differences in anxiety proneness” and probes how individuals
“generally feel” versus the STAI-S that indicates how individuals “feel right
now, at this moment”) and Beck Anxiety Inventory (BAI). Each study
contributed clinical severity data subject to availability (see Supplement for
more information). All study participants provided written informed
consent and the local institutional review boards permitted the use of
measures extracted from the data.

Image acquisition and processing

Structural T1-weighted brain MRI scans were acquired and processed
locally at each site using standardized ENIGMA protocols for harmonization
of analysis and quality control (see http://enigma.ini.usc.edu/protocols/
imaging-protocols/). Regional subcortical volume (SV), cortical surface area
(SA) and mean cortical thickness (CT) were extracted from the brain images
using FreeSurfer software version 5.3 [16]. For each subject, SA and mean
CT was calculated for 68 cortical Desikan-Killiany atlas-based regions (34
per hemisphere) and two global hemisphere measures [17]. In addition, SV
was extracted for seven structures per hemisphere (accumbens, putamen,
pallidum, caudate, thalamus, amygdala, and hippocampus), along with
lateral ventricle and total intracranial volume (ICV). Parcellations and
segmentations were visually inspected and statistically evaluated for
outliers (see Supplement for details).
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Control, N = 3778°

34.00 £ 15.15 (9.00-72.00)
2129 (56%)

32.22 +£7.74 (20.00-63.00)
10.75 £ 7.33 (0.00-38.00)
3.48 +5.36 (0.00-23.00)

PD, N =1146"

33.78 +£12.15 (10.25-66.00)
739 (64%)

50.35+ 11.75 (20.00-77.00)
31.46 + 11.51 (1.00-60.00)
22.50 + 14.31 (0.00-58.00)

Table 1. Participant Characteristics Per Diagnostic Group.
Characteristic N
Chronological age (years) 4924
Sex (female) 4924
State Trait Anxiety Inventory 2561
Anxiety Sensitivity Index 999
Beck’s Anxiety Inventory 211
Comorbid anxiety disorder 4924
Comorbid major depressive disorder 4096
Psychotropic medication use 4381
SSRI/SNRI use 3416
Age of onset (years) 519

0 (0%) 837 (73%)
0 (0%) 456 (42%)
0 (0%) 380 (34%)
0 (0%) 300 (28%)
N/A 26.57 +11.89 (2.00-64.00)

The state trait anxiety inventory, anxiety sensitivity index, and Beck’s Anxiety Inventory variables indicate anxiety severity scores. Comorbid anxiety disorders

include generalized anxiety disorder, social anxiety disorder, specific phobia.

PD panic disorder, SSRI selective serotonin reuptake inhibitor, SNRI Serotonin and norepinephrine reuptake inhibitors, NA not applicable, SD standard deviation.

?n (%); Mean + SD (Minimum-Maximum).

Statistical analysis of cortical and subcortical neuroanatomy:
primary analysis

Individual-level participant data was assessed using linear mixed-effects
(LME) models on the pooled cortical and subcortical neuroanatomical
features from all scanning sites. Each SV, cortical SA and CT served as the
outcome measure (separately for the left and right hemisphere) and a
binary indicator of diagnosis (PD vs.HC) as the main predictor of interest.
Age, sex, and ICV were used as additional fixed factors and site (i.e.,
scanner/location/study) was included as a random effect intercept (Uj) to
account for effective clustering within scanning sites. Given that
structural brain development follows nonlinear trajectories from child-
hood to adulthood [18, 19], a nonlinear expansion of age (age2) was also
included as a fixed factor, in line with prior ENIGMA work [20, 21]. As we
did not have specific hypotheses or expectations for potential cubic
relationships between age and morphological measures, cubic age
expansion terms were not included in the analyses. All LME analyses
were performed in R studio (v4.0.3) using the Ime4 package (v1.1-27.1).
We first examined case-control differences between people with PD
and HC:

1. ROIl; = intercept + B;(diagnosis) + Ba(sex) + Bs(age) + B4(age?) +
Bs(ICV) + UJ + g

We then tested higher-order interactions (diagnosis-by-age, diagnosis-
by-age? and diagnosis-by-sex) by adding a multiplicative predictor as
factor of interest, while including the main effect of each predictor in the
model. Each dependent measure of the i" individual at j scanning site
was modeled as follows:

2. ROl = intercept + B;(diagnosis) + B2(sex) + Bs(age) + 84(age2) +
Bs(diagnosis x age) + U; + g;

3. ROl = intercept + B;(diagnosis) + B,(sex) + Bs(age) + 84(age2) +
Bs(diagnosis x age®) + U; +

4. ROl = intercept + B,(diagnosis) + B(sex) + B3(age) + 84(age2) +
Bs(diagnosis x sex) + Uj + g;;

As per prior ENIGMA work (e.g., [18, 19]), ICV was omitted from models
with CT as outcome, as previous research has shown that thickness, unlike
SA and SV, does not scale with head size [20]. All models required data
from N =5 sites and were fit using the restricted maximum likelihood
method (REML). Effect size estimates were calculated with the Cohen’s
d-statistic appropriate for mixed effect models, and were computed using
the t-statistic for the factor diagnosis in the fitted LME model [21]. Percent
difference between cases and controls was calculated with least-squares
group means using the emmeans package (v1.6.3). The Benjamini-
Hochberg false discovery rate (FDR) was used to control for multiple
comparisons within each model, with p-values adjusted separately for each
modality (CT, SA, and SV). Results were considered significant if the FDR-
corrected p-value (g) was < 0.05.

SPRINGER NATURE

Exploratory subgroup analyses

To investigate whether various clinical differences within the PD group
were differentially associated with structural brain morphology, we
conducted stratified analyses. We compared patient subgroups based on
several factors: current versus lifetime diagnosis of PD, psychotropic
medication use (any use or Selective Serotonin Reuptake Inhibitors [SSRIs]/
Serotonin Norepinephrine Reuptake Inhibitors [SSNRIs] use), current and/or
lifetime comorbid anxiety disorders (i.e, generalized anxiety disorder,
social anxiety disorder, specific phobia, agoraphobia), comorbid depres-
sion, and PD age of onset (categorized as early < 21 years or late > 21
years, in line with prior ENIGMA studies [22, 23]). We also used separate
LME regression models to investigate patient-specific dimensional
associations between the cortical and subcortical structures and several
measures of clinical anxiety severity. For these models, each of the
continuous clinical variables (i.e,, ASI, STAI_T and BAI scores) replaced
diagnosis as the predictor of interest in the LME formula, and the partial-
correlation Pearson'’s r-statistic appropriate for mixed-effects models [21] -
adjusted for age, age?, sex, site, and ICV — was used to report effect size
estimates. Not every cohort had each FreeSurfer modality available (i.e.,
SA/CT/SV) and individual values were excluded if they did not pass quality
control. Specifically, cortical parcellations (SA/CT) were unavailable for 411
participants (47% of whom had PD) from 5 datasets (11.1% of the total
number of datasets). For each LME model and region separately,
participants were excluded if any of the variables were missing. The
number of included cohorts, patients and controls for each LME model are
reported in the tables in the results section.

RESULTS

Participants

In total, we analyzed data from 4924 subjects, including 1146
people with PD (of which 88.2% had a current diagnosis versus
11.8% with a lifetime diagnosis) and 3778 HC. Demographic and
clinical characteristics of each sample appear in Table 1 and a
detailed breakdown is presented in Supplementary Table S1. Age
distributions per scanning site appear in Supplementary Fig. S1.
Briefly, the HC (mean: 34.0 + SD 15.2 years, range: 9-72 years) and
PD groups (mean: 33.8 +SD 12.2 years; range: 10-66 years) were
similar in age, but the PD group had a significantly higher
proportion of females (X4)=23.6, p < 0.0001), in line with a
general higher prevalence of anxiety disorders in females [24].

Cortical thickness differences associated with panic disorder

An overview of the CT findings is provided in Table 2, ordered
from the strongest to the weakest effect size. Initially, nine out of
70 cortical regions showed lower thickness in individuals with PD
compared to HC. However, only five of these differences remained
valid after accounting for nonlinear age-by-diagnosis interactions.
In the left hemisphere, lower CT was observed in the interior

Molecular Psychiatry (2026) 31:2402-2417
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temporal region (d = —0.10, prpgr = 0.029), as well as the fusiform
(d = —0.09, pror = 0.029) and pars opercularis regions (d = —0.08,
pror = 0.049) in individuals with PD relative to HC. In the right
hemisphere, CT was lower in both the precentral (d =—0.08,
pPror = 0.029) and postcentral (d = —0.08, prpr = 0.049) regions in
the PD group. An overview of the main effects of diagnosis on CT
is presented in Fig. 2A.

Significant diagnosis-by-age? interactions were observed bilat-
erally for global CT, and unilaterally in the right middle temporal
and right fusiform regions. An additional 16 regions showed
significant diagnosis-by-age® interactions without overlapping
with the main effect of diagnosis, resulting in a total of 20 out
of 70 CT measures exhibiting nonlinear age-related diagnostic
differences (Fig. 3A and Supplementary Table S2). Effect size
estimates of the interactions ranged from din =0.07 to dpax =
0.12, with bilateral significant interaction effects on global CT
across the brain, caudal middle frontal, rostral middle frontal,
isthmus cingulate, lateral orbitofrontal, superior frontal, and frontal
poles. Unilateral interaction effects on CT were observed in the left
precentral, and right fusiform, inferior temporal, medial

Molecular Psychiatry (2026) 31:2402 -2417

orbitofrontal, middle temporal, and pars triangularis regions. No
significant diagnosis-by-age or diagnosis-by-sex interactions were
found for CT measures (Supplementary Tables S3, 4).

Post-hoc visual and statistical decomposition of the diagnosis-
by-age? interactions on cortical thickness

Visual and statistical decomposition of the quadratic interactions
revealed complex patterns, wherein the magnitude and direction
of effects varied based on the specific age and region examined.
Visual decomposition revealed that, in general, CT appeared lower
in PD than HC participants during adulthood (25-55 years), while
the opposite pattern emerged during youth (<25 years) and late
adulthood (>55 years)(Fig. 3B). Exploratory statistical examinations
of these visual age trends were conducted by contrasting PD and
HC participants across the three age groups, using the same LME
models as in the main analysis. These post-hoc descriptive
comparisons were not corrected for multiple testing, as they
were intended for exploratory purposes. The analyses, however,
revealed that only CT differences seen during adulthood
demonstrated consistently negative effect sizes (dmi, = —0.15 to

SPRINGER NATURE
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Fig. 3 Panic disorder diagnosis-by-age” interactions. A Significant interactions between panic disorder (PD) diagnosis and age? on 20
cortical thickness (CT) regions. Interactions were found bilaterally for the left and right caudal middle frontal, frontal poles, isthmus cingulate,
lateral orbitofrontal, rostral middle frontal, and superior frontal CT. Global bilateral interaction effects on left and right mean thickness per
hemisphere were also observed. Unilateral interaction effects on CT were observed in the left precentral, right fusiform, inferior temporal,
medial orbitofrontal, middle temporal, and pars triangularis regions. B Post-hoc visual and statistical decomposition of diagnosis-by-age
interaction effects on cortical thickness. Asterisks (¥) denote statistical significance in brain regions where individuals with PD exhibit lower CT
compared to healthy controls (HC) and all fall within the age range of 25-55 years. Brain regions in bold indicate overlap with those

implicated in the main effect of diagnosis.

dimax = 0.00), and were able to reach statistical significance (with
ps ranging from 0.0003-0.0449). In contrast, the differences in
youth and late adulthood showed both positive and negative
effect sizes depending on the brain region (youth: d,,;, = —0.08 to
dmax = 0.09; late adulthood: dmi, = —0.09 to dnax=0.19), and
never reached statistical significance (youth: ppi,=0.16 to
Pmax = 0.94; late adulthood: pmin =0.12 t0 pmax = 0.99)(Supple-
mentary Table S5).

SPRINGER NATURE

Surface area differences associated with panic disorder

With respect to SA, only unilateral differences were found in the
left hemisphere (Table 3). Specifically, the inferior parietal
(d=—0.13, prpr=10.021), inferior temporal (d=—0.12, prpr=
0.022), and rostral middle frontal (d=—0.11, pgpr = 0.047) SA
were smaller in people with PD relative to HC. No significant
differences were found for left or right total cortical SA. No
significant diagnosis-by-age, diagnosis-by-age?, or diagnosis-by-

Molecular Psychiatry (2026) 31:2402-2417
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B8LRALTNREEFTNR-RANE&D 8IS sex interactions were found for SA (Supplementary Tables S6-8).
w SEIMRIIK/INANTT®RE The SA findings are presented in Fig. 2B.
Subcortical brain differences associated with panic disorder
M I - NS 8RT RTINS Y An overview of the SV findings is provided in Table 4. The bilateral
% g8 r\l N o® o o‘d S c‘\' 5 (\ll S g 3 volumes of the caudate (die = —0.12, prpr = 0.001; dighe = —0.09,
2 [ I | [0 T O \ = pror = 0.020), along with the right thalamus volume (d = —0.07,
Pror = 0.038), were smaller in people with PD relative to HC. No
" other case-control differences were found for SV measures. No
2 significant diagnosis-by-age, diagnosis-by-age?, or diagnosis-by-
c WYL ILYLITIILYIRY sex interactions were found for SV measures (Supplementary
Tables S9-11). An overview of the subcortical findings is displayed
in Fig. 2C.
foRn2ohiaSRggorss
=1 2 2 3l 22 3B 23 2B 3R 3B Associations with anxiety symptom severity and patient
subgroup analyses
No associations were found between any brain regions (CT/SA/SV)
E3 IR 2RI RBRAR and any of the clinical anxiety severity scores, as measured per ASI,
O — O O O O O O O © ©O O O O — — .
Sl = = = = = S 2| = S = = =) S| =S| = = STALT, or BAI total (Supplementary Tables S12-20) in separate
models. Exploratory analyses showed significantly larger bilateral
=l ol e volumes of the lateral ventricles (left: diest=0.31, pror=0.01;
§ S 9P I T NYR YR YLYgLe dright = 0.38, prpr = 0.002) in people with an early disease onset of
a o o o S © o oo oo oo S o PD (<21 years; N = 145) compared to those with a late onset (>21
. years; N =309), Supplementary Table S21. No differences in CT
3 o (Supplementary Tables S22-27), SA (Supplementary Tables S28-
s 3 33), or SV (Supplementary Tables S34-38) were found between
8 288359535338 cx83% dicated versus non-medicated patients, or any of the other
2888835888888 888 8 | medoated versus nonmedicated patients, or any of th
_g‘ patient subgroupings. The lateral ventricle findings are displayed
® in Fig. 2D.
s ¢
S8
g 3 DISCUSSION
3 &8 This worldwide effort is the largest neuroimaging study of
g g structural brain differences in people with PD to date. Using
; £ multi-site data (28 sites worldwide) from the ENIGMA-Anxiety
T 90 38888 YITN g Tane Working Group, comprising 1146 people with PD and 3778 HC,
3 g_‘a 7 T C|5 T C|5 C‘i C‘i C‘i C"' C"' C‘i C|5 < S S = various cortical and subcortical differences were identified in PD
e across the lifespan (10-66 years). Compared to HC, individuals
s with PD had lower cortex throughout the brain, along with lower
2— G CT and smaller SA within specific frontal, temporal, and parietal
E TN o = - o N NN n © N O regions. People with PD moreover showed smaller SV within the
2 g o o0& & o000 oo oo o o o . .
"W B0 0 0 O 6 66336 S S 8 38 8 o caudate and thalamus in comparison to HC. Furthermore,
= I diagnosis-by-age? interaction effects on CT emerged within
2 several fronto-limbic and temporo-parietal regions, wherein CT
g S differences between PD and HC were not consistent across
G ol ol ol al o o @ @ @l @l @ & @l e sl s different age groups. Finally, patient subgroup analyses showed
s 2500555333333 383838 3 that early disease onset (<21 years) in PD was associated with
& [ L I L L larger lateral ventricles, whilst no medication, comorbidity, or
z severity effects were found. Together, these findings lend support
% al el @l ol ol el el ol al el sl sl ol ol ol to neurocircuitry models of PD, which postulate neuroanatomical
o W22 2232323283383 8282828g8¢g¢g¢g changes within fronto-striato-limbic regions and additional
£ temporo-parietal regions in its pathophysiology.
o
% o PD relates to lower cortical thickness
2 Tnarnommessmmm = =9 & m There was a main effect of diagnosis on CT in seven of 68 regions
$5§s533333333332323232¢23 examined, as well as bilaterally on mean CT across the brain.
= BT L L T L L L B However, several of these main effects were qualified by a
o significant diagnosis-by-age? interaction, specifically in the right
- middle temporal gyrus, right fusiform gyrus, and mean CT in both
© ::_;: the left and right hemispheres. In other words, four of the
5 s observed main effects varied as a function of nonlinear age and
5 e therefore cannot be interpreted independently of this interaction.
3 © Unilateral lower CT was seen in left fusiform, inferior temporal and
g ; pars opercularis regions, along with the right precentral, and
B 'g ol & B -g ‘g‘ ‘qc‘J postcentral regions. The effect sizes were fairly modest, yet
i 'g' HE = Els 2 g 5 g s 28 =5 2 > comparable to prior ENIGMA work on mood disorders
= 58 2 E3Ec£ 2852338 § £33 [14, 18,22, 25], with Cohen’s ds ranging from —0.10-0.08. Note-
= worthy, a previous meta-analysis of published studies similarly
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points to consistently smaller CT within fronto-temporo-parietal
regions in people with PD in mostly non-overlapping samples [26],
further supporting the neurostructural differences reported here.

The lowest CT was found in the left inferior temporal cortex, a
key part of the ventral visual pathway implicated in perception
[27]. In addition, CT of the fusiform gyrus was lower in the left
hemisphere; this region constitutes the basal part of the occipital
and temporal lobe and is especially engaged during visual
processing of faces [28], body awareness [29], and threatening
bodily expressions [30]. This finding is consistent with another
study identifying lower cortical thickness in the fusiform gyrus in
PD, albeit unilateral to the right hemisphere [31]. The pars
opercularis (inferior frontal gyrus) and pre/postcentral gyri are
likewise linked to perception and emotional processing and these
regions were also different in PD compared to HC in the current
study. The posterior segment of the inferior frontal cortex (the
pars opercularis) has also shown to be associated with negative
affective bias in attention due to probable reduced executive
control [32]. This region has furthermore typically been associated
with the cingulo-opercular network and linked to active coping
and the top-down control of emotional responses [32].

Moreover, panic attacks, key symptoms of PD, are accompanied
by a range of somatic responses, such as breathing difficulties,
sweating, and chest or abdominal discomfort. These symptoms
suggest the involvement of brain regions associated with somatic
processing. Indeed, prior work demonstrates that the postcentral
gyrus (somatosensory cortex) and precentral gyrus (somatic motor
cortex) play a role in emotional regulation and processing,
generation of fear, and interoceptive attention [33]. For example,
increased activity of the postcentral gyrus has previously been
associated with generally lower symptoms of (social) anxiety
[34,35], suggesting the importance of brain regions involved in
processing somatic information in anxiety symptomatology [36].
Taken together, the structural brain differences in these regions
may potentially underlie the distorted processing of social,
emotional, and bodily information in patients with PD [37], along
with maladaptive emotion regulation and somatosensory arousal.
More research, however, is needed to fully grasp the role these
cortical regions play in PD, and how they may interact within and
across other brain networks.

PD relates to smaller cortical surface area

People with PD exhibited smaller SA relative to HC in three out of
68 regions. However, no group differences emerged for total SA
measures, in either the left or right hemisphere, suggesting a
regional but not global association between PD and SA. This study
is the first to report significant SA differences in PD using a whole-
brain analysis. Left-lateralized smaller SA was observed in the
inferior parietal, inferior temporal gyrus (also observed in CT), and
rostral middle frontal regions. Effect sizes were slightly larger
compared to case-control differences in CT, but still relatively
small and on par with prior ENIGMA work on internalizing
psychopathology [14], with Cohen’s ds ranging from —0.11-0.13.
Both the location and direction of effects importantly mirror a
recent small-scale VBM-based meta-analysis, which similarly
showed consistently smaller cortical volume within fronto-
temporo-parietal regions among people with PD [26].

The inferior parietal lobe, a key part of the posterior Default
Mode Network, is involved in memory and perceptual processing
[38], and perceptual processes are typically perturbed in people
with PD. The inferior parietal lobe might therefore serve as a
plausible substrate/key region for these aberrant processes. The
inferior temporal gyrus finding interestingly converges across SA
and CT case-control comparisons, providing further evidence for
the role of this area in sensory-related dysfunction and negatively
biased interoceptive sensory processing [39]. Finally, previous
structural studies have reported overall size reductions within the
rostral middle frontal cortex among people with PD [26], including

SPRINGER NATURE

associations with higher Panic Disorder Severity Scale and lower
Global Assessment of Functioning scores [40]. Functional MRI
studies also show dysfunction of the rostral middle frontal cortex
in PD, including hypoactivity detected by a near-infrared spectro-
scopy study [41], decreased [18 Flfluorodeoxyglucose uptake [42],
and induced panic attacks by activating the middle frontal cortex
with cholecystokinin tetrapeptide in HC [43]. The smaller SA in the
rostral middle frontal cortex reported here in PD compared to HC
further supports the involvement of this brain region in PD
pathophysiology.

Further research is needed to explore if the SA of these brain
regions could, for example, inform prediction of treatment efficacy.
In contrast to the CT findings, no interactions between diagnostic
status and age or age” were found for any of the SA measures. This
may potentially suggest that, in contrast to above mentioned CT
changes, SA differences in PD are more stable across the lifespan.
Indeed, the current cross-sectional study did not reveal SA
differences between patient subgroups that differed on key clinical
characteristics such as age of onset or medication use. However, it
remains to be elucidated whether disease duration, psychotropic
medication, or other factors may influence SA changes over time,
and longitudinal studies may shed light on such processes.

PD relates to smaller subcortical volumes

People with PD exhibited smaller SV relative to HC in three out of
16 regions. This included smaller caudate nuclei bilaterally and a
smaller right thalamus unilaterally, with small effect sizes (Cohen’s
ds=—0.12-0.07) on par with previous ENIGMA work on
internalizing psychopathology [14]. Critically, smaller thalamic
and striatal volumes also emerged in a recent small-scale meta-
analysis of previously published data on PD [26], further
highlighting putative involvement of these subcortical regions in
PD pathophysiology.

The caudate nuclei, which are key components of the
corticostriatal circuitry subserving reward-related, habitual and
goal-directed behaviors [44-46], have been implicated in clinical
anxiety and PD specifically. Previous small-scale meta-analytic
work has accordingly pointed to smaller caudate volumetrics in
PD [47]. The implication of the thalamus here is consistent with its
hub-like functionality within networks conferring defensive
reactivity [48], with anomalies in its function, volume, and shape
being reported in people with PD [26,49]. However, other
paralimbic subcomponents of these networks (e.g., hippocampus,
amygdala, insula) were not significantly related to PD in the
current structural mega-analysis, and the subcortical findings
generally did not overlap with those found in ENIGMA Anxiety-
initiated mega-analyses of other anxiety disorders (e.g., general-
ized (GAD) and social anxiety disorders (SAD) [50, 51]).

In short, the GAD mega-analysis found no main effect of GAD
on brain structure, and only documented diagnosis-by-sex
interactions within the diencephalon (larger diencephalon in male
GAD vs. male HC, no differences in females). The SAD mega-
analysis revealed smaller putamen volumes in SAD vs. HC, along
with diagnosis-by-age effects on the putamen (smaller putamen in
adult SAD vs. HC, no differences in youth). None of the studies
reported case-control differences in cortical morphology. Future
vertex-wise work is needed to examine whether these volumetric
differences are accompanied by shape abnormalities, while
multimodal neuroimaging is warranted to assess whether these
structural differences are accompanied by functional and connec-
tional shifts in PD. In sum, the current mega-analysis points to
robust and specific changes in thalamo-striatal volumetrics in PD,
which might putatively underpin maladaptive behavior and
excessive fear.

Diagnosis-by-age? interactions on cortical thickness

While we did not observe any diagnosis-by-age interactions on
any of the brain regions, significant diagnosis-by-age? interactions

Molecular Psychiatry (2026) 31:2402-2417



were found for 20 of the 70 CT measures, encompassing fronto-
limbic and temporo-parietal regions that shape how social,
emotional, and visceral information is perceived, processed, and
regulated. Of these 20 regions, four also emerged in the main PD
vs. HC comparison (main effect of diagnosis), which renders
diagnostic effects on these four regions conditional to nonlinear
age effects. Further scrutiny of these nonlinear interactions
suggested complex age effects, wherein CT differences between
PD and HC were not consistent across different age groups. In
general, CT appeared lower in PD compared to HC participants
during adulthood (25-55 years), while the opposite pattern
emerged during youth (<25 years) and late adulthood (>55
years). Post-hoc analyses, however, revealed that only the CT
differences seen during adulthood demonstrated consistently
negative effect sizes (dmin = —0.15 to diax = 0.00), and were able
to reach statistical significance (with ps ranging from
0.0003-0.0449). In contrast, the differences in youth and late
adulthood showed both positive and negative effect sizes
depending on the brain region (youth: di,=—0.08 t0 dpax=
0.09; late adulthood: dpin=—0.09 to dyax=0.19), but never
reached statistical significance (youth: ppyin =0.16 t0 pPmax = 0.94;
late adulthood: Ppmin=0.12 t0 Pmax = 0.99)(Supplementary
Table S5). While these findings may suggest abnormal nonlinear
effects of development and aging on CT in PD pathophysiology, it
is important to note that current observations were derived from
cross-sectional analyses. Moreover, the youth and late adulthood
age groups contained significantly fewer participants (Supple-
mentary Fig. S2), rendering the group comparisons in these
populations statistically less robust, warranting a more cautious
interpretation of these findings. Longitudinal examinations with a
more balanced distribution of age could tackle these issues more
definitively.

The specific trajectory of CT development is still debated, with
evidence of constant, linear, quadratic, and even cubic patterns of
CT development being reported, depending on the specific age
range and region examined [52,53]. These mixed findings are
putatively linked to interactions between the development of CT
and sulcal/gyral topology, wherein thicker sulcal cortex displays
linear thinning over time, while lower gyral cortex displays
nonlinear thinning patterns. Our results potentially suggest that
abnormal maturational shifts in cellular or molecular processes
that shape radial cortical expansion -and thus CT- are involved in
PD, rather than tangential expansion mechanisms that determine
surface area [54]. Cortical thickness and surface area are in fact
under distinct genetic control, follow specific developmental
trajectories, and are differentially associated with cognitive
function and psychopathology [55-57]. While we lack the long-
itudinal data to test above mentioned possibilities, at the very
least, we may conclude that PD probably involves some fronto-
limbic and temporo-parietal CT changes that are not stable across
the lifespan. This fits with the emerging conceptualization of
mental disorders as involving abnormal brain maturational
processes, with evidence of genetic overlap between cortical
maturation and psychopathology [58,59]. Similar to SA, and in
contrast to our CT findings, no interactions were found between
diagnostic status and age or age? for any of the SV measures,
suggesting that SV differences in PD may be less dynamic across
the lifespan.

PD early disease onset associated with larger lateral ventricles
To examine whether basic clinical characteristics such as the
severity of anxiety symptoms, comorbidity (i.e., depression or
other anxiety disorders), and medication use (any psychotropic
medication or SSRIs/SNRIs specifically) potentially exacerbated the
link between PD and structural brain differences, we performed
stratified analyses within patient subgroups. First, we found no
significant  differences between individuals with a current
diagnosis of PD and those with a lifetime diagnosis. However, it

Molecular Psychiatry (2026) 31:2402 -2417

L.K.M. Han et al.

is important to note that individuals with a lifetime diagnosis
comprised only a small portion of the PD group (11.8%). Given
that most literature on the neuroanatomical differences in PD
focuses on individuals with a current diagnosis, future research
with larger samples are needed to determine whether lifetime PD
is associated with lasting structural brain changes that persist even
after acute symptoms have subsided. Second, our analyses
demonstrated larger lateral ventricles in both brain hemispheres
in people with an early disease onset of PD (<21 years) compared
to those with a late disease onset (>21 years). This finding
potentially suggests that larger ventricles may be a consequence
of a longer disease duration. To further explore this finding, we
conducted two additional post-hoc analyses: a) comparing the
early and late onset patient groups to healthy controls, and b)
examining the interaction between age” and onset status (early vs.
late) in relation to lateral ventricle volumes. However, both
analyses yielded non-significant results, indicating that the
findings were independent of nonlinear age effects, and mainly
differentiated early vs. late onset PD patients. Future studies with a
longitudinal design should be carried out to investigate whether
larger lateral ventricles are a consequence of PD, represent a
vulnerability to the disorder, or that both are influenced by “third”
factors.

While ventricle expansions are commonly observed in mental
disorders, specifically in schizophrenia [60, 61], its pathophysiology
remains elusive. It has previously been suggested that thalamic
shrinkage could be an important contributor to ventricular
enlargement [62], and indeed a smaller thalamus volume was
observed in people with PD in the current study, albeit not
specifically in those with an early disease onset. At the same time,
some studies suggest that ventricular changes are driven by
cortical thinning [63], and although overall cortical thinning was
observed amongst persons with PD, this was not limited to those
with an early disease onset. Future work is clearly needed to reveal
the underlying mechanisms for lateral ventricle expansion in
people with an early PD disease onset. Enlargement of the brain’s
fluid-filled lateral ventricles is also a defining feature of an aging
brain [64], and it would be interesting to see whether people with
an early onset of PD show significantly older appearing brains
than expected for their chronological age, as has previously been
demonstrated in other mental disorders [65,66]. Finally, the
current large-scale analysis failed to show significant associations
between brain morphology and severity of anxiety-related
symptoms or psychotropic medication use, consistent with prior
neurostructural studies on PD (albeit gray matter volume analyses)
[10,67-70]. More work is thus needed to better understand how
key clinical characteristics may impact or shape structural brain
differences in PD.

Strengths and limitations

Small-scale studies have been shown to produce findings that are
difficult to replicate [14,71,72]. Major strengths of this study
therefore include the large, heterogeneous, multi-site sample
(N=4924, 28 global sites), harmonized preprocessing, and
statistical rigor of the analyses (i.e., all main findings reported
here were FDR-corrected). The cortical and subcortical differences
presented here for PD therefore represent the most robust
neuroanatomical signature of this disorder to date, even though
the effect sizes were small but in line with neuroimaging effect
sizes found in other affective disorders such as MDD [73].
However, due to the substantial sample size, we were able to
make comparisons between specific patient subgroups, leading to
the identification of significant lateral ventricle differences with
larger effect sizes (Cohen'’s ds: 0.31-0.38) for patients with an early
disease onset compared to those with a late onset of PD. To
examine whether this finding is a direct consequence of PD or can
be clinically useful, further investigation into the longitudinal
changes of these subcortical structures is required.
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Despite the large pooled mega-analyses, we have to acknowl-
edge that the sample size per contributing site still remained
rather limited, although random intercepts for site were fitted to
account for site heterogeneity. Additionally, there was relatively
low availability of the panic disorder symptom severity (PDSS)
questionnaire (N =196 contributed by only N =4 sites, of which
only three had cortical parcellations available). Nevertheless,
individuals with PD often strongly endorse high scores on other
symptom severity scales, such as the considered BAI, STAI-T, and
ASI, underscoring their relevance in this population. A pairwise
correlation plot of the symptom severity scales included in the
current study can be found in Supplementary Fig. S3. To establish
a complete and reliable picture of the neuroanatomical differ-
ences consistently associated with PD and its symptom severity,
future studies with increasing subject numbers are needed to
replicate and extend the current findings. In addition, the cross-
sectional design of this study precludes causal conclusions, but
also limits a more thorough scrutiny of the nonlinear diagnosis-by-
age? interactions on cortical thickness that emerged. Longitudinal
studies are needed to further examine the effects of clinical,
sociodemographic and biological factors on structural brain
differences in PD. Despite previous ENIGMA studies of structural
brain differences in MDD showing slightly larger effect sizes than
observed here [22, 23], the current study did not further observe
significant differences between PD individuals with and without
comorbid depression. Therefore, a transdiagnostic approach
towards brain structural differences in mental disorders in general,
and anxiety disorders in particular, is warranted to pinpoint shared
and unique neuroanatomical signatures.

CONCLUSIONS

In conclusion, by pooling neuroimaging data and harmonizing
data processing and analysis across 28 international studies, our
examination of 4924 individuals revealed subtle but robust
structural brain differences in PD. The analysis specifically
implicates smaller cortical size within fronto-limbic and temporo-
parietal regions, along with smaller volumes of thalamic and
caudate regions in PD pathophysiology. Diagnosis-by-Age? inter-
actions and early PD onset moreover impacted cortical thickness
and ventricle size, respectively, pointing to putative develop-
mental and aging processes at play in PD. The findings may
provide a tentative neuroanatomical account for altered proces-
sing of social, emotional, and bodily information, along with
maladaptive emotion regulation and somatosensory arousal in PD.
Further multimodal and longitudinal brain imaging research using
large-scale databases is needed to delineate how (micro)
structural, functional, and connectional alterations may interac-
tively relate to PD illness progression, persistence, and remission.
Given its unprecedented scale, the current study reflects an
important milestone towards identifying the structural brain
correlates of PD.
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