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Pathological fear, anxiety and negative affect exhibit distinct
neurostructural signatures: evidence from psychiatric
neuroimaging meta-analysis
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Internalizing disorders encompass anxiety, fear and depressive disorders, which exhibit overlap at both conceptual and symptom
levels. Given that a neurobiological evaluation is lacking, we conducted a Seed-based D-Mapping comparative meta-analysis
including coordinates as well as original statistical maps to determine common and disorder-specific gray matter volume
alterations in generalized anxiety disorder (GAD), fear-related anxiety disorders (FAD, i.e., social anxiety disorder, specific phobias,
panic disorder) and major depressive disorder (MDD). Results showed that GAD exhibited disorder-specific altered volumes relative
to FAD including decreased volumes in left insula and lateral/medial prefrontal cortex as well as increased right putamen volume.
Both GAD and MDD showed decreased prefrontal volumes compared to controls and FAD. While FAD showed less robust
alterations in lingual gyrus compared to controls, this group presented intact frontal integrity. No shared structural abnormalities
were found. Our study is the first to provide meta-analytic evidence for distinct neuroanatomical abnormalities underlying the
pathophysiology of anxiety-, fear-related and depressive disorders. These findings may have implications for determining promising
target regions for disorder-specific neuromodulation interventions (e.g. transcranial magnetic stimulation or neurofeedback).
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INTRODUCTION
Anxiety disorders (AD) constitute the most prevalent diagnostic
group of mental disorder and cause considerable suffering,
disability and economic costs [1]. AD comprise a group of
heterogeneous disorders that share features of excessive fear and
anxiety [2]. Recent overarching conceptualizations based on the
DSM-5 propose that AD can be placed along a fear–anxiety
continuum ranging from excessive fear-based responses to
imminent specific threats in fear-related anxiety disorders (FAD,
e.g., social anxiety disorder, SAD; specific phobias, SP; panic
disorder, PD; and agoraphobia, AG) to a rather diffuse anxious
apprehension of events in anxiety-related anxiety disorders such
as generalized anxiety disorder (GAD) [3]. This echoes findings on
the psychopathological factor model in internalizing disorders
indicating that SAD, SP, PD and AG originate from the higher-
order “fear” dimension, whereas GAD and major depressive
disorder (MDD) originate from the “anxious-misery” or “distress”
dimension [4–6]. On the other hand, subcategories of AD are often
highly co-morbid with each other as well as with other emotional
(internalizing) disorders [7]. Particularly, GAD and MDD exhibit
symptomatic overlap (e.g., negative affect, worry) [8] and common
genetic factors [9]. Despite ongoing debates about the nosology
of psychiatric disorders and overarching symptom domains [10],

the neurobiological substrates underlying these conceptualiza-
tions remain unclear.
Animal models and human neuroimaging studies have

demonstrated that anxiety and fear are regulated by distinct
neurobiological circuits such that the fear response is mediated by
the central nucleus of the amygdala (CeA), and anxiety is
mediated by the bed nucleus of the stria terminalis (BNST)
[11, 12]. While the segregation has been translated into the Acute
Threat (fear) and Potential Threat (anxiety) domains proposed in
the Research Domain Criteria (RDoC) framework [13], accumulat-
ing evidence from neuroimaging studies in healthy individuals
suggests a shared neurofunctional basis of anxiety, fear and
general negative affect [14–16]. In contrast, research on patholo-
gical anxiety (i.e., GAD) and pathological fear generated incon-
sistent results [17] with respect to a shared neurobiological basis
which may be due to small sample sizes as well as clinical and
analytic variability in the original studies [18]. Recent mega-
analyses from ENIGMA working groups synergize imaging data
across multiple sites worldwide to generate more robust and
replicable findings on structural alterations in anxiety and affective
disorders [19–21]. These mega-analyses did not reveal significant
main effect of diagnosis for GAD on brain structure including
cortical thickness, cortical surface area and subcortical volume [22]
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or for SAD on gray matter volume (GMV) in whole-brain voxel-
based morphometry (VBM) analysis [23].
Another effort to address the issues of original studies is to

conduct quantitative neuroimaging meta-analyses by pooling
data across multiple studies. Several previous meta-analyses have
examined neurostructural alterations within diagnostic entities
[24–26] or overarching disorder categories including AD and MDD
[27, 28]. For instance, decreased GMV in the medial prefrontal
cortex (mPFC), superior temporal gyrus (STG) and insula have
been concurrently found in separate meta-analyses in GAD [24],
FAD [29] and MDD [30]. Two recent transdiagnostic meta-analyses
have reported GMV deficits in the left inferior frontal gyrus (IFG) in
mixed GAD and FAD group [28, 31], whereas the cerebellum and
the STG has been found to differentiate the MDD from the AD
group [28]. Although these findings provide indirect evidence for
common and separable brain alterations in internalizing disorders
based on rather lenient statistical thresholds, the differentiation
along the fear vs anxiety spectrum rooted in basic neuroscience
and diagnostic differentiations has not been examined.
Against the background of overarching conceptual frameworks

as well as translational animal models suggesting a shared and
separable neurobiological basis of fear, anxiety and general
negative affect, we conducted preregistered comparative meta-
analyses including coordinates as well as original maps of case-
control VBM studies in GAD, FAD (including SAD, SP, AG and PD)
and MDD using the recently developed Signed Differential

Mapping with Permutation of Subject Images (SDM-PSI, https://
www.sdmproject.com/) approach [32]. Notably, our meta-analysis
focused on VBM studies given that the number of whole-brain
studies using other morphometric measurements would currently
not allow a robust meta-analytic computation [e.g. suitable
surface-based morphometry (SBM) studies for GAD would be
limited to Andreescu et al. [33], Molent et al. [34], Strawn et al.
[35]]. Based on the previous literature, we hypothesized decreased
GMV in GAD and MDD in prefrontal regions engaged in cognitive
processes and emotional regulation, such as the IFG in GAD [24] or
the orbitofrontal cortex (OFC) in MDD [30], while FAD patients
were expected to exhibit GMV differences in regions engaged in
emotion generation such as visual processing regions [36] and
limbic regions such as the amygdala [37]. Moreover, we expected
common GMV reductions across disorders in regions engaged in
the representation of negative affect such as the insula [27, 38].

METHODS
Search and study selection
A comprehensive literature search was conducted in PubMed, Web of
Knowledge, and Scopus databases for case-control VBM studies comparing
GAD, or SAD/SP/AG/PD, or MDD patients with healthy controls (HC)
through December 20, 2020 (Fig. 1), according to the PRISMA guidelines
[39]. Search terms are provided in Supplementary Methods.
Key Inclusion criteria: (1) whole-brain VBM comparisons reported

between patients of GAD, SAD/SP/AG/PD or MDD and HC and (2)

Fig. 1 PRISMA flow diagram of study selection in the current meta-analysis. FAD fear-related anxiety disorder, GAD generalized anxiety
disorder, HC healthy controls, MDD major depressive disorder, VBM voxel-based morphometry. Note: The Arabic numerals in the figure
represent the number of studies in each step.
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coordinates provided in Talairach or Montreal Neurological Institute (MNI)
space (detailed inclusion criteria see Supplementary Methods). In case of
overlapping samples between studies, only the record with the greatest
sample size was included. For studies using longitudinal treatment designs,
only pre-treatment (baseline) data were included. Studies of treatment-
resistant patients and remitted depression were excluded to reduce the
pathophysiological heterogeneity within the diagnostic groups [40]. To
match illness duration between patient groups, studies of first-episode
MDD with a mean illness duration ≤ 2 years were excluded. Original whole-
brain t-maps and missing data were requested from authors via e-mail.
X.Q.L and R.Z. independently screened and assessed all articles

achieving 100% agreement. Peak coordinates and effect sizes of significant
GMV alterations in both directions (i.e., patient > HC, and patient < HC) and
other basic information (e.g., sample size, age, sex, etc.) were indepen-
dently extracted by X.Q.L and R.Z.

Meta-analysis
Voxel-wise meta-analyses were performed using Seed-based d Mapping as
implemented in the most recent SDM-PSI (version 6.21, https://
www.sdmproject.com/) [32]. Details of this method are provided elsewhere
[32, 41]. In summary, all meta-analyses were conducted using peak
coordinates including their effective sizes (t-values) or original whole-brain
t maps of individual studies if provided. The unbiased maximum likelihood
estimation (MLE) was used to create whole-brain effect size and variance
map based on the MetaNSUE algorithm. SDM-PSI further allows family-
wise error (FWE) correction for multiple comparisons with common
permutation tests using threshold-free cluster enhancement (TFCE) thus
increasing reliability. To prevent a single study or few studies from driving
the results, SDM-PSI uses a leave-one-out jackknife procedure.
We performed a three-step meta-analytic approach to determine

common and disorder-specific brain structural alterations between
anxiety-related, fear-related and depressive disorders (similar approach
see also [42–44]): (1) to characterize robust GMV deficits for each
disorder in comparison to their respective HC, we initially conducted
separate meta-analyses for each of the disorder groups (i.e., GAD vs HC,
FAD vs HC, MDD vs HC). Subgroup meta-analyses in FAD were further
performed to account for heterogeneity between specific diagnostic
subgroups within this category (SAD, SP and PD; no AG studies were
identified); (2) to assess disorder-specific GMV abnormalities, we
computed a quantitative contrast analyses that compared the disorder
groups (i.e., GAD vs FAD, GAD vs MDD, FAD vs MDD, relative to their
respective HCs) by calculating the difference in each voxel covarying for
age and sex, and using standard randomization tests to establish
statistical significance; (3) to examine shared GMV abnormalities across
the three disorder groups (relative to the respective HCs), a multimodal
conjunction analysis was conducted by accounting for error in the
estimation of p-values within each voxel from the separate meta-analytic
maps. A TFCE-based FWE corrected threshold p < 0.05 with a voxel
extent ≥ 10 was initially used throughout analyses. Further, a more
liberal threshold balancing between Type I and Type II errors
(uncorrected p < 0.0025 and voxel extent ≥ 10 voxels) was explored in
separate meta-analyses in line with previous studies [45], and in
conjunction analyses as suggested in bimodal tests [46]. We increased
the sensitivity of the analyses by combining peak coordinates with raw
statistical maps obtained from some of the original studies.
To examine a potential confounding influence of demographic and

clinical variables, meta-regression analyses were performed within each
patient group (in case variables were reported in ≥ 9 studies, as
recommended by Radua et al. [47]). These analyses examined whether
the volume of the identified regions from the separate meta-analyses was
associated with age, female ratio, illness duration, percentage of
medication, percentage of comorbidity and symptom severity, in line with
previous studies [29, 47, 48]. TFCE-based FWE corrected threshold (p < 0.05,
voxel extent ≥10) was used. To further control for potential confounding
effects of comorbidity on the identification of shared and distinct structural
alterations, we here included further statistical strategies to carefully
control for comorbidity effects in the comparative and conjunctive meta-
analyses (detailed description and results see Supplementary Methods,
Supplementary Table S2 and Fig. S1).
Heterogeneity analyses with I2 statistics were carried out to statistically

evaluate the inter-study heterogeneity of individual clusters identified from
the meta-analyses [47, 49], in which a value of 0% to 30% indicates mild
heterogeneity and >50% indicates substantial heterogeneity [50]. Publication
bias was assessed with Egger’s test. Additionally, a transdiagnostic meta-

analysis pooling the VBM studies of GAD, FAD and MDD was conducted to
compare healthy controls with pooled patients for identifying transdiagnostic
convergence in structural abnormalities across internalizing disorders. This
additional analysis served to increase comparability with previous meta-
analytic work on transdiagnostic brain alterations that used the correspond-
ing pooled-across-diagnoses approach [27, 38]. The results of this analysis
were thresholded at TFCE-based FWE corrected p < 0.05 (see Supplementary
Methods and Supplementary Fig. S2).
The meta-analytic protocols were pre-registered on the Open Science

Framework (https://osf.io/es2vm). Coordinates and t-value files are
available at https://osf.io/46uc2/. Unthresholded whole-brain maps are
provided at https://neurovault.org/collections/11343/.

RESULTS
Included studies and sample characteristics
Included were 9 GAD studies [35, 51–58], 23 FAD (10 SAD, 11 PD, 2
SP and 0 AG) studies [23, 36, 59–79], and 46 MDD studies
[77, 80–126]. Whole-brain t-maps were available for 1 GAD study
[51], 2 FAD (SAD) studies [23, 74] and 1 MDD study [122]. Tables 1
to 3 provide demographic and clinical information of the
individual studies, summarizing sample sizes (226 GAD patients
vs 226 HC, 918 FAD patients vs 989 HC, 2,575 MDD patients vs
2,866 HC), female ratio and age for each disorder group and
providing details on the sex and age differences between patients
and HC within each disorder group, respectively.
Comparing age and female ratio of the three patient groups

with sample size-weighted one-way ANOVA revealed significant
differences in mean age (F2,75= 3 85, p < 0.05; η2= 0.09) and a
marginal significant difference in female ratio (F2,75= 2.98,
p= 0.057, η2= 0.07). Post-hoc tests revealed that both mean
age and female ratio of MDD patients were higher than those of
the FAD (ps < 0.05). Age and sex were consequently included as
covariates in the quantitative comparative meta-analyses.
Regarding comorbidity, 8.4% patients from GAD studies

reported comorbidity with another anxiety disorder or MDD.
15.0% patients from FAD studies reported GAD or MDD
comorbidity and only 5% MDD patients explicitly reported anxiety
comorbidity. Although the comorbidity rates were not high in
general, all comparative meta-analyses were recomputed with
comorbidity percentages as covariates to exclude potential
comorbidity effects (see Supplementary Table S2 an Fig. S1).

Regional GMV alterations
GAD patients versus HC. Relative to HC (n= 226, from 9 studies),
GAD (n= 226, from 9 studies) demonstrated robust GMV
decreases in the left Rolandic operculum/insula/STG and left
inferior frontal gyrus (IFG). No clusters of increased GMV were
found (Table 4, Fig. 2A). When applying a more liberal threshold
(p < 0.0025, uncorrected), decreased GMV was found in the left
insula/Rolandic operculum/STG, left IFG, left thalamus, right
lingual gyrus and right inferior parietal gyrus (IPG), while increased
GMV was present in the right paracentral lobule (see Supplemen-
tary Table S1, Fig. 2A).

FAD patients versus HC. No significant differences between FAD
(n= 918, from 23 studies) and HC (n= 989, from 23 studies) were
found at TFCE-corrected p < 0.05 (Table 4). Subgroup meta-
analyses in SAD (n= 444, from 10 studies) and PD (n= 370, from
11 studies) studies yielded no significant GMV alterations. The
meta-analysis could not be conducted in SP (n= 104, from
2 studies) given the small number of original VBM studies. No AG
studies were identified.
With a more liberal threshold, we identified increased GMV in

the left and right lingual gyrus in FAD (Fig. 2B, Supplementary
Table S1). Subgroup meta-analyses revealed increased GMV in a
wide range of brain regions including the left and right lingual
gyrus in SAD, and reduced GMV in the right insula, right STG and
left temporal pole/STG in PD (Supplementary Table S1).
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MDD patients versus HC. Patients with MDD (n= 2,575, from
46 studies) relative to HC (n= 2,866, from 46 studies) showed
decreased GMV in the OFC and right insula. No clusters of
increased GMV were found (Table 4, Fig. 2C). With a more liberal
threshold, decreased GMV extended into the right insula/STG/
Rolandic operculum, left and right medial OFC/anterior cingulate
cortex (ACC), left and right median cingulate/paracingulate gyri
(MCG), and right parahippocampal gyrus (PHG) ((Supplementary
Table S1, Fig. 2C).

Comparison of GMV differences between GAD, FAD and MDD.
Covarying for age and sex, there were significant GMV differences
between patient groups at p < 0.05, TFCE corrected (Table 4). GAD
was associated with disorder-specific decreased GMV relative to
FAD in an mPFC cluster extending to the right dorsolateral PFC,
left insula/Rolandic operculum, right angular gyrus and right IPG,
whereas FAD had reduced GMV in the right putamen relative to
GAD (Fig. 2D). Disorder-specific reduced GMV was observed in
GAD relative to MDD in the left IFG (Fig. 2E). FAD, relative to MDD,
had larger GMV in the right mPFC and lingual gyrus (Fig. 2F). In
addition, including percentage of comorbidity as an additional
covariate (together with age and sex) in the comparative meta-
analyses yielded robust differences between GAD and FAD, as well
as between FAD and MDD. The differences between GAD and
MDD did not remain stable after additionally including comorbid-
ity as a covariate, suggesting that the disorder-specific
GMV abnormalities in the GAD versus MDD comparison might
be partly influenced by comorbidity (see Supplementary Table S2
an Fig. S1).

GMV Conjunction Analyses. No clusters were identified in all
conjunction analyses (i.e., GAD ∩ FAD ∩MDD, as well as GAD ∩
FAD, GAD ∩MDD and FAD ∩MDD) at both p < 0.05, TFCE-
corrected and p < 0.0025, uncorrected. Excluding studies with
comorbid patients did not change the null findings.

Meta-regression
With a threshold of TFCE-based FWE corrected p < 0.05 and voxel
extent ≥10, meta-regressions suggested that the proportion of
female patients within the GAD studies was negatively associated
with smaller GMV in the left insula (117 voxels; MNI coordinates:
−34, −16, 16; peak Z value: −2.874; Brodmann area 48), whereas
no associations between GMV differences and any confounding
variables were observed in FAD (i.e., age, sex, illness duration,
comorbidity, medication) and MDD (i.e., age, sex, illness duration,
comorbidity, medication, symptom severity). Of note, although
some of the original studies were conducted in samples with
comorbid disorders (see Tables 1–3), no effects of comorbidity
were identified in the meta-regressions for FAD and MDD,
suggesting no confounding effects of comorbidity on the main
findings. Meta-regression on comorbidity could not be conducted
in GAD given the insufficient number of studies (n < 9) reporting
comorbid conditions.

Analyses of heterogeneity and publication bias
Extraction of heterogeneity statistics I2 from the significant
clusters indicated low heterogeneity (I2 < 50%). No significant
publication bias was revealed by Egger’s test for any significant
clusters in GAD, FAD and MDD (ps > 0.05, Table 4).

DISCUSSION
The present meta-analysis is the first to determine common and
distinct neuroanatomical markers in anxiety-, fear-related AD and
MDD in the context of DSM-5 nosology and psychopathological
factor models. GAD exhibited decreased left insula volume relative
to HC and FAD, as well as reduced volume of the adjacent
ipsilateral IFG compared to HC and MDD. MDD exhibitedTa
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decreased medial prefrontal volumes relative to HC and FAD yet
not to GAD, while FAD exhibited increased lingual gyrus volume
relative to HC and MDD and decreased putamen volume relative
to GAD, yet no GMV alterations in prefrontal regions. No common
structural abnormalities were found between the disorders (see
Supplementary Fig. S3 for visualizing the distinct alterations as
compared to controls). These findings provide first meta-analytic
evidence demonstrating distinct neurobiological alterations in
anxiety-, fear-related, and depressive disorders.
In line with a very recent meta-analysis reporting disorder-

specific GMV alterations in AD vs MDD [28], the present study
further demonstrated that the category of anxiety disorders can
be neurobiologically separated along the anxiety vs fear dimen-
sion, thus providing a neurobiological foundation of the DSM-5
nosology and psychopathological factor models [3–6, 10]. Con-
sistent with our hypothesis, GAD exhibited regional-specific GMV
reductions in the left insula and IFG compared to HC at a strict
threshold. The stricter thresholding together with the larger
sample size (9 studies, 226 GAD patients) allowed us to identify a
more specific GAD signature as compared to a previous meta-
analysis in GAD that combined a small number of VBM studies
(6 studies, 117 GAD patients) with a lenient threshold [24]. Our
observation of decreased volume in insula and IFG in GAD aligns
with findings from previous SBM studies reporting reduced
cortical folding of the insula in GAD patients [125] as well as
lower IFG cortical thickness in late-life GAD compared to age-
matched HC [33]. The insula is implicated in interoceptive, salience
and emotion processing [126]. Resting-state fMRI and lesion
studies suggest that deficits in the Rolandic operculum/insula are
associated with GAD as well as higher levels of anxiety and
perceived stress which represent key symptoms of GAD [127, 128].
The IFG is critical for the implementation of top-down regulatory
control [129]. Deficits in top-down control play an important role

in GAD and patients with GAD have demonstrated reduced GMV
[33], altered activation [130] and dysfunctional connectivity [55] of
this region. Reduced GMV in the left insula and IFG may thus
reflect deficient emotion regulation and inhibitory control of
anxiety, stress and worrisome thoughts in GAD. Although the
BNST plays a prominent role in animal and human models of
anxiety [15, 45], we did not observe altered BNST volumes in GAD.
This may suggest that pathological anxiety is not associated with
volumetric alterations of the BNST or alternatively reflect general
challenges to image the BNST using conventional MRI and the low
sensitivity to detect volumetric BNST variations by means of VBM
[131].
No significant GMV alterations were found in FAD, which might

result from the clinical heterogeneity of FAD and is consistent with
a recent meta-analysis indicating no shared GMV alterations
between SAD and PD [29]. A more lenient threshold gave rise to
increased GMV in the bilateral lingual gyrus in FAD, which partly
confirmed our hypothesis in has been associated with symptom
severity in SAD [36] and panic symptoms [132]. Altered functional
activation in this region has been associated with abnormal
sensory gating of emotional stimuli such as facial expressions in
SAD [133] and PD [134]. Subgroup analyses for FAD further
suggested that the increases in the lingual gyrus were mainly
driven by SAD, which is in line with previous studies [36]. Lowering
the statistical threshold additionally revealed greater volume of
the left postcentral gyrus, STG/Rolandic operculum, and right
superior parietal gyrus (SPG) in SAD and smaller GMV in the right
insula and bilateral STG in PD, which resembles previous studies
reporting altered cortical thickness in these regions in SAD (e.g., in
the insula, parietal and postcentral regions) [135, 136], as well as in
line with a previous meta-analysis in PD [29]. In contrast to our
hypothesis, we did not observe structural alterations of the
amygdala in FAD. The amygdala has been consistently involved in

Table 4. Whole-brain meta-analysis results for VBM studies in GAD, FAD and MDD at threshold TFCE p < 0.05.

MNI coordinates SDM Z Voxels Regions BA Egger’s bias Egger’s p

GAD <HC

−44, −8, 8 −3.951 507 L Rolandic operculum/insula/STG 48 0.45 0.806

−32, 24, −10 −3.973 110 L IFG, orbital part 38/47 −0.41 0.809

FAD vs. HC

None

MDD <HC

2, 36, −10 −5.012 173 L/R SFG, medial orbital (OFC) 11 −0.54 0.300

46, −2, 4 −4.339 115 R insula 48 −0.37 0.405

GAD > FAD

32, −6, 6 1.856 153 R putamen 48 0.50 0.654

GAD < FAD

2, 54, 16 −2.102 480 L/R SFG, medial, dorsolateral (mPFC, dlPFC) 10 −0.31 0.618

−38,−10,10 −2.981 164 L insula/Rolandic operculum 48 −0.37 0.513

52,−48,32 −2.347 136 R angular gyrus 48 −0.35 0.530

44,−36,48 −2.267 41 R IPG 2 −0.34 0.552

GAD <MDD

−36, 20, −14 −3.077 79 L IFG, orbital part 38 −0.38 0.302

FAD >MDD

2,58,6 3.311 361 R SFG, medial (mPFC) 10 0.26 0.404

8,−72,−10 3.861 282 R lingual gyrus 18 0.20 0.495

BA Brodmann area, dlPFC dorsolateral prefrontal cortex, FAD fear-related anxiety disorder, GAD generalized anxiety disorder, HC healthy controls, IFG inferior
frontal gyrus, IPG inferior parietal gyri, L left hemisphere, MDD major depressive disorder, MNI Montreal Neurological Institute, mPFC medial prefrontal cortex,
OFC orbitofrontal cortex, R right hemisphere, SDM seed-based d mapping, SFG superior frontal gyrus, STG superior temporal gyrus, TFCE threshold-free cluster
enhancement, VBM voxel-based morphometry.
Note: FAD included social anxiety disorder, panic disorder and specific phobia.
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fear processing in animal studies [12, 137] and studies in healthy
subjects [15, 16]. However, previous brain structural studies in FAD
(e.g., SAD, PD, SP) yielded rather inconsistent findings with respect
to amygdala volume alterations [23, 25, 29]. Future research using
more sensitive approaches is needed to assess subtle variations in
cortical and subcortical morphology in fear-related disorders [19].
The results of the FAD and the subgroup meta-analyses should be
interpreted cautiously due to the less conservative statistical
threshold. Nevertheless, our study extends previous single-
disorder meta-analyses of GMV alterations in fear-related disorders
and these findings may together reflect a neuroanatomical
heterogeneity of the disorders that are commonly assigned to
the fear dimension in the psychopathological factor model [4, 6].
The comparative meta-analysis between GAD and FAD revealed

that GAD presented reduced GMV in the left insula/Rolandic
operculum and mPFC, indicating a regional- and GAD-specific
neuroanatomical marker. Notably, our study is the first meta-
analysis demonstrating differentiated structural alterations in the

insula in GAD relative to FAD, which aligns with a recent
neurofunctional meta-analysis showing a GAD-specific hypoacti-
vation of bilateral insula across cognitive and emotion domains in
contrast to other AD [45]. Besides, GAD, as well as MDD, exhibited
smaller GMV in the mPFC in comparison to FAD. Previous meta-
analyses have identified altered volume in mPFC in GAD [24], MDD
[30], and individuals with high neuroticism [138], a pathological
meta-factor associated with GAD and MDD which share sympto-
matic (e.g., negative affect, worry) and genetic etiologies [8, 9].
fMRI studies have also shown common neurofunctional alterations
in the mPFC and ACC in cognitive or emotional processing in both
GAD and MDD [139–141]. Together, both structural and functional
studies suggest shared medial prefrontal deficits in GAD and MDD.
This is further exemplified in the present meta-analysis when
comparing GAD and MDD with FAD. While previous studies also
reported altered mPFC activity in SAD during social processing
[142–144], previous meta-analytic results on GMV alterations in
SAD and PD in this region remained inconsistent [23, 25, 29]. The

Fig. 2 Common and disorder-specific gray matter volume alterations. Results of whole-brain meta-analysis of brain gray matter volume
(GMV) among generalized anxiety disorder (GAD), fear-related anxiety disorder (FAD) and major depressive disorder (MDD). A Meta-analytic
results for GAD relative to healthy controls (HC), B Meta-analytic results for FAD relative to HC, C Meta-analytic results for MDD relative to HC.
The left panel shows brain regions significant at p < 0.05, TFCE corrected. The right panel shows brain regions significant at p < 0.0025,
uncorrected. D Meta-analytic results for GAD (vs HC) in comparison to FAD (vs HC) covarying for age and sex, E Meta-analytic results for GAD
(vs HC) in comparison to MDD (vs HC) covarying for age and sex, and F Meta-analytics results for FAD (vs HC) in comparison to MDD (vs HC)
covarying for age and sex. Group comparisons are shown at p < 0.05, TFCE corrected. ACG anterior cingulate gyrus, IFG inferior frontal gyrus,
IPG inferior parietal gyrus, L left, MCG median cingulate/paracingulate gyri, mPFC medial prefrontal cortex, MTG middle temporal gyrus, PHG
parahippocampal gyrus, SFG superior frontal gyrus, STG superior temporal gyrus, OFC orbitofrontal cortex, R right.
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mPFC is a key node in the anterior default mode network (DMN)
and engaged in self-referential processing and emotion regulation
including distress intolerance [145, 146]. Individuals with a
distress-misery disorder history (e.g., GAD and MDD) are
characterized by a reduced capacity to tolerate negative affect
compared to individuals with fear-related disorders (e.g., SAD,PD
and SP) [147]. Decreased mPFC volumes in GAD and MDD relative
to FAD may represent a structural foundation for deficient distress
tolerance in anxious-misery disorders. Notably, GAD also exhibited
decreased GMV in the IFG relative to MDD. Previous fMRI studies
reported disorder-specific hypoactivation in ventrolateral PFC
which largely overlaps with IFG, during emotion regulation in
GAD relative to PD [148] or MDD [140]. The decreased IFG volume
may suggest deficient top-down control of exaggerated worry in
GAD. However, the GMV difference between GAD and MDD did
not remain robust after controlling for comorbidity, which may
suggest that structural deficits in this region may be partly
explained by complex comorbidity patterns between GAD
and MDD.
The comparative meta-analysis between GAD and FAD addi-

tionally revealed lower putamen volume in FAD relative to GAD.
This observation aligns with previous meta-analytic findings
demonstrating decreased putamen GMV in FAD relative to HC
and obsessive-compulsive disorder (OCD) [25, 29, 149], as well as
with original studies reporting larger putamen volume in GAD
compared to HC [54]. The putamen is part of the dorsal striatum
and has been related to anxiety disorders and anxiety symptoms
[150, 151]. For example, a previous VBM study indicated a positive
relationship between intolerance of uncertainty, a psychological
construct related to anxiety, and bilateral striatal volume, in
particular the putamen [152]. In contrast, some evidence suggests
a negative correlation between putamen volume and the severity
of PD symptoms [67]. Previous studies on SAD reported
inconsistent results with respect to striatal alterations. While some
meta-analyses found decreased GMV of the putamen in SAD
relative to HC [25, 29], other individual studies reported increased
putamen volume in SAD [23, 153, 154]. The present study did not
reveal significant GMV alterations in the striatum in the SAD
subgroup analysis. This discrepancy may result from differences in
the methodological approaches and the samples included. The
present results are based on a whole-brain meta-analysis with a
stringent threshold (FWE-corrected and p < 0.0025, uncorrected),
whereas some previous studies employed a hypothesis-driven
region of interest approach, or implemented a less conservative
meta-analytic threshold (p < 0.005, uncorrected) and more lenient
meta-analytic approaches. Future meta-analyses using more
stringent approach might further clarify the structural changes
of the striatum in AD. Prior fMRI studies revealed disorder-specific
heightened putamen activation during incentive anticipation in
SAD relative to HC and GAD [150]. Positron emission tomography
(PET) studies have shown that SAD and PD are associated with
compromised serotonergic (5-HT) neurotransmission in several
brain areas including the putamen [155]. Decreasing the function
of the 5-HT system has been reported to exacerbate psychological
and physiological response to stressors in fear disorders (e.g., PD,
SAD), but not in anxiety disorders (e.g., GAD) [156], which may
relate to the GMV differences in the putamen between fear- versus
anxiety-related disorders.
The results in MDD replicated previous meta-analyses reporting

GMV reductions in the OFC/ventromedial PFC and right insula
[28, 30]. Functional and structural deficits of the OFC have been
repeatedly reported in MDD and are associated with the severity
of rumination [157] and depressive symptom [158] in MDD, which
may underlie cognitive, mood and social impairments. The insula
has been found to play an important role in the pathophysiology
of MDD [159, 160] and predict treatment response in MDD [161].
Our study specifically identified reduced GMV in the right mid-
posterior insula which has been associated with interoception,

somatosensory processes, and pain [162], consistent with previous
studies showing that interoceptive abnormalities in MDD are
associated with bilateral mid-posterior insula dysfunction [163].
Reduced GMV in mid-posterior insula has also been described in
other mental disorders such as PTSD, schizophrenia and anorexia
nervosa [160], suggesting that GMV reduction in this region may
characterize mental disorders with dysfunctions in interoceptive
processing. However, these previous studies and the current study
on GAD revealed alterations in left mid-posterior insula, whereas
our study points towards right mid-posterior insula deficits in
MDD. Therefore, although the insula may be a potential biomarker
for anxious-misery disorders, the dissociation of the left and right
mid-posterior insula in GAD and MDD needs to be disentangled in
future studies. In contrast to a previous meta-analysis we did not
observe cerebellar volume reductions in MDD [28], which may be
due to different inclusion criteria such that the previous study
included treatment-resistant, remitted and first-episode MDD.
Comparison with FAD indicated decreased volumes of the lingual
gyrus in MDD, which is consistent with prior studies reporting
reduced cortical thickness of the lingual gyrus in MDD relative to
SAD [75].
The conjunction analyses did not yield common neuroanato-

mical alterations across the disorder groups, which was contrary to
our hypothesis and previous transdiagnostic meta-analyses
revealing transdiagnostic neural markers of psychopathology in
the ACC/PFC and insula both structurally [27] and functionally [38].
However, these meta-analyses included both psychotic (e.g.,
schizophrenia) and non-psychotic disorders (e.g., substance use
disorder, and OCD) and did not specifically aim at determining
transdiagnostic alterations within internalizing disorders. In
contrast to the transdiagnostic approach utilizing the pooled
data, our combination of comparative and conjunctive meta-
analyses allowed us to determine disorder-specific rather than
unspecific neuroanatomical abnormalities in fear, anxiety, and
depressive disorders. The discrepancy may additionally be due to
the small number of GAD studies and the more stringent meta-
analytic conjunction approach in combination with a conservative
threshold in the present study. An additional analysis was
conducted that pooled all studies to determine transdiagnostic
brain alterations to increase comparability with previous trans-
diagnostic meta-analyses [27, 38]. This transdiagnostic meta-
analytic approach revealed a transdiagnostic convergence in the
right insula through pooling studies for all disorder groups
(78 studies, 3797 patients, details see Supplementary Fig. S2),
replicating prior transdiagnostic meta-analytical findings on
reduced insula volume in combined psychotic (e.g., schizophrenia)
and non-psychotic disorders (e.g., substance use disorder, and
OCD) [27].
Several limitations should be considered. First, the number of

studies in GAD was relatively small (9 studies). However, the
number of studies met the recommended number of studies for
applying SDM and the inclusion of one original map will have
increased the sensitivity and power to detect robust GMV
alterations [24]. Nevertheless, the statistical power for GAD may
have been limited compared to FAD and MDD. Second,
conceptually we only included GAD as a representative category
of anxiety-related AD. Other anxiety-related disorders such as
separation anxiety disorder were not included because there are
no clear neural components for these categories. Third, the
unbalanced number of studies in FAD subtypes and the two
original maps included for SAD might bias the results towards
specific subtypes of FAD such as SAD. Further, although we
controlled the group differences in age and female ratio between
MDD and FAD in the comparative meta-analyses and correspond-
ing meta-regressions did not reveal evidence for an impact of
these variables, we cannot fully exclude the potential of complex
interaction effects between disorder-specific alterations and
demographic differences between the disorder groups. Future
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comparative meta-analyses with an increasing number of original
studies will be needed to allow sex- and age-matched subgroup
meta-analyses to minimize the potential impact of demographic
differences between the disorder groups [164]. Similarly, meta-
analyses are limited with respect to controlling demographic
differences between patients and healthy controls within disorder
groups which are dependent on individual studies. More original
studies with carefully matched control groups are required to
better account for the potential effects of demographic variables
such as age and sex. Finally, we employed a series of additional
control analyses to explore the potential impact of comorbidity in
the present meta-analysis including meta-regression, comparative
meta-analyses with comorbidity percentage as a covariate and
conjunction meta-analyses that excluded data from co-morbid
samples. The primary results remained stable across different
control analyses arguing against strong effects of comorbidity on
the common and distinct GMV abnormalities. Nevertheless, we
observed that the difference for GAD vs MDD in the IFG did not
remain robust after including comorbidity as a covariate. Large
scale projects capitalizing on individual studies such as the
ENIGMA consortium are needed to facilitate the control for
comorbidity effects on the individual level [19, 21].
Given the high prevalence and the detrimental personal and

economic impact of internalizing disorders such as FAD, GAD and
MDD [1], efficacious interventions are needed. However, a
significant proportion of internalizing patients does not respond
to the conventional psychotherapeutic or pharmacological inter-
vention approaches [165–167]. To this end, neuromodulation
strategies have gained increasing interest and the corresponding
approaches may allow to directly target brain alterations in
internalizing disorders. An increasing number of studies reported,
for instance, a promising potential of repetitive transcranial
magnetic stimulation (rTMS) in treating internalizing disorders
[168–173]. While the conventional TMS stimulation approach is
limited to the stimulation of cortical surface regions, other
approaches such as real-time fMRI-informed neurofeedback may
allow to modulate cortical and subcortical regions. Recent
preclinical studies have demonstrated the potential of real-time
fMRI-informed neurofeedback to modulate brain systems and
circuits traditionally implicated in internalizing disorders
[135, 174, 175] and suggest that the neurofeedback training
success is associated with variations in regional GMV [176]. The
efficacy of these interventions can benefit from the identification
of robust and disorder-specific therapeutic targets from our
comparative meta-analyses or other approaches (e.g., lesion
network mapping [177]).

CONCLUSIONS
Summarizing, this meta-analysis is the first to comprehensively
investigate common and distinct GMV alterations in anxiety- and
fear-related anxiety disorders, as well as depressive disorder,
which bridges a gap between current psychiatric nosology (e.g.,
DSM-5, RDoC, psychopathological factor model) and neurobiolo-
gical findings. In line with previous definitions, we found distinct
neuroanatomical deficits underlying the pathophysiology of GAD,
FAD and MDD with dissociated prefrontal and insula deficits in
GAD and MDD characterized by anxious-misery, and striatum and
threat detection deficits in FAD characterized by fear. The
disorder-specific biomarkers could serve as therapeutic targets
in future clinical practice.
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