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Progressive brain structural alterations assessed via causal
analysis in patients with generalized anxiety disorder
Yuyan Chen1, Qian Cui2, Yun-Shuang Fan1, Xiaonan Guo1, Qin Tang1, Wei Sheng1, Ting Lei2, Di Li1, Fengmei Lu1, Zongling He1,
Yang Yang1, Shan Hu2, Jiaxin Deng2 and Huafu Chen1,3,4

Accumulating neuroimaging studies implicate widespread brain structural alterations in patients with generalized anxiety disorder
(GAD), but little is known regarding the temporal information of these changes and their causal relationships. In this study, a
morphometric analysis was performed on T1-weighted structural images, and the progressive changes in the gray matter volume
(GMV) in GAD were simulated by dividing the patients into different groups from low illness duration to high illness duration. The
duration was defined as the interval between the onset of GAD and the time for magnetic resonance imaging collection. Then, a
causal structural covariance network analysis was conducted to describe the causal relationships of the brain structural alterations
in GAD. With increased illness duration, the GMV reduction in GAD originated from the subgenual anterior cingulate cortex (sgACC)
and propagated to the bilateral ventromedial prefrontal cortex, right dorsomedial prefrontal cortex, left inferior temporal gyrus, and
right insula. Intriguingly, the sgACC and the right insula had positive causal effects on each other. Moreover, both sgACC and right
insula exhibited positive causal effects on the parietal cortex and negative effects on the posterior cingulate cortex, dorsolateral
prefrontal cortex, visual cortex, and temporal lobe. The opposite causal effects were noted on the somatosensory and the
ventrolateral prefrontal cortices. In conclusion, patients with GAD show gradual GMV reduction with increasing ilness duration.
Furthermore, the causal effects of the sgACC and the right insula GMV reduction with shifts of duration may provide an important
new avenue for understanding the pathological anomalies in GAD.
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INTRODUCTION
Generalized anxiety disorder (GAD) is a chronic, persistent, and
disabling mental disorder [1, 2] with core symptoms of excessive
and uncontrollable worry [3, 4]. Patients with GAD are frequently
caught in repetitive negative thinking [5] and disturbed by a series
of physical and psychological symptoms, including irritability,
feelings of restlessness, difficulty in concentrating, and sleep
problems [6]. Widespread brain structural alterations in GAD have
been reported in a substantial body of brain imaging research.
However, little is known about the relationships of the structural
alterations in this disease.
A recent review [7] has summarized the structural alterations of

GAD by reviewing the previous literature. A total of 35 studies with
several structural analysis methodologies are included in this review,
and 16 studies are conducted using voxel-based morphometry
(VBM), which may shed light on the popularity of the VBM in
investigating the neuroanatomical alterations in GAD. Among
various morphological properties characterized by VBM, the gray
matter volume (GMV) analysis appears predominant and provides
important evidence for understanding the neuroanatomical basis of
the cognitive and affective disruptions in GAD [8–10]. The current
findings on the GMV alterations in GAD show inconsistencies.
According to the previous literature, different parts of the prefrontal

cortex [11–15], anterior cingulate cortex (ACC) [13, 14], and
precuneus [12, 13] exhibit different tendencies of GMV alterations
in GAD. Moreover, the primary somatosensory cortex [12, 16] and
superior temporal gyrus [17–19] display conflicting GMV changes in
different studies. This controversy may be driven by the hetero-
geneity of the experiment designs, patient characteristics, and
analytical methodologies. The most consistent findings involve
increased GMV in the amygdala [11, 15, 16, 20] and the putamen
[21, 22] and decreased GMV in the insula, hippocampus, midbrain,
and thalamus [17, 18] in GAD. Aside from the above differences
between patients and healthy controls (HC), some studies have
reported the gender differences in GAD. Males with GAD have larger
GMV in the precuneus/posterior cingulate cortex (PCC) [22] and
smaller GMV in the dorsolateral prefrontal cortex (DLPFC) [17]
compared with females with GAD. The existing research on the GMV
changes in GAD suggests multiregional structural abnormalities. To
the best of our knowledge, no neuroimaging study has investigated
the causality between these changes.
Zhang and colleagues proposed a novel method called causal

structural covariance network (CaSCN) analysis [23] to characterize
the causal relationships of brain structural alterations with increasing
illness duration. This method is conducted by applying the signed-
path coefficient Granger causality (GC) analysis to T1-weighted
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structural images. The GC approach is dependent on time and often
applied on functional imaging data, which have a series of time
course [24–28]. Thus, before starting the CaSCN computation, Zhang
and colleagues have sequenced the structural images of patients
with epilepsy in accordance with their illness duration to obtain the
time-series information on the gradual alteration property of the
brain structure in epilepsy [23]. The GMV reduction in the
hippocampus exerts causal effects on numerous brain regions
involved in the epileptic network. This method is likewise used to
investigate the temporal information and causal relationships of
GMV alterations with increasing illness duration of schizophrenia
[26] and major depressive disorder (MDD) [29]. The thalamus is the
origin of progressive GMV alterations in schizophrenia and exhibits
causal influences on other regions, an outcome that has an
implication on the early intervention for this disease. Besides, the
hippocampus projects causal effects on the amygdala and the
default mode network (DMN) regions in MDD, thereby showing the
network spread mechanism of structural alterations in MDD.
Whether patients with GAD will also show progressive morpholo-
gical alterations along with increasing illness duration and whether
these changes have some causal effects remain unclear.
This study aimed to investigate the GMV changes in GAD as the

illness duration increases and explore the causal relationships
between these changes. GMV comparative analyses were conducted
at different stages of illness duration of GAD to assess whether the
morphological changes in GAD exhibit gradual changing patterns.
These comparative analyses can help us identify some critical
regions, such as the regions in which the structural changes started
and with longer duration of GAD. These regions were assumed to be
valuable for understanding the occurrence and maintenance of
anxiety. Subsequently, the CaSCN analysis based on the critical
regions were performed to track the causal relationships of the GMV
changes in GAD and the regions influenced by these critical regions.
The GMV of patients with GAD was expected to gradually change as
the illness duration increased, and some causalities were expected
to exist among these changes. Considering the different prevalence
and clinical features of males and females with GAD [30–32], the
gender effect on the GMV was conducted. These analyses were used
as supplemental analyses rather than the main findings, which
aimed to make our findings comprehensive and provide some clues
for future gender-related studies.

MATERIALS AND METHODS
Participants
A total of 75 patients with GAD from the Clinical Hospital of
Chengdu Brain Science Institute, University of Electronic Science
and Technology of China (UESTC) were initially recruited. Three
patients were excluded because of the poor quality of their
images. Thus, the final sample size consisted of 72 patients. Two
experienced psychiatrists diagnosed patients by using the
Structured Clinical Interview for DSM-IV-TR-Patient Edition (SCID-
P, 2/2001 revision). All patients met the criteria for GAD. The illness
duration was defined as the interval between the onset of GAD
and the time for magnetic resonance imaging (MRI) acquisition of
each patient. Patients with schizophrenia, personality disorder,
substance abuse, neurological illness, or history of loss of
consciousness were excluded. The 14-item Hamilton Anxiety
Rating Scale (HAMA) was utilized to assess the severity of anxiety
of patients. Most patients were prescribed anxiolytic drugs, and a
few of them were simultaneously prescribed with antipsychotic
medications. Table 1 presents the detailed medical information of
patients. A total of 57 age-, gender-, handedness-, and years of
education-matched HC were recruited from the local community
through advertisements. The SCID non-patient edition was
applied to ensure that the HC had no history of psychopathologic
conditions. This study was listed on Clinical-Trials.gov (Registration
Number: NCT02888509) and approved by the research ethical

committee of the UESTC. Written informed consents were
obtained from all participants after they received a detailed
description of the study procedures.

Data acquisition
The participants were scanned using a 3T GE DISCOVERY
MR750 scanner (General Electric, Fairfield Connecticut, USA) with
an 8-channel prototype quadrature birdcage head coil. High-
resolution structural T1-weighted images were acquired using the
following parameters: repetition time/echo time = 5.92/1.956 ms,
matrix size = 256 × 256, flip angle = 12°, field of view = 256mm ×
256mm, voxel size = 1mm × 1mm × 1mm, slices = 156, slice
thickness = 1mm, and no gap.

Data preprocessing
The VBM8 toolbox (http://dbm.neuro.uni-jena.de/vbm8) imple-
mented in the SPM8 (http://www.fil.ion.ucl.ac.uk/spm) was
employed to preprocess the structural T1-weighted images. First,
the artifacts of the images were checked, and the origins of the
images were adjusted to the anterior commissure. Subsequently,
the images of each participant were normalized to the standard
Montreal Neurological Institute template by using an affine
followed by nonlinear transformation and resampled to 1.5 mm
× 1.5 mm × 1.5 mm. The normalized images were segmented into
GMV, white matter volume, and cerebral spinal fluid maps. The
data quality of the segmented maps was checked. The
probabilistic gray matter (GM) maps were further smoothed using
an 8mm full width at half maximum Gaussian kernel. The
smoothed GM images were subjected to the following analyses.

Medication information-related assessment
We assessed the medication information of patients by using the
total medication load index, an indicator calculated using a widely
used method in neuropsychiatric studies [33–38]. Each medication
each patient had taken was coded (0, absent; 1, low dose; 2, high
dose) in accordance with the previous criteria [39]. In detail, each
medication of each patient was converted into a 4-level
classification with reference to these criteria that closely correlated
the dosage and the duration the patient had taken the medicine.
Then, the medications on levels 1 and 2 were coded as low dose,
and those on levels 3 and 4 were coded as high dose. We added a
no-dose subtype for the patients who were not taking any
medication. Moreover, escitalopram and duloxetine were two
medications that were not included in the criteria proposed by
Sackeim [39] and were coded as 0, 1, or 2 in accordance with the
midpoint of the daily dose range recommended by the
Physician’s-Desk-Reference. Finally, all the codes for all medica-
tions one patient had taken were added, and this value was
applied as the total medication load index of the patient.

Overall GMV alterations in patients with GAD
A two-sample t-test was performed to investigate the overall GMV
changes in GAD. The age, gender, years of education, and total
intracranial volume (TIV) of the participants were used as
covariates. The Gaussian random field (GRF) correction (voxel
level p < 0.001, cluster level p < 0.05) was conducted to test the
statistical significance of the difference between the GMV of the
two groups. The regions that survived the multiple comparison
correction were considered as regions of interest (ROIs). The
Pearson’s correlation analysis of the GMV of each ROI and HAMA
scores of GAD was performed to examine the influence of the
symptom severity of patients on their morphological changes. The
gender, age, years of education, TIV, illness duration, illness onset,
total medication load index, number of anxiety episodes, and
duration of single anxiety episode of patients were used as
regressors. Also, the GMV of each ROI and the illness onset of GAD
were subjected to Spearman correlation analysis, where the
covariates were similar with the above variables except the
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addition of HAMA scores as a new regressor. The Spearman
correlation was performed between the GMV of each ROI and the
illness duration of GAD, and the aforementioned variables except
illness duration were controlled. The Bonferroni correction (p <
0.05/N, where N is the number of regions with a significant group
difference in overall GMV) was used as the statistically significant
level for the correlation analyses.
Subsequently, to explore the effect of gender on the GMV, we

conducted the two-way analysis of variance (ANOVA) concerning
two factors (i.e., diagnosis [GAD and HC] and gender [male and
female]) by using the full factorial model in SPM8. The
demographic and the clinical characteristics of subjects who
recruited into the gender-related analyses were presented in the
Supplementary Table S3, and the unmatched variable between
males and females with GAD (i.e., duration of single anxiety
episode) was further considered in our imaging-related ana-
lyses. The detailed calculation steps of the two-way ANOVA
analysis are presented in the Supplementary Materials.

Stage-specific GMV alteration patterns in patients with GAD
The stage-specific GMV alterations were analyzed to simulate the
progressive changes in the GMV of patients with GAD. We used

two grouping strategies to divide the patients and explored and
verified the changing patterns. The demographic and the clinical
characteristics of the GAD subgroup of each grouping strategy
were presented in the Supplementary Materials. The unmatched
variables were further considered during the imaging-related
analyses. In detail, given the distribution of illness duration and
corresponding number of patients, the patients were divided
arbitrarily into two stages (Stage 1: 0–3 years; Stage 2: 4–20 years)
and used as the main grouping strategy. The three years is the
median of the illness duration of GAD, which can statistically
divide the patients into two equal subgroups [40] and may benefit
the match among the patient subgroups [29]. Moreover, the local
polynomial regression fitting approach was used to observe the
alteration tendency of the average GMV of the whole brain and
the regions with significant overall GMV changes in GAD as the
illness duration prolonged. As shown in the curves in Fig. 1b, c, the
time points for early GMV fluctuation in GAD ranged from 25 to
50 months (nearly 2–4 years), which was close to the median
duration. After comprehensively considering the median duration
and the alteration trend of GMV, we chose three years to separate
the patients with GAD. Subsequently, the GMV images of each
subgroup of patients were compared with those of HC by using a

Table 1. Characteristics of demographic and clinical variables.

HC (n= 57) GAD (n= 72) Statistics p-value

Variables

Age (years) 40.91 ± 15.62 39.04 ± 11.82 U= 1933 0.57a

Gender (male/female) 27/30 31/41 χ2 = 0.24 0.62b

Handedness (left/right) 3/54 1/71 χ2 = 1.59 0.21b

Education (years) 13.04 ± 3.13 12.36 ± 3.45 U= 1687 0.08a

Duration of illness (months) – 54.72 ± 58.34 – –

Age of first onset (years) – 34.44 ± 11.81 – –

No. of anxiety episodes – 2.32 ± 1.25 – –

Duration of single anxiety episode – 5.97 ± 5.76 – –

HAMA score – 24.40 ± 5.42 – –

Medical information

Total medication load index – 1.67 ± 0.69 – –

Medications, No. of patients

SSRIs

Fluoxetine 1

Sertraline 9

Paroxetine 20

Escitalopram 13

SNRIs

Venlafaxine 6

Duloxetine 12

NaSSRI

Mirtazapine 1

Mixed

Paroxetine + Antipsychotic (Olanzapine) 1

Paroxetine + Antipsychotic (Aripiprazole) 1

Duloxetine + Antipsychotic (Olanzapine) 1

Duloxetine + Antipsychotic (Quetiapine) 1

SSRIs, SNRIs, and NaSSRI are medications that are commonly used for anxiolytic treatment. HC healthy control, GAD generalized anxiety disorder, HAMA 14-item
Hamilton Anxiety Rating Scale, SSRIs selective serotonin reuptake inhibitors, SNRIs serotonin and norepinephrine reuptake inhibitors, NaSSRI norepinephrine
and selective serotonine reuptake inhibitors.
Values are mean ± standard deviation.
aMann–Whitney U-test.
bChi–square test.
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two-sample t-test (GRF correction; voxel level p < 0.001, cluster
level p < 0.05). The age, gender, years of education, and TIV of
subjects were used as covariates.
To verify the tendency of morphological alterations associated

with illness duration, we further divided the patients into three
stages (Stage 1: 0–2 years; Stage 2: 3–5 years; Stage 3: 6–20 years)
and reanalyzed the data to reduce the influence of our group
classification strategy on the results. We selected this validation
grouping strategy because the number of patients in each stage was
similar and may benefit the match among the patient subgroups.
Moreover, the time points for the second GMV fluctuation of GAD
were distributed from 40 to 75 months (nearly 3–6 years), which was
approximately the span of the Stage 2 (Fig. 1b, c).
Additionally, we assessed the effects of gender, illness duration,

and gender-by-duration interaction within the patient group by
using a general linear model to examine the gender effect on the
GMV as the illness duration increased. The detailed calculation
process is presented in the Supplementary Materials.

Correlation between medications and GMV-related changes
To assess the possible influences of the medications on the GMV-
related findings, we conducted the Spearman correlation analysis
of the total medication load index and the GMV of each ROI with
significant between-group differences in the overall and the
stage-specific GMV changes. The gender, age, years of education,
TIV, illness duration, HAMA scores, illness onset, number of anxiety
episodes, and the duration of single anxiety episode of patients
were used as covariates. The threshold of p < 0.05/N (Bonferroni
correction) was employed as the statistically significant level for
the correlation analysis. For the overall GMV changes, N is the
number of regions with significant group differences. For the
stage-specific GMV changes, N is the number of regions with
significant between-group differences in each stage.

Seed-based CaSCN analysis for mapping the causal effects of the
GMV alterations in one region on the whole brain GMV changes in
GAD
The signed-path coefficient GC analysis was conducted to
evaluate the time-lagged effects between brain regions and
identify the directionality of influence. In past functional MRI-
related GC analyses, if the combination of the past time courses
X and Y can better predict the current time course Y than the
past Y alone, then the X have a causal effect on Y [41]. Similarly,
when the GC method was applied to GMV data, the causal
effects of GMV alterations can be observed. The positive GC
value of region A and negative GC value of region B indicated
same and opposite GMV alterations, respectively, that occurred
behind the seed region [26]. With GC analysis being time
dependent, ranking the structural images of patients according
to their illness duration from low to high before starting GC
analysis was essential [23, 26]. In this scenario, the “time”
property can be assigned to structural images to make them
suitable for GC analysis.
During the CaSCN computation, the seed regions were derived

from the aforementioned GMV comparisons. Specifically, the
subgenual ACC (sgACC) and the right insula were selected as seed
regions because the former was considered the origin of GMV
reduction in GAD. Moreover, the right insula showed abnormal
GMV reduction as the illness duration increased and may be
critical for the illness maintenance of GAD. Each seed was defined
as an 8mm radius sphere, and the mean values of the GMV of
each seed were extracted from the sequenced data and
constituted a pseudo-time series. The voxel-wise signed-path
coefficient GC analysis was conducted on this series, and a CaSCN
was constructed with the gender, age, years of education, TIV,
illness onset, HAMA scores, total medication load index, number of
anxiety episodes, and duration of single anxiety episode of

Fig. 1 Overall GMV alterations and illness duration-related GMV alteration tendency of GAD. Overall GMV reduction in patients with GAD
(GRF correction; voxel level p < 0.001, cluster level p < 0.05) (a). Alteration tendency of the average GMV of the whole brain of GAD (b) and
GMV alteration tendency of regions with significant group differences in the overall GMV of GAD (c). GMV gray matter volume, GAD
generalized anxiety disorder, ITG inferior temporal gyrus, sgACC subgenual anterior cingulate cortex, vmPFC ventromedial prefrontal cortex,
dmPFC dorsal medial prefrontal cortex, L left, R right.
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patients as covariates. The calculation process was performed
using the REST software (http://www.restfmri.net) [42]. For both
seed regions, we only focused on the GC value of X to Y given the
presumption that the progressive GMV alterations of GAD were
derived from the sgACC and the interests in which regions were
influenced by the right insula during long illness duration. The GC
map of each seed region was further transformed into a Z score
and corrected using the GRF method (voxel level p < 0.001, cluster
level p < 0.05).
We additionally conducted the CaSCN analysis on the GMV

data ranked using the patients’ HAMA scores to examine the
independent influences of the symptom severity on the
causality of morphological alterations because some studies
have demonstrated the correlations between the symptom
severity and the GMV alterations in GAD [15, 17, 43, 44].
Moreover, we performed conjunction analyses between the
CaSCN results using the data ranked by patients’ illness duration
and the symptom severity to investigate their common
influences. Furthermore, we performed the sgACC- and the
right insula-based CaSCN analyses in each gender and evaluated
their group differences to map the gender-specific GMV
changing patterns as the illness duration increased. These
calculations are shown in the Supplementary Materials.

RESULTS
Overall GMV alterations in patients with GAD
The group differences of the overall GMV showed that patients
with GAD exhibited decreased GMV compared with HC. The
regions with decreased GMV were located in the left inferior
temporal gyrus (ITG), bilaterial sgACC extending to the bilateral
ventromedial prefrontal cortex (vmPFC), right dorsomedial pre-
frontal cortex (dmPFC), and right insula (GRF correction; voxel
level p < 0.001, cluster level p < 0.05; Fig. 1a and Table 2). The
alteration tendency of the average GMV of the whole brain and
these four regions as the illness duration of GAD increased are
presented in curves of Fig. 1b, c and used as the bases of grouping
strategy in the subsequent stage-specific GMV analyses. Addition-
ally, the GMV changes in each ROI were not significantly
correlated with the HAMA scores, illness duration, and illness
onset of GAD.
During the two-way ANOVA computation, the main effect of

diagnosis replicated the overall GMV findings. The detailed results
of the main effect of diagnosis and other effects are described in
the Supplementary Materials and shown in Supplementary Fig. S1
and Table S4.

Stage-specific GMV alterations in patients with GAD
To investigate whether the reduction of GMV in patients with GAD
had stage-specific characteristics and gradual changing patterns,
we divided the patients into different stages according to their
illness duration. Totally, GAD subgroups in different grouping
strategies showed differences in terms of years of education,
number of anxiety episodes, duration of single anxiety episode,
and HAMA scores (Supplementary Tables S1 and S2), which were
considered during the neuroimaging-related analyses. For the
main grouping strategy, the GMV in patients with GAD gradually
reduced with longer duration of illness. At Stage 1 (n= 37, 14
men; 36.27 ± 11.28 years; age range, 18–55 years), only the sgACC
exhibited reduced GMV in GAD. Aside from the sgACC, the
bilateral vmPFC, left ITG, and right insula were observed with GMV
reduction at Stage 2 (n= 35, 17 men; 41.97 ± 11.82 years; age
range, 23–69 years). The GMV reduction originated from the
sgACC and expanded to the frontal cortex, left temporal gyrus and
right insula (Fig. 2a). Different grouping strategies of patients were
implemented to reduce the bias of findings, which indicated a
relevant tendency of GMV changes as the illness duration
increased. these changes included the start point of GMV
reduction and the critical regions for brain structural alterations
during long illness duration. The sgACC remained the starting
point for the progressive reduction of GMV in GAD, and the right
insula emerged in long illness duration (Fig. 2b). The stage-specific
GMV alterations were not significantly correlated with the HAMA
scores, illness duration, and illness onset of GAD.
For the gender effect on the GMV as the illness duration of GAD

increased, the specific results of the main effects of the gender
and illness duration, as well as the effect of gender-by-duration
interaction are reported in the Supplementary Materials and
shown in Supplementary Fig. S2 and Table S5.

Effects of medications on GMV-related analysis
The overall and the stage-specific GMV changes were not
significantly correlated with the total medication load index of
GAD, implicating that the medication had no significant influence
on the morphological changes identified in this study.

Causal effects of GMV reduction in the sgACC and the right insula
on the whole brain GMV alterations in GAD
The CaSCN analysis was performed by applying the GC analysis
to the morphometric data that sequenced illness duration from
low to high. The positive and the negative GC values of seed-
based CaSCN analysis respectively represented same and
opposite GMV changes in the regions that occurred behind
the seed region [26]. Specifically, the GMV of the sgACC
decreased in GAD. Therefore, the regions with a positive GC
value in the sgACC-based CaSCN analysis had decreased GMV
after the GMV reduction in sgACC. Conversely, the regions with a
negative GC value had increased GMV after the GMV reduction
in the sgACC. Overall, during the sgACC- and the right insula-
based CaSCN analyses, the regions involved in the parietal
cortex exhibited consistent positive GC values, and the DLPFC,
PCC, and parts of the temporal lobe and visual cortex showed
consistent negative GC values. The ventrolateral prefrontal
cortex (VLPFC) and the regions of the somatosensory cortex
showed opposite GC values. Each seed region also exerted
causal effects on some specific regions, which cannot be
detected by another seed. Apart from the aforementioned
regions, the sgACC had a positive causal influence on the medial
prefrontal cortex (mPFC), right insula, and striatum (Fig. 3a and
Supplementary Table S10). The right insula had a positive causal
influence on the ACC and the supplementary motor area (SMA)
and negative causal effects on the thalamus (Fig. 3b and
Supplementary Table S11). The summary of the sgACC- and the
right insula-based CaSCN analyses is presented in Fig. 3c.

Table 2. Reduced gray matter volume in patients with GAD.

Brain regions Sphere Cluster size t values MNI Coordinates

L/R (voxels) x y z

GAD <HC

sgACC extending
to vmPFC

L/R 3392 –6.09 0 12 –6

ITG L 689 –5.21 –48 –60 –18

Insula R 671 –5.21 46.5 0 4.5

dmPFC R 408 –4.39 6 61.5 21

GAD generalized anxiety disorder, HC healthy control, sgACC subgenual
anterior cingulate cortex, vmPFC ventromedial prefrontal cortex, ITG
inferior temporal gyrus, dmPFC dorsomedial prefrontal cortex, L left
hemisphere, R right hemisphere.
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The seed-based CaSCN analysis of the data ranked using the
patients’ symptom severity showed similar regions with those of
the data ranked using the illness duration of GAD, whereas the
causality was not exactly the same (Supplementary Fig. S3,
Supplementary Tables S12 and S13). Some regions showed
consistent causality with the given seeds with increased illness
duration and aggravation in anxiety symptom during the
conjunction analyses (Supplementary Fig. S4, Supplementary
Tables S6 and S7). Intriguingly, the causality of the brain
morphological alterations were not exactly the same in male
and female patients, which may suggest the different patterns in
the brain structural alterations in males and females with GAD as
the illness duration prolonged (Supplementary Figs. S5 and S6,
Supplementary Tables S8 and S9). The detailed results are
described in the Supplementary Materials.

DISCUSSION
We have investigated the causal relationships of morphometric
alterations in GAD as the illness duration is prolonged by applying
the GC analysis to high-resolution T1-weighted structural images.
The GMV in the sgACC decreased in the early stage of the disease
and gradually expands to the bilateral vmPFC, right dmPFC, left
ITG, and the right insula as the illness duration increases. The
gradual GMV reduction tendency in patients with GAD is found in
stage-specific morphological comparisons and confirmed using
the sgACC-based CaSCN analysis. A small GMV in the right insula is
identified in long illness duration and may be important for the
maintenance of anxiety given the essential role of the insula in
anxiety disorders. The right insula has a positive causal effect on
numerous areas involving the sgACC. The bidirectional positive
causal effects between the sgACC and the right insula may
aggravate each other’s GMV reduction. Additionally, the supple-
mental analyses suggest that the causality between some regions
may jointly influenced by the illness duration and the symptom
severity of GAD, and the structural alteration patterns in males and
females with GAD may not the same as the illness duration
increases. Although the supplemental results are not used as the
main findings of this study, these findings provide comprehensive
information for observing and understanding the brain structural
alterations in GAD.
During the overall GMV comparison, some of our findings are

consistent and some are divergent with those of previous
morphometric studies. For instance, our finding on the reduced
GMV in the insula cortex concurs with previous morphological-
based findings regarding GAD [17, 18]. The insula is a pivotal
region for interoceptive emotional awareness and responses [45]
and considered a critical region for understanding anxiety
proneness [46]. In patients with GAD, GMV reduction is also

observed in the sgACC, which belongs to the ventral ACC [47] and
exerts bidirectional anatomical connection and strong functional
coupling with the insula [48]. The structural impairments in the
insula and the ACC may disrupt their functional coupling and may
be associated with the abnormal interoceptive processing of GAD
[49]. The vmPFC and the ITG have also exhibited decreased GMV
in GAD. These two regions are involved in the DMN, which is
essential for self-referential processing and emotion regulation
[50, 51]. The inappropriate self-referential thinking [52, 53] and
failure of emotion regulation of GAD [54, 55] may be explained
partly by the structural alteration of the DMN and its abnormal
coordination with other networks since the disrupted coordina-
tion may be essential for the pathology of several psychiatric and
neurological disorders [56, 57]. Notably, a study has identified
increased GMV in the dmPFC of nonmedicated adult females with
GAD [15]. Nevertheless, the present work demonstrated a
decreased GMV of dmPFC in GAD. This discrepancy may be due
to the different subtypes of patients, medication treatment, and
sample size. Additional neuroimaging studies may be necessary to
verify this result.
The stage-specific morphological analysis of different grouping

strategies shows that the GMV reduction in the sgACC and the right
insula are found respectively in the early stage and in longer illness
duration of GAD, an outcome that may be important for under-
standing the dynamic morphometric alterations of GAD along with
increasing illness duration. The sgACC-based CaSCN analysis can
assess the causal influence of the GMV reduction in the sgACC on
the gradual structural changes in GAD, and the right insula-based
CaSCN analysis can identify how the morphological abnormality in
longer illness duration reversely influences the brain structures of
other regions. Interestingly, the sgACC and the right insula project a
reciprocal positive causal effect on each other. Considering that a
positive GC value may imply the same GMV alteration with the seed
region [26], the GMV reduction in the right insula may lag behind
the sgACC and, in turn, aggravate the GMV reduction in the sgACC.
The insula is also responsible for salient stimuli detection except for
the interoceptive processing and the ACC is prominent in
generating appropriate control signals by cooperating with the
insula [48]. Menon and colleagues have postulated that the anterior
insula is overactive in anxiety disorders when responding to salient
stimuli, and the increased anxiety may be caused by the
misattributed emotional salience of the anterior insula [48]. The
insula activation occurs in response to worry sentences [58] and
ambiguous affective stimuli [59] in GAD. Enhanced insula activity
may serve as a compensatory response for its structural alteration
but may be increased excessively. The structural deficits of the
insula and the ACC may be associated with the abnormal salience
processing and disintegration of the bottom-up attention switching
and the top-down attentional control in GAD.

Fig. 2 Stage-specific GMV changes in GAD patients under different grouping strategies. All group differences were corrected using
the GRF method (voxel level p < 0.001, cluster level p < 0.05). The stages in the main grouping strategy were categorized using the illness
duration of GAD (stage 1, 0–3 years; stage 2: 4–20 years) (a). The stages in the validation grouping strategy were separated using the illness
duration of GAD (stage 1, 0–2 years; stage 2, 3–5 years; stage 3, 6–20 years) (b). GMV gray matter volume, GAD generalized anxiety disorder.
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During the CaSCN analysis, the sgACC and the right insula may
jointly facilitate the GMV reduction in the parietal cortex, which is
consistent with a previous finding that the GMV in the parietal
cortex of GAD decreases [13] and may be influenced by the GMV
reduction in the sgACC and the right insula. The interpretation is
based on the assumption that the influence of the decreased GMV
in the sgACC occurs at the early stage, whereas the effects of
insula happens with long illness duration, a notion that also
applies in the following explanations. The parietal cortex is
anchored in the frontoparietal control network [60], which is
essential for cognitive reappraisal in anxiety disorders [61].
Patients with anxiety disorders have been reported to show
decreased activation in the parietal cortex during cognitive
reappraisal [62]. The structural alterations of the parietal cortex
may be parallel with such functional abnormality and provide a
neurostructural basis for this neurofunctional phenomena [13].
Moreover, the PCC, DLPFC, and most subregions of the temporal
lobe and visual cortex have a negative GC value, which may be
interpreted as a compensatory effect responsible for the GMV
reduction in the sgACC and the right insula as the illness duration
is prolonged. The sgACC and the right insula also exert opposite
causal effects on the somatosensory cortex and VLPFC, potentially
leading to different orientations of GMV changes in these cortices.
The opposite causal effects may provide a new perspective for
understanding the opposite findings of the GMV changes in the
somatosensory cortex [12, 16]. The deficient top-down control of
the VLPFC on the subcortical regions (i.e, amygdala) [63], a neural
basis of emotion dysregulation in GAD [55], may correlated with
the abnormality of the VLPFC.
Except the abovementioned regions simultaneously affected by

sgACC and right insula, the mPFC and the striatum may also be
observed with sgACC-induced GMV reduction. The decreased
GMV in the right insula may subsequently lead to GMV reduction
in the SMA and GMV enlargement in the thalamus. Large GMVs in
the striatum [21, 43] and the dmPFC [15] are found in GAD and
positively correlate with the worry severity of patients [43]. The

putative GMV reduction in the striatum and the dmPFC may be
interpreted as a compensatory effect of the GMV reduction in the
sgACC. Hilbert and colleagues have reported that the GMV in SMA
is negatively correlated with the worry severity of GAD [43]. Our
findings on the GMV reduction in the SMA may indicate that the
anxiety severity of GAD may be exacerbated. The increased GMV
in the thalamus is in line with the finding of a prior study on
pediatric GAD [21]. The thalamus is a major relay center that has
strong reciprocal connections with the cortical and the subcortical
regions to filter sensory information and engage in high cognitive
functions and emotional regulation [64, 65]. The increased GMV in
the thalamus may be partially associated with the abnormal
sensory information and the high-order cognitive and emotion
processing of GAD.
This study has several limitations that must be considered. First,

the stage-specific morphological analyses are confined by the
number of patients and the distribution of their illness duration,
and the arbitrary grouping strategies may affect the association
between the GMV alterations and the illness duration. Second, the
CaSCN analysis is used to examine the chronological order of GMV
changes by sequencing the GMV data in accordance with the
illness duration of GAD. This approach cannot directly reflect
the real temporal sequence of brain structural alterations. Third,
we cannot confidently determine whether the causality of the
structural changes observed in this study are specific to illness
duration because the causality between some regions are
simultaneously correlated with the illness duration and the
anxiety symptom of GAD. In this scenario, the CaSCN results
based on illness duration should be interpreted cautiously and
validated through longitudinal studies in the future. Fourth, when
patients are divided into different genders, the relatively small
sample size in each subgroup may affect the statistical power, and
the gender-related findings are expected to be confirmed by
larger samples. Fifth, considering that previous findings have
demonstrated the significant effects of medications on the brain
function and the structure of GAD [66–68] and that no

Fig. 3 Seed-based CaSCN results. Regions with causal effects on the gray matter reduction in the sgACC (a) and the right insula (b) in
patients with GAD (GRF correction; voxel level p < 0.001, cluster level p < 0.05). Summary of the results of Graphs A and B (c). The arrow lines in
Graph C represent GC value. The bold arrow lines indicate positive or negative causal effects from the sgACC and the right insula. The thin
arrow lines represent the positive or negative causal effects from the sgACC or the right insula alone. CaSCN causal structural covariance
network, sgACC subgenual anterior cingulate cortex, GAD generalized anxiety disorder, GC Granger causality.
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medication-free patient control group is involved in this study, we
cannot exclude the potential effects of medications although no
significant correlation is observed. We expect that future studies
with medication-free samples can replicate our results. Finally, the
years of education is not adequately matched between patients
and HC during the stage-specific GMV comparisons. Although this
indicator is used as a covariate in neuroimaging analyses, its
confounding effect on morphological changes should be further
considered.

CONCLUSION
The stage-specific group comparison of GMV and seed-based
CaSCN analysis were used to simulate the temporal information
and characterize the causal relationships of the brain structural
changes in patients with GAD as the illness duration increased.
The patients with GAD exhibited gradual GMV reduction, in
which the sgACC was the origin of the morphological changes
and the right insula may be important for illness maintenance. In
addition to the reciprocal causal effects between the sgACC and
the right insula, the sgACC and the right insula exerted causal
effects on regions involved in the frontal, parietal, visual
cortices, temporal lobe, and the somatosensory cortex. These
findings may facilitate our understanding on the structural
alterations in GAD as the illness duration increased and may
provide (pre)clinical implications for anxiety intervention and
treatment by identifying the critical regions with structural
alterations in GAD. Additionally, the supplemental symptom
severity and gender-related findings uncovered potential
influences of these factors on brain structural alterations in
GAD, which remind us to be cautious in understanding our main
findings and provide some clues for future morphological-
related studies of GAD.
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