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Abstract Generalized anxiety disorder (GAD) is char-
acterized by excessive and persistent worrying. Neural
substrates of this disorder are insufficiently understood,
which relates to functional as well as to structural brain
abnormalities. Especially, findings on the neuroanatomy of
GAD have been inconsistent and were predominantly
derived from pediatric samples. Therefore, we studied
adult patients. Thirty-one women (16 patients with GAD
and 15 healthy control participants) underwent structural
MRI scanning. Gray matter volumes for specific brain
regions involved in worrying, anticipatory anxiety, and
emotion regulation were analyzed by means of voxel-based
morphometry. Relative to controls, patients with GAD had
larger volumes of the amygdala and the dorsomedial pre-
frontal cortex (DMPFC). Moreover, patients’ self-reports
on symptom severity were positively correlated with vol-
umes of the DMPFC and the anterior cingulate cortex.
Patients with GAD show localized gray matter volume
differences in brain regions associated with anticipatory
anxiety and emotion regulation. This abnormality may
represent either a predisposition for GAD or a consequence
of disorder-specific behavior, such as chronic worrying.
This issue should be addressed in future MRI studies.
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Introduction

Generalized anxiety disorder (GAD) is characterized by
persistent, excessive worries about everyday life circum-
stances (e.g. finances, work) and additional somatic
symptoms (e.g. muscle tension, sleep disturbance).
Although the clinical manifestation may begin in child-
hood, GAD is more common in adulthood [1, 28]. Dif-
ferent psychological models have been proposed to explain
GAD. Borkovec et al. [2] underline the cognitive avoid-
ance function of worrying. Worries are primarily verbal-
semantic (as opposed to visual) in order to disengage from
threatening imagery. It is the abstract nature of worrying
that helps to control anticipatory arousal. Other psycho-
logical approaches refer to emotion processing and emo-
tion regulation deficits in GAD [3]. This patient group has a
poor understanding of their own emotions, a negative
cognitive reactivity to affective experiences as well as
difficulties in effectively dampening negative feelings by
means of cognitive strategies [3].

Functional neuroimaging has provided evidence for an
altered amygdala function in GAD. Three studies showed
that afflicted patients displayed greater amygdala activity
than healthy individuals, when they anticipated the pre-
sentation of an affective scene [4] and when they were
exposed to pictures with angry or fearful faces [5, 6].
However, Blair et al. [7] identified amygdalar hypore-
sponsiveness to fearful faces in adult patients with GAD,
whereas Whalen et al. [8] observed similar amygdalar
reactivity in patients with GAD and in healthy controls.
These conflicting results might be a consequence of an
intra-amygdalar perturbation as demonstrated by Etkin
et al. [9]. The authors examined patients with GAD in a
resting condition and showed that they were characterized
by a reduced connectivity between basolateral and
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centromedial amygdalar regions relative to healthy con-
trols. Moreover, the clinical group showed increased
amygdala connectivity with different prefrontal cortex
(PFC) regions, such as the dorsomedial and ventromedial
PFC.

There are several other brain imaging findings pointing
to an altered PFC function in GAD. Hoehn-Saric et al.
[10] presented patients with GAD with worry and neutral
sentences. After pharmacological treatment, worry-
induced activation decreased in the medial PFC, in the
ACC, and in the insula. In a picture perception paradigm
with affective facial expressions, adolescents with GAD
displayed enhanced ventrolateral PFC activation and an
attentional bias away from angry faces [11]. In a study by
Paulesu et al. [12], dorsomedial PFC and ACC activity
was positively correlated with symptom severity in
patients with GAD while they read worry-eliciting sen-
tences. Etkin et al. [13] identified a deficit in ACC
recruitment in patients with GAD during emotional con-
flict. The patients had been presented with emotional
facial expressions together with either congruent or
incongruent affective labels. The ACC hyporesponsive-
ness to incongruence was interpreted to reflect a dys-
function in automatic emotion regulation.

A few structural imaging studies focused on GAD in
children and adolescents [14—16]. In a first study [14], the
pediatric GAD sample had larger amygdala volumes than
the healthy control sample. A subsequent investigation [15]
demonstrated that the superior temporal gyrus (white and
gray matter) was significantly larger in patients with GAD
compared with controls. Finally, Milham et al. [16] studied
a group of children with different anxiety disorders (social
phobia, GAD, separation anxiety). Relative to healthy
controls, the patients were characterized by reduced
amygdala volumes. This reduction was more pronounced
in patients with a GAD diagnosis as opposed to those
without GAD. The heterogeneous findings may be due to
difficulties in reliably classifying pediatric GAD. This
disorder may be overdiagnosed in children presenting with
anxiety [1, 28]. Moreover, neurodevelopmental aspects
(e.g. individual differences in brain development) may
contribute to increased variance and sample-dependent
findings.

To our knowledge, there is only one published mor-
phometric study on GAD in adults [9]. The authors
reported increased amygdala volume for the clinical group.
Of the 16 studied patients, ten suffered from at least one
comorbid disorder (e.g. major depression, social anxiety
disorder, panic disorder) and four patients were taking
antidepressant medication. This constellation is typical for
GAD, where additional diagnoses are common [1]. How-
ever, the comorbidity makes a direct attribution of struc-
tural abnormalities to the GAD diagnosis difficult.
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Therefore, in the present study, we included only those
patients with GAD who did not currently suffer from
another mental disorder and did not take any psychiatric
medication. Based on the previous functional and structural
MRI studies [4, 9, 13], we hypothesized that GAD would
be associated with increased amygdala volume. Further, we
related self-reports on symptom severity to gray matter
volumes in previously identified brain regions involved in
worrying and uncertainty processing, such as the amygdala,
the insula, the ACC, and prefrontal regions (DMPFC,
VLPFC, VMPFC).

Method
Sample

Sixteen women suffering from GAD according to DSM-IV
[1] and 15 healthy women participated in this study. Both
groups were matched with regard to their age (GAD:
M = 229 years, SD = 4.1 years; CG: M = 23.7 years,
SD = 3.7 years), their years of education (GAD = 11.1
years, SD = 2.9 years; CG = 11.3 years, SD = 3.3 years),
and with regard to their profession (all white collar). The
sample had been restricted to women as the GAD prevalence
is considerably higher in the female population [1, 28]. The
patients suffered on average 3.1 years from GAD
(SD = 4.7 years), but reported that they felt anxious and
nervous all their lives. The diagnosis of a further mental
disorder besides GAD at the time of assessment led to
exclusion from the patient sample. All women were
nonmedicated, right-handed and had been recruited via
announcements in local newspapers. Written informed
consent was obtained from each participant prior to
entry. The study had been approved by the local ethics
committee.

Procedure

The study consisted of two different sessions. In the first
session, all participants underwent a standardized clinical
interview for DSM-IV diagnoses [17] and answered ques-
tionnaires: (a) the Penn State Worry Questionnaire [18] is a
16-item measure most frequently used to assess worrying in
both clinical and nonclinical samples. The Cronbach’s « is
0.87. (b) The MetaCognition Questionnaire [19] assesses
beliefs about worries with 65 items, e.g. the concept that
worrying contributes to problem solving. The Cronbach’s o
is 0.93. (c) All participants completed the BDI [20];
o = 0.88). Patients with GAD additionally received a non-
standardized exploration for specific aspects of their disorder
(e.g. content of worries, duration of disorder). In the second
session, all participants underwent structural scanning.
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Table 1 Group differences in gray matter volume (GMV) and
positive correlations of GMV with symptom severity in patients with
GAD

Side  Voxel x y z t pFWE
Region
GAD > CG
Amygdala L 65 —17 -7 =19 3.17 0.031
Amygdala R 51 21 -4 —18 321 0.030
DMPFEC R 893 6 62 27 4.12  0.030
Correlations
PSWQ
ACC L 2,145 —11 54 2 563 0014
ACC R 707 6 51 7 5.00 0.028
DMPFC L 2,029 —10 55 3 574 0.024
DMPFC R 890 6 52 4 579 0.021
MCQ
DMPFC R 43 14 62 29 493 0.048

GAD Generalized anxiety disorder, CG control group; cluster size
(number of voxels), MNI coordinates (X,y,z); P-values corrected for
multiple testing (family-wise error, FWE), PSWQ Penn-State Worry
Questionnaire, MCQ Metacognition questionnaire

MRI scanning and data processing

High resolution structural MRI scans (field of view =
256 x 256 mm, TR 1,900 ms, TE: 2,200 ms, TI: 900 ms,
flip angle: 90°, voxel size: 1 x 1 x 1 mm) were acquired
using a 3D-MPRAGE sequence on a 3T tomograph (Sie-
mens Trio, Erlangen, Germany). Data analysis was carried
out with SPMS5 (Wellcome Department of Imaging Neu-
roscience, London, UK) and the VBM toolbox (VBMS5.1
version 1.19; http://dbm.neuro.uni-jena.de/vbm/vbmS5-for-
spm5/). Individual structural scans were segmented using
unified segmentation [21]. A hidden Markov random field
approach was applied for the segmentation in order to avoid
misclassification of noncontiguous voxels. Modulated
segments were used in order to assess volume differences.

Fig. 1 Enlarged amygdala
volume in patients with GAD
relative to controls (left) and
gray matter volume correlations
(ACC, DMPFC) with PSWQ
scores for patients with GAD
(right) (uncorrected threshold:
P < 0.005)

As a final preprocessing step, segments were smoothed by a
Gaussian kernel of 12 mm. Two-sample #-tests (GAD <>
CG) were computed to assess group differences. In addi-
tion, covariations of volumes with self-report measures
were computed by means of multiple regressions for each
group. In all analyses, total gray matter was considered a
covariate. Segments were thresholded prior to all statistical
analysis with an absolute value of 0.15. We computed
exploratory whole brain analyses as well as region of
interest (ROI) analyses. The ROIs were created with
WFUPickatlas (version 2.4, [22]) and based on the parcel-
lation of Tzourio-Mazoyer et al. [23]. Statistical parametric
maps were initially thresholded by an uncorrected P of
0.005. P-values <0.05 corrected for family-wise error were
considered significant for exploratory and ROI analyses.
Small volume correction was conducted individually for
each ROI analysis for the following masks: amygdala,
insula, ACC, DMPFC, VMPFC, and VLPFC.

Results
Self-report data

Relative to the control group, the patients with GAD scored
higher on the PSWQ (Mgap = 62.8, SD = 4.7; Mcg =
40.1, SD = 6.8; #29) = 9.24, P < 0.001), on the MCQ
(Mgap = 131.0, SD = 20.5; Mcg = 113.5, SD = 22.2;
1(29) = 2.3, P =0.03), and on the BDI (Mgap = 11.4,
SD =5.1; Mcg = 4.9,SD = 4.4;129) = 2.6, P = 0.016).

GMV data

The ROI analysis showed that the patients with GAD had
larger gray matter volumes of the bilateral amygdala and
the right DMPFC (Table 1; Fig. 1). The reversed contrast
(CG > GAD) showed no localized increases in GMV. The
exploratory tests were nonsignificant.
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Within the patient sample, PSWQ scores were positively
correlated with bilateral gray matter volumes of the ACC
and the DMPFC. MCQ scores were positively correlated
with the right DMPFC volume. Such correlations were not
present in the control group.

Discussion

The present VBM investigation on GAD identified
enlarged volumes of the amygdala and the dorsomedial
prefrontal cortex (DMPFC) in the clinical group relative to
the healthy comparison group. Thus, we were able to
replicate and extend findings of a previous morphometric
study on adult patients with GAD [9]. The observed dif-
ference in amygdalar gray matter might be linked to a
disorder-related hyperresponsiveness of this structure.
Nitschke et al. [4] demonstrated that the patients with GAD
were characterized by enhanced amygdala responses dur-
ing aversive anticipation. As patients with GAD consis-
tently experience apprehensive expectations (over many
years), this might lead to a volume enlargement of the
amygdala. Several structural imaging studies have identi-
fied activity-dependent selective changes in gray matter
before [24, 25].

The second enlarged brain area, the DMPFC, has been
implicated in worry states [10, 12] and in anticipatory
anxiety [26, 29]. Moreover, Etkin et al. [9] identified
increased amygdalar connectivity with the DMPFC in their
studied GAD sample. This altered coupling may be due to
the habitual engagement in worrying that can be under-
stood as a dysfunctional control mechanism to dampen
negative affective states. Further, patients with GAD were
unable to decrease DMPFC activation after the occurrence
of an emotional conflict [13]. Thus, they continued to use
cognitive coping despite changed situational requirements.

In line with these previous reports, the present study
showed that patients’ DMPFC volumes were positively
associated with their self-report on the degree of worrying
(PSWQ) and with their belief about the possible usefulness
of worries (MCQ). Finally, the ACC volume in patients
with GAD was positively correlated with their PSWQ
scores. The ACC is concerned with many emotion-relevant
processes including anticipatory arousal [27]. In a study by
Paulesu et al. [12], DMPFC and ACC activity had been
positively correlated with symptom severity in patients
with GAD while worrying. Altogether, the localized GMV
differences identified in the present VBM study fit nicely to
functional data for this patient group as well as to psy-
chological GAD models.

Some limitations of the present study need to be men-
tioned. We only studied female patients with GAD
Therefore, the results cannot be generalized to men. The
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sample size was modest and should be extended in the
future. However, the clinical group can be considered
homogenous as the patients did not suffer from comorbid
disorders at the time of the testing and they were non-
medicated. Previous heterogeneous findings (e.g. with
regard to increased vs. decreased amygdala volume) might
be a result of different comorbidity constellations. More-
over, the functional meaning of the observed GMV dif-
ferences needs to be elaborated. Are the observed increased
volumes indicators of an elevated GAD proneness or a
consequence of persistent worrying? The latter interpreta-
tion implies that the localized GMV alteration might be
reversible by pharmacotherapy or psychotherapy. This
issue should be addressed in a future study.

Conflict of interest The authors have no conflict of interest to
declare.
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