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Nucleus accumbens volume as a predictor of anxiety symptom
improvement following CBT and SSRI treatment in two
independent samples
Katie L. Burkhouse1,2, Jagan Jimmy1, Nicholas Defelice1, Heide Klumpp1,2, Olusola Ajilore 1, Bobby Hosseini1, Kate D. Fitzgerald3,
Christopher S. Monk3,4 and K. Luan Phan1,5

Structural variations of neural regions implicated in fear responses have been well documented in the pathophysiology of anxiety
and may play an important role in treatment response. We examined whether gray matter volume of three neural regions
supporting fear and avoidance responses [bilateral amygdala, nucleus accumbens (NAcc), and ventromedial prefrontal cortex (PFC)]
predicted cognitive-behavioral therapy (CBT) and selective serotonin reuptake inhibitor (SSRI) treatment outcome in two
independent samples of patients with anxiety disorders. Study 1 consisted of 81 adults with anxiety disorders and Study 2 included
55 children and adolescents with anxiety disorders. In both studies, patients completed baseline structural MRI scans and received
either CBT or SSRI treatment. Clinician-rated interviews of anxiety symptoms were assessed at baseline and posttreatment. Among
the adult sample, greater pre-treatment bilateral NAcc volume was associated with a greater reduction in clinician-rated anxiety
symptoms pre-to-post CBT and SSRI treatment. Greater left NAcc volume also predicted greater decreases in clinician-rated anxiety
symptoms pre-to-post CBT and SSRI treatment among youth with current anxiety. Across studies, results were similar across
treatments, and findings were maintained when adjusting for patient’s age, sex, and total intracranial brain volume. We found no
evidence for baseline amygdala or ventromedial PFC volume serving as treatment predictors across the two samples. Together,
these findings provide promising support for the role of NAcc volume as an objective marker of anxiety treatment improvement
that spans across development. Future studies should clarify the specific mechanisms through which NAcc volume exerts its
therapeutic effects.
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INTRODUCTION
Anxiety disorders are among the most prevalent internalizing
psychopathologies and are associated with significant economic
burden worldwide [1, 2]. Current first-line treatment for anxiety
disorders consists of cognitive-behavioral therapy (CBT) and/or
selective serotonin reuptake inhibitor (SSRI) treatment [3, 4].
However, response rates to these treatments range from 38 to
87% across anxiety diagnoses [5, 6] and often worsen in the
context of comorbid psychopathology [7]. Importantly, a diagnosis
of anxiety rarely occurs in isolation, with substantial homotypic
(secondary anxiety disorder) and heterotypic (secondary other
psychiatric disorder) comorbidity rates documented among youth
[8] and adult [9] populations. Given this, identifying predictors of
treatment response for patients with heterogeneous anxiety
disorders is essential to inform decision-making processes and
improve patient outcomes to reduce the burden on both the
individual and society.
Structural variations of neural regions implicated in fear and

avoidance responses have been well documented in the
pathophysiology of anxiety disorders [10] and may play an
important role in treatment response. Utilizing fear conditioning

and avoidance models, studies have identified several neural
regions involved in fear circuitry and behaviors, including the
ventromedial prefrontal cortex (PFC), nucleus accumbens (NAcc),
and limbic areas (e.g., amygdala, hippocampus, and insula)
[11–13]. The amygdala plays an important role in the perception,
learning, and early extinction of threat [14], whereas the
ventromedial PFC is thought to play a significant part in the
retention of fear extinction [15] as well as the ability to use
adaptive regulation strategies to attenuate aversive responses to
threat [16]. Researchers have also shown that the NAcc plays a role
in the etiology and maintenance of aberrant fear avoidance
behaviors among individuals with anxiety [11, 17], and the degree
of NAcc activation modulates positive associations between
anxiety levels and responses to fear-evoking stimuli [18].
Across several studies, anxiety disorders are characterized by

structural gray matter differences in neural regions supporting fear
responses. For instance, generalized anxiety disorder (GAD), panic
disorder, post-traumatic stress disorder (PTSD), social anxiety
disorder (SAD), and specific phobia are defined by decreased
amygdala volume across youth and adult samples [19–23].
Decreases in amygdala gray matter volume have also been
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documented among twin pairs concordant for anxiety and
depression [24], suggesting that amygdala reduction is related
to genetic risk for internalizing disorders. It has been suggested
that persistent amygdala hyperactivation, often observed among
patients with anxiety, may lead to glutamatergic excitotoxicity,
which subsequently reduces amygdala volumes [25]. On the other
hand, studies have also identified larger amygdala volumes
among patients with GAD [26, 27]; however, these studies are
limited by small sample sizes. Other research has shown that SAD
is characterized by greater ventromedial PFC volume, which may
contribute to progressive modulation of excessive limbic activity
in response to threat-relevant material [28]. Finally, separate
research suggests that greater bilateral NAcc volume is observed
among adults with GAD [29] and associated with higher levels of
trait anxiety [30]. These documented alterations in NAcc volume
among individuals with anxiety may be a driving mechanism
underlying motivation for avoidance behaviors in response to
fear-relevant stimuli [31].
Despite recent evidence that neural biomarkers, vs. demo-

graphic and clinical data, improve accuracy in predicting
treatment response [32, 33], few studies to date have explored
whether regional brain volume of structures supporting fear
responses may serve as a predictor of treatment response for
patients with anxiety. In one study, larger rostral anterior cingulate
cortex volume was associated with better CBT response for
patients with PTSD [34]. Other studies have shown that CBT
response is predicted by greater hippocampal volume for patients
with PTSD [35] and panic disorder [36]. These prior studies,
however, did not explore the predictive role of other brain regions
supporting fear and avoidance responses that have shown to be
disrupted in anxiety disorders (i.e., bilateral amygdala, ventrome-
dial PFC, and NAcc) among patients with heterogeneous anxiety
disorders. Indeed, first-line treatments for anxiety, such as CBT and
SSRI treatment, work to target fear responses [37, 38] and there is
increasing evidence that these brain regions supporting fear
responses are altered by effective anxiety treatment. For example,
following treatment with CBT or SSRIs, amygdala activation to
threat-relevant material is decreased [39, 40], whereas ventrome-
dial PFC activation is enhanced among adults with anxiety [41].
CBT also enhances amygdala-ventromedial PFC functional con-
nectivity among adults with social anxiety [42]. Regarding
treatment prediction, there is evidence that pre-treatment
amygdala activation in response to threat-relevant stimuli predicts
CBT and SSRI treatment response for anxiety across child and
adult populations [40, 43–45]; however, the direction of activation
is mixed across studies. Other research has found that greater
baseline activation in prefrontal regions involved in appraising
and regulating responses to threatening stimuli is associated with
better CBT and SSRI treatment response in studies of anxious
youth and adults [46, 47].
Together, these previous studies provide evidence that neural

regions supporting fear processing are well implicated in
anxiety disorders across development and may be useful
predictors for determining whether individuals with anxiety
will respond to treatment. Notably, most previous treatment
prediction studies with anxious samples have focused on
functional, vs. structural, magnetic resonance imaging (MRI)
predictors. A strength of examining structural MRI predictors is
the ability to easily compare results across studies, whereas
differences across fear and avoidance paradigms may obscure
findings across functional MRI studies. In addition, structural
MRI parameters have demonstrated high retest reliability [48],
whereas meta-analytic studies show poor reliability for task-
related fMRI [49] making fMRI measures less suitable as clinical
biomarkers or treatment predictors. Thus, the primary aim of
the current study was to examine whether individual differ-
ences in pre-treatment gray matter volume of regions support-
ing fear and avoidance responses predict anxiety symptom

change following CBT and SSRI treatment among adults with
heterogeneous anxiety disorders. We chose to utilize an a priori
region of interest (ROI) approach focusing on neural regions
supporting fear and avoidance responses that have shown to be
disrupted in anxiety disorders (i.e., bilateral amygdala, ventro-
medial PFC, and NAcc).
The current study also sought to test these structural MRI

predictors in a separate independent sample of treatment-seeking
children and adolescents with anxiety disorders. The highest risk
period for developing an anxiety disorder is during the child and
adolescent period [50]; thus, identifying biological predictors of
intervention response for this developmental population is critical.
Notably, no studies to date exploring neural predictors of
treatment response for anxiety disorders have included a separate
independent sample to determine if effects generalize to other
populations. Reproducibility of findings is also important for the
neuroscience field, as research suggests that structural and
functional MRI studies tend to have small sample sizes with low
statistical power and replication rates [51, 52]. The two
independent studies included were comparable in study design
and patient characteristics such that they included patients (adults
or youth) with heterogeneous anxiety disorders (similar in
composition of diagnoses) who completed a baseline structural
MRI scan prior to receiving CBT or SSRI treatment.

METHODS
Study 1—adults
Participants and procedure. Study 1 involved a treatment-seeking
community sample of adults (n= 81) between the ages of 18 and
50 with a current anxiety disorder. To be included as a patient,
participants were required to meet the following criteria: a current
full-threshold DSM-5 anxiety disorder, a Global Assessment of
Functioning score of ≤60, and report a total score of ≥23 on the
Depression, Anxiety, and Stress Scale (DASS-21) [53]. Exclusionary
criteria for the patient group included an inability to provide
consent and read and write in English; a major active medical or
neurological problem; a history of mania, psychosis, an intellectual
disability or pervasive developmental disorder; current substance
dependence; any contraindication to receiving SSRIs; being
currently enrolled in psychiatric treatment; a history of traumatic
brain injury; and being pregnant. This study was approved by the
UIC Institutional Review Board and informed consent was
obtained from all participants. The study was a parallel group
randomized control trial with 1:1 allocation ratio registered on
ClinicalTrials.gov (Identifier: NCT01903447; see Supplementary
Fig. 1 for Consort Diagram). All participants were monetarily
compensated for their time.

Assessment of psychopathology. Psychiatric diagnoses were
assessed via the SCID-5 [54] by a trained masters-level assessor,
PhD-level psychologist, or psychiatrist. The breakdown of current
anxiety diagnoses was 75.3% (n= 61) GAD, 65.4% (n= 53) SAD,
28.4% (n= 23) panic disorder, 19.8% (n= 16) specific phobia,
17.3% (n= 14) PTSD, and 8.6% (n= 7) agoraphobia. Patients also
had other current comorbid psychiatric disorders including major
depressive disorder (n= 38, 46.9%) and persistent depressive
disorder (n= 13, 16%). Eighty-nine percent of patients (n= 72)
had comorbid psychopathologies. Of the nine with a single
anxiety disorder, 66.7% (n= 6) had GAD, 22.2% (n= 2) had SAD,
and 11.1% had panic disorder (n= 1).
At pretreatment and posttreatment, trained clinical research

assessors blinded to patient treatment randomization adminis-
tered participants the Hamilton Anxiety Rating Scale (HAM-A) [55],
a 14-item interview-based measure of broad anxiety and somatic
symptoms, and the Hamilton Depression Rating Scale (HAM-D)
[56], a 17-item interview-based measure of broad depressive and
somatic symptoms.

Nucleus accumbens volume as a predictor of anxiety symptom improvement. . .
KL Burkhouse et al.

562

Neuropsychopharmacology (2020) 45:561 – 569



Treatment procedures. Participants were randomized to either
12 weeks of CBT (n= 41) or SSRI (n= 40) treatment. For
participants randomized to SSRIs (sertraline, fluoxetine, parox-
etine, escitalopram, or citalopram), the dosing schedule was
flexible depending on tolerability and aimed to reach target dose
by week 8. Patients receiving SSRIs attended medication manage-
ment sessions that lasted approximately 20–30min with their
study psychiatrist at 0, 2, 4, 8, and 12 weeks. For participants
receiving CBT, treatment was delivered through 12, once-weekly
60-min sessions led by a PhD-level clinical psychologist under the
supervision of a licensed clinical psychologist with expertize in
CBT. Evidence-based manuals were used based on the patient’s
principal diagnosis and predominant symptoms [57–59]. As per
the manualized protocol, sessions began with psychoeducation
and cognitive restructuring and then expanded to include
strategies such as exposures and relapse prevention.

Structural MRI acquisition. The structural MRI scans were
obtained on a 3 T GE Discovery System (General Electric
Healthcare, Waukesha, WI) with an 8-channel head coil. After
positioning the subjects in a supine position in the scanner,
structural scans were obtained with a 3D BRAVO pulse sequence
with the following parameters: flip angle 13o, inversion time
450ms, field of view 22 × 22 cm, matrix size 256 × 256, slice
thickness 1 mm3, 182 axial slices of the whole brain.

Study 2—youth
Participants and procedure. Participants in the study were youth
(n= 55) between the ages of 7 and 19 enrolled in a pediatric
anxiety treatment study at the University of Michigan (UM) (n=
29) and University of Illinois at Chicago (UIC) (n= 26). To be
included in the study, participants must have met criteria for a
current diagnosis of GAD or SAD. Exclusion criteria included
history of bipolar disorder, schizophrenia, intellectual disability,
pervasive development disorders, current substance use disorders,
severe depression, or suicidal ideation. Participants were not
taking psychotropic medications or in psychotherapy for at least
4 weeks prior to the initial assessment. Procedures were approved
by the Institutional Review Boards at both UIC and UM and
informed consent and assent were obtained from all participants.

Assessment of psychopathology. The Kiddie Schedule for Affective
Disorders and Schizophrenia for School-Age Children [60]
diagnostic interview was used to assess for diagnoses by Master’s
or Doctoral level clinicians. The breakdown of current diagnoses
was 70.9% GAD (n= 39), 56.4% SAD (n= 31), 16.4% specific
phobia (n= 9), 14.5% separation anxiety disorder, 10.9% panic
disorder (n= 6), 5.5% obsessive compulsive disorder (n= 3), and
1.8% PTSD (n= 1). Participants with secondary depressive
disorders were included in the study (5.5% with current major
depression, n= 3). Totally, 58% of patients (n= 32) had comorbid
psychopathologies. Of the twenty-three with a single anxiety
disorder, 60.9% (n= 14) had GAD, and 39.1% (n= 9) had SAD.
At pre- and post-treatment, trained clinical research assessors

blinded to patient treatment administered participants the
Pediatric Anxiety Rating Scale (PARS) [61]. Masters-level clinicians
rated overall anxiety severity on a six-point scale across seven
dimensions [number of symptoms (GAD, SAD, and separation
anxiety), frequency, overall severity, physical symptom severity,
avoidance, and interference in and outside of the home], with
these dimensions then combined to form a total PARS score.
Youth also completed the Children’s Depression Inventory (CDI)
[62], a 27-item measure of youth’s depressive symptoms.

Treatment procedures. At UM, participants were offered and self-
selected treatment with SSRI or CBT. At UIC, participants were
initially randomly assigned to receive either an SSRI or CBT, but
could opt to switch from SSRI to CBT due to intolerable side

effects. SSRI treatment consisted of 12 weeks of sertraline
prescribed by a child psychiatrist during medication management
sessions, beginning with a dose of 12.5 or 25 mg/day and in a
flexible-dosing design increasing on subsequent visits up to
200mg/day based on tolerability and treatment response. CBT
was delivered through weekly 60-min sessions (up to a maximum
of 18 sessions) by a Master’s or Doctoral level therapist under the
supervision of a licensed clinical psychologist with expertize in
CBT. Treatment followed an established manualized CBT inter-
vention for pediatric anxiety [63, 64].

Structural MRI acquisition. At UIC, the acquisition parameters
were identical to those described above in the adult study. At UM,
a 3.0 T GE Signa Scanner (General Electric; Milwaukee, Wisconsin,
USA) with a GE quad head coil was used to acquire high
resolution, T1-weighted volumetric anatomical scans (3D spoiled-
gradient echo sequence, 9 ms repetition time, 1.8 ms echo time,
500ms inversion time, 15° flip angle, 256 × 256 matrix, 256 mm
field of view; 124 slices, 1.2 mm slice thickness).

Structural MRI preprocessing. Across both studies, the brain
structural measurements were obtained using FreeSurfer Image
analysis suite version 6.0 (http://freesurfer.net/fswiki/
FreeSurferWiki). Automated procedure for cortical reconstruction
and volumetric segmentation has been previously documented in
detail [65, 66]. In short, structural images analysis involved motion
correction, removal of non-brain tissue, transformation to
Talairach space, segmentation of white matter and gray matter
structures, intensity normalization, tessellation of gray-white
matter boundary, topology correction, and surface deformation
following intensity gradients for optimal placement of gray-white
matter boundary and cerebrospinal fluid and gray matter
boundary. The reconstructed cortical surface was automatically
parcellated to cortical units with respect to gyral and sulcal
structure based on probabilistic information from previously
labeled atlases [67, 68] following which, the surface area,
thickness, and volume of each unit were computed [69, 70]. The
subcortical structures were segmented and labeled using the
probabilistic atlas provided by freesurfer and the subject-specific
measured values [66]. This automated segmentation and labeling
procedure has been shown to be of equal accuracy to manual
tracing methods and relatively insensitive to changes in acquisi-
tion parameters [68]. The reconstruction and segmentation were
visually inspected for any major estimation errors. The volume of
the segmented structures (bilateral amygdala, ventromedial PFC,
and NAcc) were then estimated and extracted.

Data analysis plan. For both studies, a series of planned within-
subjects and between-subjects analysis of variance (ANOVA) tests
were conducted to verify that treatment was successful in
reducing anxiety symptoms. We also conducted a series of partial
correlations to examine whether age or anxiety symptoms were
correlated with brain volumes at baseline, controlling for total
intracranial volume (ICV in mm3, derived from automated brain
segmentation). A between-subjects ANOVA test was also con-
ducted to explore gender differences in brain volumes at baseline,
controlling for total ICV. Site (UIC or UM) was also entered as a
covariate in all analyses for the youth study.
To examine whether brain volume at T1 predicted change in

symptoms during treatment with CBT and/or SSRIs within patients,
hierarchical linear regression analyses were conducted. For all models,
brain volume (L or R amygdala/ventromedial PFC/NAcc) at T1
(centered), ICV, anxiety symptoms at T1, and treatment arm (CBT, SSRI)
were entered in Step 1, and the two-way interaction between T1 brain
volume and treatment arm was entered in Step 2. Site (UIC or UM) also
served as a covariate in the youth study models. Percent change in
anxiety symptoms [([pretreatment–posttreatment symptoms] ÷ pre-
treatment symptoms) × 100] served as the dependent variable.
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RESULTS
Study 1—adults
Descriptive and clinical characteristics. Table 1 provides demo-
graphic and clinical characteristics of the adult sample separated
by treatment group. Anxiety (HAMA: F(1,79)= 206.86, p < 0.001;
ηp

2= 0.72) symptoms decreased pretreatment to posttreatment.
Neither baseline anxiety symptoms nor the extent of reduction in
anxiety symptoms pre-to-post treatment differed based on
treatment modality (ps > 0.07).

Brain volume and age, gender, and baseline anxiety correlations.
Partial correlations revealed that age was negatively associated
with R-NAcc (r=−0.24, p= 0.03) and R-ventromedial PFC
(r=−0.26, p= 0.02) volume. Results revealed no other significant
associations between age and brain volumes (lowest p= 0.08).
Results revealed that males, relative to females, exhibited greater
bilateral amygdala volumes [left: F(1,80)= 11.06, p < 0.01, right: F
(1,80)= 10.54, p < 0.01]. No other analyses reached significance
(lowest p= 0.24). Gender and age were entered as covariates in all
subsequent brain volume analyses.
Partial correlations revealed that reduced left amygdala volume

was associated with greater anxiety severity at baseline (r=−0.27,
p= 0.02). Results revealed no other significant associations
between age and brain volumes (lowest p= 0.10). Baseline brain
volumes did not differ based on treatment modality (ps > 0.15).

ROI volume and treatment prediction. As shown in Table 2, results
revealed significant main effects of T1 bilateral NAcc volume for
change in anxiety symptoms. Specifically, greater T1 left NAcc
volume was associated with a greater reduction in anxiety
symptoms pre-to-post treatment (Fig. 1a), accounting for approxi-
mately 14% (R2= 0.14) of the variance in treatment response (vs.
6% without brain volume in the model). Similarly, greater T1 right
NAcc volume also predicted greater anxiety improvement (Fig. 1b),
accounting for approximately 16% (R2= 0.16) of the variance in
treatment response. Results also revealed a significant T1 left
amygdala × Arm (CBT or SSRI) interaction for change in anxiety
symptoms, accounting for approximately 14% (R2= 0.14) of the
variance in treatment response. However, follow-up analyses
indicated that T1 left amygdala volume was not associated
with anxiety symptom change among patients assigned to CBT
(β=−0.26, t=−1.28, p= 0.21) or SSRI treatment (β= 0.27,
t= 1.34, p= 0.19). As shown in Table 2, no other analyses reached
significance.
Post hoc analyses were then conducted to evaluate the

predictive ability of bilateral NAcc volume. Receiving operating
characteristic (ROC) curve analyses were conducted to predict
responder status. Of the 81 patients, 61 (75%) were classified as
responders (defined as >50% reduction in HAM-A symptoms).
Findings revealed responder status was predicted by greater
baseline left (Area= 0.66, p= 0.04; Supplemental Fig. 2a) and right
(Area= 0.70, p < 0.01; Supplemental Fig. 2b) NAcc volume (larger
result indicates more positive test).

Study 2—Youth
Descriptive and clinical characteristics. Table 1 provides patient
characteristics of the youth sample separated by treatment group.
Anxiety (PARS: F(1,53)= 190.27, p < 0.001; ηp

2= 0.78) symptoms
decreased pretreatment to posttreatment. Neither baseline
anxiety symptoms nor the extent of reduction in anxiety
symptoms pre-to-post treatment differed based on treatment
modality (ps > 0.64).

ROI volume and age, gender, and baseline anxiety correlations.
Partial correlations revealed that age was negatively associated
with bilateral NAcc volume (left: r=−0.41, p < 0.01, right:
r=−0.36, p < 0.01). Results revealed no other significant age
associations (lowest p= 0.29). A series of between-subjects

ANOVA tests indicated no significant differences between
males and females in brain volumes (lowest p= 0.09). Age and
gender were entered ascovariates in all subsequent brain
volume analyses. No significant associations were observed
between baseline anxiety severity and ROI volumes (lowest
p= 0.12).

ROI volume and treatment prediction. As shown in Table 3, results
revealed a significant main effect of T1 left NAcc volume for
change in anxiety symptoms. Specifically, greater T1 left NAcc
volume was associated with a greater reduction in anxiety
symptoms among youth pre-to-post treatment (Fig. 2), accounting
for approximately 19% (R2= 0.19) of the variance in treatment
response (vs. 8% without brain volume in the model). As shown in
Table 3, no other analyses reached significance. Post hoc analyses
were also conducted to evaluate the predictive ability of NAcc
volume utilizing ROC curve analysis. Of the 55 youth, 33 (60%)
were classified as responders (defined as >50% reduction in PARS
symptoms). Findings revealed responder status was predicted by
greater baseline left NAcc volume (Area= 0.66, p= 0.04; Supple-
mental Fig. 3).

Table 1. Demographic and clinical characteristics separated by
treatment arm.

Study 1 (Adult) CBT (N= 41) SSRI (N= 40) t Value p Value

M (SD) M (SD)

Age 27.80 (8.98) 25.70 (7.71) 1.13 0.26

T1 HAM-A symptoms 16.15 (5.19) 18.73 (6.93) −1.85 0.08

T2 HAM-A symptoms 5.85 (4.58) 7.13 (6.02) −1.07 0.29

TI HAM-D symptoms 11.76 (3.66) 12.83 (4.72) −1.14 0.26

T2 HAM-D symptoms 4.68 (3.71) 5.68 (4.56) −1.08 0.29

N (%) N (%) χ2

Female 29 (70.7%) 29 (72.5%) 0.03 0.53

Caucasian 27 (65.9%) 25 (62.5%) 0.10 0.47

African American 8 (19.5%) 6 (15.0%) 0.29 0.41

Asian 4 (9.8%) 4 (10.0%) 0.00 0.63

American Indian 0 (0.0%) 1 (2.5%) 1.04 0.49

Biracial/other 2 (4.9%) 4 (10.0%) 0.77 0.33

Hispanic ethnicity 7 (1%) 9 (22.5%) 0.38 0.37

Study 2 (Youth) CBT (N= 28) SSRI (N= 27)

M (SD) M (SD) t Value

Age 12.67 (3.75) 14.81 (2.83) −2.37 0.02

T1 PARS symptoms 23.46 (4.29) 23.63 (4.67) −0.14 0.89

T2 PARS symptoms 10.04 (6.83) 10.59 (6.28) −0.32 0.75

T1 CDI symptoms 11.82 (6.84) 15.56 (8.01) −1.86 0.08

T2 CDI symptoms 5.21 (5.45) 6.30 (7.09) −0.64 0.53

N (%) N (%) χ2

Female 15 (53.5%) 17 (62.9%) 0.50 0.33

Caucasian 15 (53.5%) 19 (70.3%) 1.64 0.16

African American 2 (7.1%) 1 (3.7%) 0.32 0.51

Asian 0 (0.0%) 2 (7.4%) 2.15 0.24

Native Hawaiian 0 (0.0%) 1 (3.7%) 1.06 0.49

Biracial/other 11 (39.3%) 4 (14.8%) 4.15 0.07

Hispanic ethnicity 8 (28.6%) 4 (14.8%) 2.41 0.30

CBT cognitive-behavioral therapy, SSRI selective serotonin reuptake
inhibitor, HAM-A Hamilton anxiety rating scale, HAM-D Hamilton depression
rating scale, PARS pediatric anxiety rating scale, CDI children’s depression
inventory, T1 pretreatment, T2 posttreatment
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Table 2. Hierarchical linear regression analyses examining whether baseline ROI volume predicts change in anxiety symptoms pre-to-post treatment
among adults (Study 1).

% Change in anxiety % Change in anxiety

β t Value p Value β t Value p Value

Step 1 Step 1

Arm −0.06 −0.49 0.63 Arm −0.05 −0.45 0.66

ICV 0.21 1.48 0.14 ICV 0.24 1.66 0.10

Gender −0.01 −0.04 0.97 Gender −0.05 −0.33 0.74

Age −0.13 −1.09 0.28 Age −0.12 −1.03 0.31

Baseline anxiety 0.15 1.15 0.25 Baseline anxiety 0.12 0.98 0.33

L-Amygdala 0.02 0.17 0.86 R-Amygdala −0.11 −0.80 0.43

Step 2 Step 2

L-Amygdala × Arm 0.90 2.53 0.01 R-Amygdala × Arm 0.62 1.77 0.08

Step 1 Step 2

Arm −0.07 −0.57 0.57 Arm −0.05 −0.44 0.66

ICV 0.29 1.94 0.06 ICV 0.33 1.99 0.05

Gender −0.04 −0.26 0.80 Gender −0.03 −0.23 0.82

Age −0.15 −1.30 0.20 Age −0.17 −1.41 0.16

Baseline anxiety 0.13 1.03 0.31 Baseline anxiety 0.13 1.07 0.29

L-ventromedial PFC −0.18 −1.41 0.16 R-ventromedial PFC −0.20 −1.31 0.19

Step 2 Step 2

L-ventromedial PFC × Arm 0.28 0.70 0.48 R-ventromedial PFC × Arm 0.08 0.21 0.83

Step 1 Step 1

Arm −0.07 −0.58 0.56 Arm −0.06 −0.51 0.61

ICV 0.11 0.75 0.45 ICV 0.11 0.73 0.47

Gender −0.02 −0.14 0.89 Gender −0.06 −0.39 0.70

Age −0.08 −0.70 0.49 Age −0.06 −0.49 0.63

Baseline anxiety 0.18 1.48 0.14 Baseline anxiety 0.19 1.59 0.12

L-NAcc 0.26 2.11 0.04 R-NAcc 0.30 2.55 0.01

Step 2 Step 2

L-NAcc × Arm 0.54 1.43 0.16 R-NAcc × Arm 0.55 1.49 0.14

Arm cognitive-behavioral therapy or selective serotonin reuptake inhibitor treatment, ICV total intracranial volume,
L left hemisphere, R right hemisphere, PFC prefrontal cortex, NAcc nucleus accumbens
Bold values correspond to significant p-values

Fig. 1 NAcc volume and adult anxiety treatment response. Scatter plots reflecting the association between baseline left and right NAcc
(nucleus accumbens) volume (non-centered) and change in clinician-rated adult anxiety symptoms (HAM-A) following CBT and SSRI treatment
(separate colors). CBT cognitive-behavioral therapy, SSRI selective serotonin reuptake inhibitor.

Nucleus accumbens volume as a predictor of anxiety symptom improvement. . .
KL Burkhouse et al.

565

Neuropsychopharmacology (2020) 45:561 – 569



DISCUSSION
Structural variations of neural regions implicated in fear and
avoidance responses are well implicated in anxiety disorders
across youth and adult samples [10]. The current study examined
whether gray matter volume of three neural regions supporting
fear and avoidance responses (i.e., bilateral amygdala, NAcc, and
ventromedial PFC) predicted CBT and SSRI treatment outcome in
two independent samples of patients with anxiety disorders.
Several findings emerged from the current study. First, among the
adult sample, greater pre-treatment bilateral NAcc volume was
associated with a greater reduction in clinician-rated anxiety
symptoms pre-to-post treatment. Results were similar across CBT
and SSRI treatment, and these findings were maintained when
adjusting for patient’s age, sex, and total intracranial brain volume.
Notably, this finding was reproduced in an independent sample of
children and adolescents with anxiety disorders. Specifically,
greater left NAcc volume was also predictive of greater decreases
in anxiety symptoms pre-to-post CBT and SSRI treatment among
youth with current anxiety. Together, these findings provide

promising support for the role of NAcc volume as an objective
marker of anxiety treatment improvement that spans across
development.
As previously highlighted, the NAcc is involved in modulating

behavioral responses to both rewarding and aversive events
[71], and there is consistent evidence from animal studies
showing that the NAcc plays a key role in both passive and
active avoidance behavior [72–74]. In prior studies, GAD and
greater anxiety severity is associated with larger NAcc volume
among adults [29, 30], and it has been suggested that
alterations in NAcc volume may be responsible for avoidance-
related behaviors typically observed among individuals with
anxiety [31]. Interestingly, greater baseline NAcc volume was
associated with greater treatment gains across two independent
samples in the current study. Thus, one interpretation of the
current findings is that individuals who exhibit greater pre-
existing abnormalities in NAcc function may respond more
favorably to CBT and SSRI treatment. Indeed, CBT for anxiety
works to alter avoidance responses, particularly in response to

Table 3. Hierarchical linear regression analyses examining whether baseline ROI volume predicts change in anxiety symptoms pre-to-post treatment
among youth (Study 2).

% Change in anxiety % Change in anxiety

β t Value p Value β t Value p Value

Step 1 Step 1

Arm −0.07 −0.46 0.65 Arm −0.07 −0.46 0.65

ICV 0.04 0.20 0.85 ICV −0.03 −0.17 0.86

Age 0.01 0.04 0.97 Age −0.01 −0.03 0.97

Gender −0.17 −0.90 0.37 Gender −0.13 −0.71 0.48

Site 0.28 1.76 0.09 Site 0.29 1.80 0.08

Baseline anxiety 0.16 1.00 0.32 Baseline anxiety 0.17 1.07 0.29

L-Amygdala −0.07 −0.38 0.71 R-Amygdala 0.12 0.70 0.49

Step 2 Step 2

L-Amygdala × Arm −0.33 −0.67 0.51 R-Amygdala × Arm 0.00 0.01 0.99

Step 1 Step 1

Arm −0.06 −0.41 0.68 Arm −0.07 −0.46 0.64

ICV −0.14 −0.66 0.52 ICV 0.02 0.07 0.94

Age 0.03 0.21 0.84 Age 0.01 0.04 0.97

Gender −0.13 −0.71 0.48 Gender −0.15 −0.84 0.41

Site 0.30 1.92 0.06 Site 0.29 1.62 0.11

Baseline anxiety 0.21 1.31 0.20 Baseline anxiety 0.17 1.05 0.30

L-ventromedial PFC 0.25 1.24 0.22 R-ventromedial PFC −0.01 −0.04 0.97

Step 2 Step 2

L-ventromedial PFC × Arm 0.16 0.36 0.72 R-ventromedial PFC × Arm 0.27 0.56 0.58

Step 1 Step 1

Arm −0.06 −0.43 0.67 Arm −0.10 −0.66 0.51

ICV −0.12 −0.64 0.52 ICV −0.04 −0.20 0.84

Age 0.14 0.89 0.38 Age 0.08 0.49 0.63

Gender −0.12 −0.69 0.49 Gender −0.14 −0.76 0.45

Site 0.39 2.48 0.03 Site 0.31 1.96 0.06

Baseline anxiety 0.17 1.13 0.27 Baseline anxiety 0.18 1.14 0.26

L-NAcc 0.39 2.36 0.02 R-NAcc 0.20 1.27 0.21

Step 2 Step 2

L-NAcc × Arm −0.39 −0.95 0.35 R-NAcc × Arm −0.35 −0.77 0.44

Arm cognitive-behavioral therapy or selective serotonin reuptake inhibitor treatment, ICV total intracranial volume,
Site UIC or UM, L left hemisphere, R right hemisphere, PFC prefrontal cortex, NAcc nucleus accumbens
Bold values correspond to significant p-values
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threat-relevant material, through exposure therapy. Moreover,
there is research showing that SSRI treatment increases
extracellular serotonin and dopamine levels in the NAcc [75].
Thus, one interpretation of the current findings is that altering
avoidance responses may be a mechanism of action in CBT and
SSRI treatment, and that these effects may be most meaningful
for individuals who exhibit greater pretreatment deficits in
neural systems underlying avoidance behaviors. To fully test this
hypothesis, future studies should examine whether CBT or SSRI
treatment alters NAcc volume, and if the degree of change
corresponds to gradation of anxiety symptom improvement pre-
to-post treatment.
Despite evidence for the role of amygdala and ventromedial PFC

in the pathophysiology of anxiety and fear responses [14, 15, 76],
the current study found limited evidence for these regions serving
as treatment predictors across the two samples. This contrasts with
previous functional MRI studies of anxious youth and adults
showing that activation of the amygdala and prefrontal regions
during the processing of threat-relevant material is associated with
anxiety improvement pre-to-post treatment [40, 43–47]. Although
prior studies have shown that degree of amygdala volume is
associated with amygdala functional activity during emotion
processing tasks among patient samples [25], the current findings
suggest that amygdala volume may be less implicated in treatment
prediction for anxiety disorders, relative to amygdala activation
during threat-processing tasks.
Contrary to our expectation, baseline anxiety severity was

generally unrelated to gray matter volume of regions implicated in
fear and avoidance processes. Consistent with prior studies
[19–24], greater baseline anxiety severity was associated with
reduced left amygdala volume in the adult sample; however, this
was not evident in the child and adolescent sample. Notably, most
studies exploring structural gray matter abnormalities in anxiety
disorders have focused on group differences (e.g., GAD vs. healthy
controls) vs. exploring relations with symptom severity among
patients. Moreover, the current study included samples of patients
with heterogeneous anxiety disorders and high comorbidity rates,
which may not be generalizable to these previous studies. Thus,
future studies should continue to explore whether amygdala or
ventromedial PFC volume may be more predictive of treatment
outcome for patients with certain anxiety diagnoses (e.g., social
phobia) vs. comorbid presentations.

Importantly, the present study benefited from the ability to
reproduce the NAcc treatment prediction finding in a distinct
sample of youth with anxiety disorders. Given that anxiety
disorders are most likely to onset during childhood and
adolescence [50], identifying biological markers of intervention
response for this developmental population is essential. To our
knowledge, this is the first study to include a separate
independent sample when testing neural predictors of treatment
response. The ability to reproduce findings in separate samples is
critical for advancing the field of precision medicine. Interestingly,
although the two samples were similar in respect to frequency of
current anxiety diagnoses (approximately 70% GAD, 50% SAD,
etc.), there were differences across the two studies that attest to
the generalizability of the current findings for anxiety treatment
prediction. For instance, the youth study was a multisite,
nonrandomized control study and included a lower number of
patients with comorbid depression, relative to the adult sample.
Patients in the adult study also had more options regarding SSRI
medications (vs. sertraline only in the youth study) as a result of
more medications being FDA approved in the adult sample and
because the adult study was designed to be consistent with the
National Institute of Mental Health Research Domain Criteria
(RDoC) Initiative and therefore included patients with broad
internalizing psychopathologies. Despite developmental and
study-specific differences, NAcc volume appears to be a robust
predictor of anxiety symptom improvement pre-to-post treatment
across youth and adult patients.
There were limitations to the current study which provide

important directions for future research. First, the present study
focused solely on structural MRI predictors of treatment response.
Future treatment outcome studies would benefit from the
inclusion of threat avoidance tasks to fully understand the
functional role of NAcc in treatment response for anxiety. Second,
we chose to utilize an a priori ROI approach focusing on regions
implicated in anxiety, fear, and avoidance models to reduce the
number of statistical analyses conducted. However, the current
study included six predictor regression models for each study;
although we were able to reproduce the current findings in a
separate independent sample, further replication is warranted.
Similarly, there may be other structural MRI predictors of
treatment response for anxiety across development that should
be explored in future studies. Next, although the focus on patients
with heterogeneous anxiety disorders was intentional to increase
the generalizability of the current findings to the community and
to understand predictors of treatment response for this popula-
tion, we were unable to examine whether specific anxiety
diagnoses moderated any of the above findings because of the
high comorbidity rates. Thus, future studies should explore
whether findings are specific to comorbid anxiety profiles or are
observed for specific diagnoses. Finally, despite NAcc volume
doubling the amount of variance accounted for in treatment
outcome across both studies, the total proportion of variance in
treatment outcome explained by the predictor variables was still
relatively low (approximately 20%), which is not uncommon for
treatment outcome studies. Thus, continued work in this area is
needed to improve prediction models. For example, combining
structural data (e.g., NAcc volume) with other measures of threat
processing and avoidance behaviors (e.g., behavioral data,
functional imaging) may result in improved accuracy and
prediction in future anxiety treatment outcome studies.
In summary, these findings highlight NAcc volume as a predictor

of anxiety symptom improvement following CBT and SSRI treatment
across two independent samples of patients with anxiety disorders.
Future studies are needed to clarify the mechanisms through which
NAcc volume exerts its therapeutic effects. However, results from the
current study highlight the utility of structural MRI as a tool for
predicting which individuals are most likely to benefit from anxiety
treatment across development.

Fig. 2 NAcc volume and youth anxiety treatment response.
Scatter plot reflecting the association between baseline left NAcc
(nucleus accumbens) volume (non-centered) and change in clinician-
rated youth anxiety symptoms (PARS) following CBT and SSRI
treatment (separate colors). CBT cognitive-behavioral therapy, SSRI
selective serotonin reuptake inhibitor.
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