
R

F
P
B
F
G
H

O
a
i
a

M
f
s
c

R
p
a

C
T
p
r

K
d
r

T
C
c
t
M
t
d
p
i
n

F

A

R

0
d

ESEARCH REPORT

unctional and Structural Connectivity Between the
erigenual Anterior Cingulate and Amygdala in
ipolar Disorder

ei Wang, Jessica H. Kalmar, Yong He, Marcel Jackowski, Lara G. Chepenik, Erin E. Edmiston, Karen Tie,
aolang Gong, Maulik P. Shah, Monique Jones, Jodi Uderman, R. Todd Constable, and
ilary P. Blumberg

bjective: Abnormalities in the morphology and function of two gray matter structures central to emotional processing, the perigenual
nterior cingulate cortex (pACC) and amygdala, have consistently been reported in bipolar disorder (BD). Evidence implicates abnormalities

n their connectivity in BD. This study investigates the potential disruptions in pACC-amygdala functional connectivity and associated
bnormalities in white matter that provides structural connections between the two brain regions in BD.

ethods: Thirty-three individuals with BD and 31 healthy comparison subjects (HC) participated in a scanning session during which
unctional magnetic resonance imaging (fMRI) during processing of face stimuli and diffusion tensor imaging (DTI) were performed. The
trength of pACC-amygdala functional connections was compared between BD and HC groups, and associations between these functional
onnectivity measures from the fMRI scans and regional fractional anisotropy (FA) from the DTI scans were assessed.

esults: Functional connectivity was decreased between the pACC and amygdala in the BD group compared with HC group, during the
rocessing of fearful and happy faces (p � .005). Moreover, a significant positive association between pACC-amygdala functional coupling
nd FA in ventrofrontal white matter, including the region of the uncinate fasciculus, was identified (p � .005).

onclusion: This study provides evidence for abnormalities in pACC-amygdala functional connectivity during emotional processing in BD.
he significant association between pACC-amygdala functional connectivity and the structural integrity of white matter that contains
ACC-amygdala connections suggest that disruptions in white matter connectivity may contribute to disturbances in the coordinated

esponses of the pACC and amygdala during emotional processing in BD.
ey Words: Amygdala, anterior cingulate cortex, bipolar disorder,
iffusion tensor imaging, fMRI, functional connectivity, magnetic

esonance imaging

he perigenual anterior cingulate cortex (pACC) and the
amygdala play key roles in the emotional processes
disrupted in BD, thereby implicating them in the disorder.

onvergent evidence suggests that the pACC shares extensive
onnections with the amygdala (1,2) and provides regulation of
he amygdala response, essential to emotional processing (3).
orphometric magnetic resonance imaging (MRI) and conven-

ional functional MRI (fMRI) analyses provide convergent evi-
ence of morphological and functional abnormalities within the
ACC and amygdala in BD (4–10). During emotional processing

n persons with BD, dysregulated pACC responses are accompa-
ied by excessive amygdala responses (4,5), suggesting a dis-
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ruption in pACC-amygdala functional connections. However,
conventional fMRI activation analyses do not assess the func-
tional connections between brain structures. Herein we assessed
the strength of the correlation in time between the blood oxygen
level–dependent (BOLD) responses in the pACC and amygdala
during the processing of emotional stimuli. This technique has
been used previously as a measure of the strength of pACC-
amygdala functional connectivity during emotional processing
(11). We hypothesized that there would be reduced pACC-
amygdala functional connectivity during emotional processing
in BD.

Increasing evidence implicates abnormalities in the structural
integrity of frontal white matter in BD. This includes recent
evidence for susceptibility in individuals with BD to genetic
variations with potential to influence adversely the development
of white matter connectivity (12,13), as well as for decreases in
the density of glia, including oligodendrocytes, and expression
of oligodendrocyte- and myelination-related factors in postmor-
tem studies of frontal cortex in BD (14–17). MRI studies provide
further evidence for white matter abnormalities in BD, including
abnormalities in the volume and structural integrity of frontal
white matter (18–20).

Diffusion tensor imaging (DTI) presents the opportunity to
measure the organization and coherence of white matter fibers
(21). Fractional anisotropy (FA) is a DTI measure of white matter
organization that provides an index of the coordinated direction-
ality of fibers within a white matter region (22). In the study of
neurologic disorders, functional connectivity and DTI methods
have been combined to show abnormalities in both the func-
tional connectivity and white matter connections between brain

regions (23,24), suggesting that structural abnormalities might
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ontribute to functional connectivity abnormalities in the disor-
ers. A combination of functional and structural connectivity
echniques was applied herein to test the second hypothesis of
his study that there would be an association between the
ACC-amygdala functional connections and the structural integ-
ity of the pACC-amygdala white matter connections, including
he uncinate fasciculus, which provides major white matter
onnections between these structures (25,26).

ethods and Materials

ubjects
The Structured Clinical Interview for DSM-IV Axis I Disorders

ersion 2.0 (27) confirmed the presence or absence of Axis I
isorders and mood state at scanning for the 33 BD and 31
ealthy comparison (HC) participants. Symptoms were assessed
sing the Hamilton Depression Rating Scale (28) and Clinician-
dministered Rating Scale for Mania (29). No subject had a
istory of neurologic illness, head trauma with loss of conscious-
ess over 5 min, or major medical disorder with the exception of
hree female BD participants with treated hypothyroidism. The
C participants did not have a history of Axis I disorder

hemselves or a history of a mood, psychotic, anxiety, or
ubstance-related disorder in their first-degree family members.
ables 1 and 2 provide sample details. After a complete descrip-
ion of the study, written informed consent was obtained from all
articipants in accordance with the human investigation commit-
ees of the Yale School of Medicine and the Department of
eterans Affairs.

RI Data Acquisition
The fMRI and DTI data were acquired in the same scanning

ession for each subject with a 3-Tesla siemens Trio MR scanner
Siemens, Erlangen, Germany). The fMRI data were acquired
ith a single-shot echo planar imaging (EPI) sequence in align-
ent with the anterior commissure–posterior commissure plane

able 1. Sample Demographics and Behavioral Measures

HC BD

umber (Male) 31 (14) 33 (10)
ge (Years, Mean � SD) 30.4 � 10.8 31.8 � 9.6
AMD (Mean � SD)a 0.7 � 1.2 10.8 � 12.8
ARS-M (Mean � SD)a 0.2 � 0.5 4.9 � 6.2
urrent Tobacco Use (Yes:No)a 2:29 11:22
eaction Time (msecs, Mean � SD)

Fear 848.7 � 170.8 862.6 � 161.4
Happy 819.4 � 144.5 864.9 � 150.9
Neutral 812.0 � 153.3 858.8 � 158.5

esponse Accuracy (% Correct,
Mean � SD)

Fear 97.3 � 4.6 98.6 � 3.0
Happy 97.3 � 4.1 98.3 � 3.2
Neutral 97.0 � 4.9 98.1 � 3.4

HC, healthy control subjects; BD, bipolar disorder patients; SD, standard
eviation; HAMD, Hamilton Depression Rating Scale; CARS-M,
linician-Administered Rating Scale for Mania.

aGroup comparisons revealed significant differences (all Ps � .05), with
ncreased HAMD, CARS-M, and tobacco usage in the participants with BD
elative to the HCs. For all other factors listed in this table, group compari-
ons were not significant (all Ps � .10). HAMD scores as mean � SD for the
ifferent mood states: depressed, 28.14 � 7.1; euthymic, 7.12 � 6.7; manic/
ixed or hypomanic, 4.60 � 4.6; CARS-M scores as mean � SD for the

ifferent mood states: depressed, 5.00 � 3.3; euthymic, 3.38 � 3.4; manic/

ixed or hypomanic, 7.10 � 10.1.
with the following parameters repetition time [TR] � 2000 msec;
echo time [TE] � 25 msec; matrix � 64 � 64; field of view [FOV] �
240 mm � 240 mm and 32 three-millimeter slices without gap.
The DTI data were acquired in alignment with the fMRI data with
diffusion sensitizing gradients applied along 32 noncollinear
directions with b-value � 1000 secs/mm2, together with an
acquisition without diffusion weighting (b-value � 0; TR � 7400
msec; TE � 115 msec; matrix � 128 � 128; FOV � 256 mm �
256 mm and 40 three-millimeter slices without gap).

Emotional Face Paradigm
During the fMRI runs, an event-related emotional face task

was completed by each participant. Participants viewed faces
from the Ekman series depicting fearful, happy, or neutral
expressions and were instructed to press a button to make a
male-female determination, as described previously (30).

Functional Connectivity Processing
Statistical Parametric Mapping (SPM) software (http://www.

fil.ion.ucl.ac.uk/spm) was used for BOLD fMRI preprocessing, as
described previously (30). Briefly, images were realigned, spa-
tially normalized to a standard EPI template from the Montreal
Neurological Institute (MNI), and spatially smoothed.

The pACC seed region of interest (ROI) was defined with the
Wake Forest University PickAtlas Tool (http://www.fmri.wfubm-
c.edu/download.htm) on the basis of its ACC region excluding the
dorsal component (31). For each subject, a mean time series for
the pACC seed ROI was calculated by averaging the time series
for all voxels within the pACC ROI. Correlational analyses were
then performed between the pACC time series and the time
series for each brain voxel (32,33), resulting in a correlation map

Table 2. Comparisons of Functional Connectivity and Diffusion Tensor
Imaging Indexes in Participants with Bipolar Disorder

Characteristics of
Participants with Bipolar
Disorder n (%)

p Values

Fear FCa
Happy

FCa
Ventrofrontal

FAa

Mood State
Manic/mixed or

hypomanic 10 (30%)
Depressive 7 (21%) .883 .820 .104
Euthymic 16 (48%)

Rapid Cycling 19 (58%) .166 .395 .999
History of Substance-

related Disordersb 17 (51%) .390 .440 .095
Medication

Unmedicated 6 (18%) .518 .244 .993
Lithium carbonate 9 (27%) .406 .734 .073
Anticonvulsants 16 (48%) .279 .513 .885
Atypical antipsychotics 14 (42%) .956 .791 .679
Antidepressants 12 (36%) .510 .416 .398
Benzodiazepines 7 (21%) .112 .135 .166

aGroup comparisons were conducted for perigenual anterior cingulate
cortex-amygdala functional connectivity (FC) during fearful and happy face
processing and for ventrofrontal fractional anisotropy (FA). Comparisons
were conducted across the three mood states and for the presence/absence
of rapid cycling, history of substance related disorders, medications overall
and each medication class at the time of scanning.

bThis included 13 (39%) with a history of alcohol abuse or dependence, 9
(27%) of whom also had a history of other substance abuse or dependence,
and an additional 4 (12%) BD participants who had a history of other sub-
stance abuse or dependence.
for each subject that contained the correlation coefficient for

www.sobp.org/journal

http://www.fil.ion.ucl.ac.uk/spm
http://www.fil.ion.ucl.ac.uk/spm
http://www.fmri.wfubmc.edu/download.htm
http://www.fmri.wfubmc.edu/download.htm


e
a
v

D

i
i
m
D
(
t

s
m
m
m
e
S
b
f

S

a
c
t
c
w
c

b
c
w
d
M
l
a
(
b
c
v
h
c
p

R

t
W
i
f
p
n
b
t

518 BIOL PSYCHIATRY 2009;66:516–521 F. Wang et al.

w

ach voxel with that of the pACC ROI. For further statistical
nalysis, the correlation coefficients were transformed to Z
alues using Fisher r-to-z transformation (34).

TI Data Processing
Diffusion-weighted data were first interpolated to 1.5-mm

sotropic voxels and then denoised by a three-dimensional
sotropic Gaussian kernel with Sigma 2 mm full-width-at-half-
aximum (FWHM) Gaussian kernel. After diagonalization of the
TI data, diffusion eigenvectors, and corresponding eigenvalues

�1, �2, �3) were acquired. FA was then calculated according to
he methodology of Basser et al. (35):

FA �
�3[(�1 � ���)2 � (�2 � ���)2 � (�3 � ���)2]

�2(�1
2 � �2

2 � �3
2)

,

��� �
�1 � �2 � �3

3

Whole brain FA maps were normalized with SPM5 to the
tandard MNI space using a tissue probability map of white
atter as a template. The FA maps were resampled to 2 mm � 2
m � 2 mm during the normalization. Furthermore, each FA
ap was spatially smoothed by a 10-mm FWHM. FA values at

ach brain voxel were submitted to a linear-regression analysis in
PM (discussed subsequently) to determine the relationship
etween FA values throughout the brain and pACC-amygdala
unctional connectivity.

tatistical Analyses
To test the primary study hypothesis, group differences were

nalyzed using two-sample t tests in SPM with the functional
onnectivity correlation coefficients (Z scores) from the pACC
o all brain voxels as the dependent variables for each face
ondition (fearful, happy, and neutral face expressions). Findings
ere considered significant for p � .005 (uncorrected) and for

lusters �640 mm3 (10 voxels).
To test the second study hypothesis regarding the relationship

etween functional and structural pACC-amygdala connectivity,
orrelation coefficients (Z scores) for each face condition in
hich group differences in pACC-amygdala connectivity were
etected were extracted from the amygdala (defined with the
arsBar toolbox; http://marsbar.sourceforge.net). Whole-brain

inear regression analysis was performed in SPM to investigate the
ssociation between these pACC-amygdala correlation coefficients
exploratory variables) and FA values (dependent variables) at all
rain voxels for all participants. Findings were considered signifi-
ant for p � .005 (uncorrected) and for clusters �640 mm3 (80
oxels). Finally, group differences in FA values from the point of
ighest association between FA and pACC-amygdala functional
onnectivity correlation coefficients were analyzed using two-sam-
le t tests.

esults

There were no significant group differences in mean reaction
ime or response accuracy to the different face types (Table 1).

e observed decreased pACC-amygdala functional connectivity
n the BD group, compared with the HC group (p � .005), during
earful (Figure 1A and 1C) and happy (Figure 1B and 1D) face
rocessing. No significant group differences in functional con-
ectivity were detected during neutral face processing. Whole-
rain analyses revealed additional group differences in func-

ional connectivity from the pACC to the ventral caudate and

ww.sobp.org/journal
nucleus accumbens during fearful and happy processing, as well
as decreased connectivity from the pACC to the right inferior
temporal gyrus during fearful processing. Each of the amygdala
findings remained significant after Bonferroni correction to ac-
count for the three face conditions considered; however, the
additional findings in the striatum and cortex did not survive this
correction.

Within the entire sample, regression analyses revealed a
significant positive association between the pACC-amygdala
functional coupling during fearful and happy face processing
and FA values in the region of the uncinate fasciculus and
neighboring ventrofrontal white matter (p � .005; Figure 2).
These findings remained significant when Bonferroni correction
was applied to account for analyses performed in the two
emotional face conditions. Significant positive associations be-
tween pACC-amygdala functional connectivity and FA were also
detected in other distributed white matter regions including
regions of fronto-thalamo-striatal projections, as well as fronto-
temporal projections to posterior association cortex. The associ-
ation between pACC-amygdala functional coupling and FA in the
uncinate fasciculus region found in the entire sample was also
present within the BD group alone (Fear: r � .308, p � .041;
Happy: r � .3, p � .045), as well as the HC group alone (Fear: r �
.401, p � .013; Happy: r � .371, p � .02). FA values were
significantly decreased (p � .04) in the BD group (mean � SD �
.28 � .08), relative to the HC group (mean � SD � .32 � .06), in
the region where the functional-structural connectivity associa-
tions were detected (x � �18 mm, y � 18 mm, z � �10 mm;
sphere of radius � 2 mm).

Post hoc exploratory analyses performed in patients did not
reveal any significant effects of mood state, rapid cycling, history
of substance-related disorders, or medication status on pACC-
amygdala functional connectivity or ventrofrontal FA (Table 2).

Discussion

We detected disturbances in pACC-amygdala functional con-
nectivity during the processing of faces depicting positive and
negative emotions in BD. Moreover, we found an association
between pACC-amygdala functional connectivity measurements
and the structural integrity of ventrofrontal white matter, includ-
ing the uncinate fasciculus where FA was also significantly
decreased in the BD group. Taken together, these data provide
some of the first evidence that abnormalities in the structural
integrity of white matter may contribute to disruptions in the
coordinated response of the pACC and amygdala to emotional
stimuli in BD.

The pACC and amygdala are critical components of emotional
processing circuitry and share extensive interconnections (1,2).
Evidence has suggested that the pACC activates local inhibitory
circuits in the amygdala, thereby regulating amygdala response
(36,37). The decrease in pACC-amygdala functional connectivity
in BD could reflect a reduction in the pACC’s inhibitory control
over the amygdala. Disrupted structural integrity of white matter
bundles that contain pACC-amygdala connections, as reported
herein, might contribute to pACC-amygdala functional connec-
tivity deficits. PACC structural abnormalities (6,7) have also been
reported in BD and may contribute to the circuitry dysfunction.
Finally, abnormalities in a third structure with connectivity to
both pACC and amygdala might play a role in the reduced
functional connectivity between the regions. Therefore, further
study of gray-white matter relationships and their associations to

pACC-amygdala functional connectivity disruptions, and explo-

http://marsbar.sourceforge.net
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ation of abnormalities in other regions with connectivity to
ACC and amygdala, are required to advance understanding of
he interconnections between the pACC and amygdala. Of note,
esults from conventional functional activation analyses show
ACC activation decreases in the BD group compared with the

igure 1. The coronal images (Montreal Neurological Institute [MNI] coordin
oupling to the perigenual anterior cingulate cortex (pACC) is decreased i
omparison (HC) participants during (A) fearful face processing (MNI coordin
� �20 mm, 22 voxels, T � 3.63, p � .001 uncorrected; x � 24 mm, y � �4
rocessing (MNI coordinates for the maximal point of difference in the am
ncorrected; x � 24 mm, y � 0 mm, z � �16 mm, 28 voxels, T � 3.46, p � .0
isplayed on a T1 image. L, left brain; R, right brain. The graph shows the mea

he BD group (n � 33) and the HC (n � 31) group during (C) fearful face pro

igure 2. The axial-oblique images (Montreal Neurological Institute [MNI] co
ractional anisotropy showed a positive association with functional coup
rocessing (MNI coordinates for the point of maximal association: x � �18 m
appy processing (MNI coordinates for the point of maximal association: x �

n the entire cohort. The color bar represents the range of T values. The findin

rain.
HC group, during fearful and happy face processing (Supple-
ment 1). No group differences were observed in amygdala
activation. The absence of group differences in amygdala activa-
tion, despite the significant decreases in pACC-amygdala con-
nectivity, is unclear. A possible explanation is that our imaging

� 0 mm) display the amygdala and ventral striatal regions where functional
33 participants with bipolar disorder (BD), compared with the 31 healthy
or the maximal point of difference in the amygdala: x � �28 mm, y � 0 mm,

, z � �20 mm, 39 voxels, T � 3.9, p � .001 uncorrected) and (B) happy face
la: x � �28 mm, y � 0 mm, z � �20 mm, 13 voxels, T � 3.17, p � .001
corrected). The color bar represents the range of T values. The findings are

relation coefficients from the pACC to the amygdala and standard errors for
ng and (D) happy face processing. *denotes significant decreases.

ates z � �12 mm) display the regions in ventrofrontal white matter in which
rom perigenual anterior cingulate cortex to amygdala during (A) fearful
� 18 mm, z � �10 mm, 107 voxels, T � 3.32, p � .001 uncorrected) and (B)
mm, y � 20 mm, z � �10 mm, 157 voxels, T � 2.88, p � .002 uncorrected)

e displayed on a tissue probability map of white matter. L, left brain; R, right
ates y
n the
ates f
mm
ygda
01 un
n cor
ordin
ling f

m, y
�18

gs ar
www.sobp.org/journal



m
m
t
p
h
t
d
p
t
t

c
t
t
f
s
s
v
c
a
m
t
r
s
(
c
n
f
v
i
i
i
s
h

c
p
o
f
t
a
p
(
a
o

t
f
c
i
c
d
s
v
w
i
p
w
i
m
s

v

520 BIOL PSYCHIATRY 2009;66:516–521 F. Wang et al.

w

ethods were more sensitive to detecting connectivity abnor-
alities than within-region amygdala abnormalities. Alterna-

ively, connectivity abnormalities may have been especially
rominent in this sample, or factors such as medication might
ave blunted amygdala differences (4). Other research groups
hat used similar functional connectivity methods to study disor-
ers in which frontotemporal connectivity disturbances are im-
licated, such as schizophrenia, have similarly detected connec-
ivity differences in the absence of activation differences within
he connected brain regions (38).

White matter fibers that course through the ventral prefrontal
ortex, including the uncinate fasciculus, are thought to provide
he structural framework for the functional connections between
he pACC and amygdala (25,26). We performed structural and
unctional connectivity measures in the same subjects, during the
ame scanning session, permitting examination of their relation-
hip. Significant positive associations were identified between FA
alues in the region of the uncinate fasciculus and the correlation
oefficients for functional coupling between the pACC and
mygdala, suggesting that abnormalities in ventrofrontal white
atter may contribute to disruptions in pACC-amygdala func-

ional connectivity in BD. A recent DTI tractography study
eported an increase in the number of fibers connecting the
ubgenual cingulate and amygdalohippocampal complex in BD
39), providing a view of white matter abnormalities in BD
omplementary to that described herein. However, this study did
ot detect FA reductions in these fibers. Potential explanations
or the divergent results between the two studies may include
ariances in the specific fibers studied due to the different
maging processing and analysis methodologies and differences
n sample characteristics. Future work using complementary DTI
maging methods in a single study, as well as collaborative
tudies across imaging centers using comparable methods, could
elp resolve discrepant results.

The functional connectivity analyses revealed significant de-
reases in pACC-amygdala functional coupling in BD during the
rocessing of fearful and happy faces, but not during processing
f emotionally neutral faces. This is consistent with previous
unctional neuroimaging studies that have shown engagement of
his circuitry in response to both fearful and happy faces (40–42)
nd the efficacy of emotionally valenced faces as stimuli to study
ACC-amygdala interactions in functional connectivity analyses
11). Moreover, it supports the utility of this approach to probe
bnormalities in pACC-amygdala functional connectivity in dis-
rders of affective regulation.

Reduced functional coupling from pACC was also detected in
he ventral caudate and nucleus accumbens, although these
indings did not survive more stringent corrections for multiple
omparisons. The ventral caudate and nucleus accumbens are
nterconnected with pACC and amygdala (25,43) and are impli-
ated in BD because of their role in motivated behaviors that are
ysregulated in the disorder and findings of alterations in their
hape, volume, and activation in BD (44–46). In addition to
entrofrontal areas, regions in which the structural integrity of
hite matter were associated with pACC-amygdala coupling

ncluded fronto-thalamo-striatal projections and projections to
osterior sensory regions that provide connections within a more
idely distributed neural system. This suggests that disruptions

n pACC-amygdala connectivity may be associated with abnor-
alities in the development of a more widely distributed neural

ystem subserving emotional regulation (47).
Participants with BD were in different mood states and had
ariable histories of rapid-cycling, comorbidity, and medication

ww.sobp.org/journal
and substance exposure. Although we did not detect significant
main effects of these factors on pACC-amygdala functional
connectivity or ventrofrontal FA, our ability to detect effects of
these factors was potentially limited by inadequate power. We
also performed our analyses with current tobacco use as a
covariate, yielding equivalent results. Additional studies report-
ing reduced functional connectivity in manic participants (48), as
well as across acute mood states and euthymia (49), suggest that
functional connectivity disturbance may be a trait abnormality in
BD. Most of our BD participants reported symptom onset in
adolescence/early adulthood. Interestingly, ACC receives a pro-
gressive and dramatic growth of fibers originating from the
amygdala during adolescence/early adulthood (50), a period
coinciding with this peak in the onset of BD, suggesting that
further study in the development of the ACC-amygdala connec-
tivity in adolescence/early adulthood in BD may help to eluci-
date a neurodevelopmental mechanism contributing to the dis-
order.
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