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ctivity and Connectivity of Brain Mood Regulating
ircuit in Depression: A Functional Magnetic
esonance Study

mit Anand, Yu Li, Yang Wang, Jingwei Wu, Sujuan Gao, Lubna Bukhari, Vincent P. Mathews,
ndrew Kalnin, and Mark J. Lowe

ackground: Functional imaging studies indicate that imbalances in cortico-limbic activity and connectivity may underlie the
athophysiology of MDD. In this study, using functional Magnetic Resonance Imaging (fMRI), we investigated differences in
ortico-limbic activity and connectivity between depressed patients and healthy controls.
ethods: Fifteen unmedicated unipolar depressed patients and 15 matched healthy subjects underwent fMRI during which they first

ompleted a conventional block-design activation experiment in which they were exposed to negative and neutral pictures. Next, low
requency blood oxygenation dependent (BOLD) related fluctuations (LFBF) data were acquired at rest and during steady-state
xposure to neutral, positive and negative pictures. LFBF correlations were calculated between anterior cingulate cortex (ACC) and
imbic regions – amygdala (AMYG), pallidostriatum (PST) and medial thalamus (MTHAL) and used as a measure of cortico-limbic
onnectivity.
esults: Depressed patients had increased activation of cortical and limbic regions. At rest and during exposure to neutral, positive,
nd negative pictures cortico-limbic LFBF correlations were decreased in depressed patients compared to healthy subjects.
onclusions: The finding of increased activation of limbic regions and decreased LFBF correlations between ACC and limbic regions

s consistent with the hypothesis that decreased cortical regulation of limbic activation in response to negative stimuli may be present

n depression.
ey Words: Depression, fMRI, cortico-limbic, connectivity, emo-
ional valence, mood circuit, low frequency BOLD fluctuations

ositron emission tomography (PET) and functional mag-
netic resonance imaging (fMRI) studies have reported
decreased activation of cortical regions such as the dorso-

ateral prefrontal cortex (DLPFC) (Ketter 1996; Mayberg et al
999) and anterior cingulate cortex (ACC) (Drevets et al 1997) in
epression. Conversely, increased activation of limbic regions
uch as medial thalamus (MTHAL), pallidostriatum (PST) and
mygdala (AMYG) (Drevets 2000b; Mayberg et al 1999; Sheline et
l 2001; Siegle et al 2002) has been reported in depression. This
attern of regional activation in depression has led to postulation
f a putative prefrontal-amygdalar-pallidostriatal-mediothalamic
ood regulating circuit (MRC) (Anand and Charney 1999; Dre-
ets 1998; Mayberg 1997). Depression has been postulated to
rise due to imbalances in connectivity in this circuit leading to
ecreased regulatory effect of the cortical areas such as the ACC
ver the limbic regions such as AMYG, PST and MTHAL
Damasio 1997; Drevets et al 1997; Mayberg et al 1999). Recent
dvances in brain imaging and image analysis have made it
ossible to study connectivity between brain regions in humans,

n vivo.
Functional connectivity between brain regions has been

efined as the temporal correlation between spatially remote
europhysiological events (Friston et al 1993). Current research
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indicates that the production of emotions may be dependent on
a distributed neuronal network consisting of cortical and limbic
regions rather than on the activity of a discrete brain region
(Damasio 1997). Therefore, brain abnormalities in mood disor-
ders are much more likely to be present in functional connectiv-
ity between brain regions, rather than within discrete brain
regions (Mayberg 2003).

Brain imaging paradigms which have sought to explore
functional connectivity (Friston et al 1993) have done so by
correlating activation of brain regions working on the assump-
tion that if the activation of two brain regions in response to a
task is correlated, then they are likely to be functionally con-
nected (Lawrie et al 2002; McIntosh et al 1994; Menon et al 2001;
Meyer-Lindenberg et al 2001; Stephan et al 2001). A number of
investigators have reported promising results using this method.
However, in this paradigm, there is a possibility that similar
activation may be seen in areas with different resting states and
different levels of BOLD changes (Shulman 2001). Moreover,
functionally unconnected regions may respond similarly to
changes associated with a task. Recent studies, which have used
PET to measure resting state blood glucose metabolism, have
reported changes in cortico-limbic circuitry after treatment in
depressed patients (Mayberg 2002; Seminowicz et al 2004).
However, until recently, methods were not available to measure
steady-state blood flow changes using fMRI.

In a recently developed method, correlation of low frequency
BOLD- weighted temporal fluctuations (LFBF) in steady-state
fMRI data has been used as a measure of connectivity between
brain regions (Biswal et al 1995; Lowe et al 2000). Spontaneous
low-frequency oscillations in regional cerebral blood flow and
oxygenation in animals have been observed with laser Doppler
flow, fluororeflectometry, fluorescence video microscopy, and
polarographic measurement of brain tissue (Lowe et al 2002).
Biswal and colleagues demonstrated that very low frequency
(� .08 Hz) temporal fluctuations in BOLD weighted echoplanar
imaging data are phase locked between areas of plausible

functional connectivity (Biswal et al 1995). It has recently been
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ecognized that these LFBFs (� .08 Hz) are not associated with
eatures of any task or overt stimulus, and are not caused by
nstrumentation or physiological effects (such as cardiac and
espiratory cycles) originating outside the brain (Biswal et al
995) and that these resting state signal changes reflect alter-
tions in blood flow and oxygenation that may be coupled to
euronal activity (Maldjian 2001). Correlation of LFBF as a
easure of functional connectivity between distant functionally

elated brain regions has been used successfully to demonstrate
onnectivity between brain regions which are known to be
unctionally related from neurophysiological and neurological
tudies – e.g. DLPFC and middle frontal gyrus during perfor-
ance of a finger tapping task (Lowe et al 2000), sensorimotor

nd language areas (Arfanakis et al 2000), Broca’s and Wer-
icke’s area while performance of a speech task (Hampson et al
002), and cingulate cortex and DLPFC during performance of a
orking memory task (Greicius et al 2003). Therefore, using

MRI, LFBF correlations may be useful for measuring cortico-
imbic connectivity.

In this study, we tested the hypothesis using conventional
lock-design task (emotionally valenced pictures)-generated
MRI, whether depressed patients have abnormal activation of
he mood regulating areas of the brain. We further hypothesized
hat decreased connectivity between the ACC and limbic regions
uch as AMYG, PST and MTHAL as measured by decreased
hase coherence between LFBFs measured in these areas may be
resent in depressed patients compared to healthy controls. We
ested the hypothesis, using resting state LFBF correlations,
hether decreased cortico-limbic connectivity was present in
epressed patients compared to healthy subjects. However,
ifferences in cortico-limbic connectivity between patients and
ealthy controls may become more apparent while performing a
ask that recruits the functioning of the cortico-limbic circuit (e.g.,
xposure to an emotionally valenced stimulus). Therefore we
lso investigated LFBF correlations differences between de-
ressed patients and healthy controls on exposure to neutral,
ositive and negative pictures.

ethods and Materials

ubjects
Medication free unipolar depressed outpatients were re-

ruited from the outpatient clinic at University Hospital, Indiana
niversity School of Medicine and by advertisement. Healthy
ubjects matched for age, sex and ethnicity were also recruited
ia advertisement. All subjects took part after signing an in-
ormed consent form approved by the Investigational Review
oard (IRB) at Indiana University School of Medicine. Both
atients and subjects were paid $50 for screening and $50 for
RI scan. Inclusion criteria for depressed subjects were: age
8–60 years and able to give voluntary informed consent; satisfy
iagnostic and Statistical Manual fourth edition (DSM-IV) criteria

or Major Depressive Episode; 25-item Hamilton Depression
ating Scale (HDRS) score � 18; satisfy criteria to undergo an
RI scan based on MRI screening questionnaire; and be able to
e managed as outpatients. Exclusion criteria for depressed
atients were: meeting DSM-IV criteria for schizophrenia, schizo-
ffective disorder, bipolar disorder or an anxiety disorder as a
rimary diagnosis; use of psychotropics in the past 2 weeks; use
f fluoxetine in the past 4 weeks; acutely suicidal or homicidal or
equiring inpatient treatment; meeting DSM-IV criteria for sub-
tance dependence within the past year, except caffeine or

icotine; positive urinary toxicology screening at baseline; use of

ww.elsevier.com/locate/biopsych
alcohol in the past week; serious medical or neurological illness;
current pregnancy or breastfeeding; and metallic implants or
other contraindications to MRI. Inclusion criteria for healthy
subjects were: ages 18–60 years and able to give voluntary
informed consent; no history of psychiatric illness or substance
abuse or dependence; no family history of major psychiatric or
neurological illness in first degree relatives; not currently taking
any prescription or centrally acting medications; no use of
alcohol in the past week; and no serious medical or neurological
illness. Exclusion criteria for healthy subjects were: under 18
years of age; pregnant or breastfeeding; and metallic implants or
other contraindication to MRI.

After complete description of the study to the subjects, written
informed consent was obtained.

Behavioral Ratings
Subjects were rated on 25-item Hamilton Depression Rating

Scale (HDRS) (Thase et al 1991) at screening and on day of scan.
Visual Picture Sequence. The International Affective Picture

System (IAPS) (Lang, Bradley and Cuthbert, National Institute of
Mental Health (NIMH) Center for the Study of Emotion and
Attention) (Lang et al 1997) is a large set of standardized,
emotionally-evocative, internationally accessible color photo-
graphs. The IAPS pictures are rated on two primary dimensions –
affective valence and arousal. Each picture is rated on a 9 point
scale such that 9 represents a high rating on each dimension
(high pleasure, high arousal) and 1 represents a low rating (low
pleasure, low arousal). For the purpose of this study, we decided
to include, ratings applicable to sexes, negative pictures (valence
ratings 2 – 3; arousal ratings � 6), positive pictures (valence
ratings � 7.5 and arousal ratings � 6), and neutral pictures
(valence ratings 4.5 – 5.5 and arousal � 3). Different picture sets
were given for the fMRI activation scan and the LFBF component
of the experiment.

Functional MRI Scan
Image Acquisition. Image data were acquired using a Gen-

eral Electric (Waukesha, Wisconsin) 1.5 T MRI scanner. Subjects
were placed in a birdcage head coil and individually fitted to a
bite bar partially composed of dental impression compound
attached to the coil to reduce head motion. Visual stimuli for all
tasks were computer generated and presented using an MRI
compatible binocular fiberoptic goggles (Avotec Inc., Jensen
Beach, Florida). Before the scan, subjects were instructed to just
look at the pictures and let the feelings elicited by the pictures
flow and not try to suppress the feelings elicited by the pictures.
Subjects were not asked to rate the pictures or perform any other
cognitive task, as cognitive activity has been shown to inhibit
activation of the limbic system particularly the amygdala
(Mayberg 2000; Phan et al 2002). The person conducting the scan
was able to communicate with the patient using an audio device
through the headphones that the subject wore to decrease effects
of scanner noise during the scan. Subjects were asked periodi-
cally and specifically before the start and at the end each of the
scan how they were doing and whether they were able to follow
the instructions for each of the scans. The subjects were asked to
respond by moving their feet that were outside the scanner.
Scans were only done if the subjects periodically indicated that
they were comfortable and able to follow instructions given to
them.

The fMRI sequence was as follows:

1. T -weighted three axes localizer image: repetition time/
1

echo time (TR/TE) 500/3 msec; Thickness/Gap 5/1.5 mm;
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matrix: 256 x 128; field of view (FOV) 24 x 24 cm; 1 number
of excitations (NEX); Time 0:30.

2. T1-weighted whole brain image using a 3D magnetization
prepared spoiled gradient echo sequence to provide real
1 x 1 x 1 mm3 spatial resolution. Time 9:37. This scan is
necessary to calculate Talairach landmarks in each subject’s
data in order to permit inter-subject co-registration of
results.

3. Anatomic scan: T1-weighted axial images: TR/TE 500/12
msec; 16 slices covering from 5 mm below top of brain
inferiorly; Thickness/Gap 7.0/2.0 mm; matrix: 256 x 128;
FOV 24 x 24 cm; 1 NEX.

4. fMRI activation scan. 2D Gradient echo EPI sequence:
TR/TE 2000/50 msec; matrix: 64 x 64; FOV 24 x 24 cm; flip
90 degrees; bandwidth �/� 62.5 kHz; and 166 repetitions.
This scan was acquired with the same slice locations,
thickness, and gap as in scan 3. Total scan time for five 1
min picture blocks (please see below) and a 16 second
stabilization period at the beginning and end of the scan
was 5 min and 32 sec. This scan was repeated 2 times once
for the negative versus neutral contrast and a second time
for the neutral versus positive contrast (please see below).

5. fMRI LFBF correlations scan. 2D Gradient echo EPI se-
quence: TR/TE 400/50 msec; 4 transverse slices which
included a priori decided upon ROIs - DLPFC, ACC,
MTHAL/PST and AMYG identified on the reformatted high
resolution SPGR planes (from scan 2) by trained neurora-
diology staff (YW and VBM); Thickness � 7 mm, with the
gap adjusted to acquire desired slices; matrix: 64 x 64; FOV
24 x 24 cm; flip 30 degrees; bandwidth � 62.5 kHz; 512
repetitions; Scan time: Time 5 min and 7 sec; repeated 4
times.

isual Stimulus
The following sequence was created using E-prime software

Psychology Software Tools, Inc, Pittsburgh, Pennsylvania) for
aradigm design for presentation of pictorial stimuli.

Activation Scan. Scan 1: negative vs. neutral pictures. Alter-
ate blocks of 4 neutral and 4 negative pictures. Three blocks of
eutral and 2 blocks of negative pictures were presented. Each
lock was presented for 1 minute and each picture was shown
or 15 secs. Scan time 5 min and 32 secs. Resting Interval 2 – 5
in.
Scan 2: negative vs. positive pictures. Alternate blocks of 4

ositive and 4 negative pictures. Three blocks of negative and 2
locks of positive pictures were presented. Each block was
resented for 1 minute and each picture was shown for 15 secs.
otal: Scan time 5 min and 32 secs.

Connectivity Scan. Scan 3: resting state, eyes closed with no
ask performance. Total scan time: 5 min.

Scan 4: continuous exposure to neutral pictures: 20 neutral
ictures (each for 15 sec) Total scan time: 5min.

Scan 5: continuous exposure to positive pictures: 20 positive
ictures (each for 15 sec). Total scan time: 5 min.

Scan 6: continuous exposure to negative pictures: 20 negative
ictures (each for 15 sec). Total scan time: 5 min.

mage Analysis
Data Reconstruction. This was done using in-house soft-

are. The raw image data was Hamming-filtered to improve
ignal-to-noise ratio with minimal reduction in spatial resolution

Lowe and Sorenson 1997).
Activation fMRI Data Analysis. Reconstructed data were
analyzed using SPM 99 image analysis software (Wellcome
Department of Cognitive Neurology, London, United Kingdom).
EPI images were corrected for motion and differences in slice
time acquisition, spatially normalized to MNI (Montreal Neuro-
logical Institute) space, and smoothed (8 mm full width half
maximum (FWHM)). A boxcar reference function convolved
with canonical hemodynamic response function (HRF) was
constructed for negative versus neutral and negative versus
positive pictures respectively. The first eight images from each
trial were discarded to ensure that only image data acquired
during MR signal in stable state were analyzed. A high pass filter
was used in specification of the boxcar models to remove global
low frequency confounds. Then a t-contrast map of a single
subject was estimated by SPM99. The t-contrast maps for each
subject were then entered into a second level, random effects
analysis. Random effects analysis t-contrast maps were then
superimposed on SPM/MIN canonical T1 structural scan pro-
vided in the database of SPM 99. A nonlinear transform of MNI to
Talairach coordinates for each activation area was calculated by
a Matlab function provided in SPM99.

The identification of these areas was done using pre-defined
anatomical ROI libraries provided within SPM 99 (Tzurio-
Mazoyer 2002). The DLPFC ROI was defined as the area within
the lateral cortical ribbon of Brodmann’s area 9 and 46 which
showed the greatest activation at baseline in response to negative
versus neutral pictures. For negative versus neutral pictures the
percent signal change for each block of pictures was calculated
as: ((average signal of all voxels within the region on exposure to
negative pictures – average signal of all voxels within the region
on exposure to neutral pictures)/ average signal of all voxels
within the region on exposure to neutral pictures) x 100. The
percent signal change was calculated with a correction for 8
second delay in the onset of hemodynamic response from the
start of stimulus presentation.

LFBF Correlation Analysis. Scans were first evaluated for
motion. This was done using the “3dvolreg” module in analysis
of functional neuroimages (AFNI) (Cox 1996), which uses an
iterative least-squares algorithm to determine the variance in a
voxel, between images due to motion. No scan was found with
a shift of more than .6 mm in any plane or a rotation of more than
.6° in any direction and therefore motion correction was not
required. The number of slices that can be obtained is limited in
the LFBF technique as the sampling rate needs to be set so as to
exclude aliasing of cardiac and respiratory related fluctuations in
the data. Therefore, a maximum of 4 slices could be obtained
corresponding to the ROIs but these slices were noncontiguous.
Normalization of these slices in the Talairach space was not
attempted as this could potentially lead to significant distortion of
the LFBF data. Instead a priori defined ROIs were drawn based
on anatomy. Next, the processing for LFBF correlation was done
in three steps:

1. Low-pass filtering: Data was corrected for global drifts.
Next, data from each pixel were passed through a finite-
impulse response (FIR) filter to remove all frequencies
above .08 Hz. This removes the oxygenation fluctuations
from direct sampling of respiratory and cardiac-related
oxygenation fluctuations (Lowe et al 1998).

2. Selection of regions of interest (ROIs): For the purpose of this
analysis we decided to focus on the LFBF correlations be-
tween the ACC and the MTHAL, AMYG and PST as these are

regions which have been most frequently implicated in differ-

www.elsevier.com/locate/biopsych
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ent studies to be part of the cortico-limbic MRC (Damasio
1997; Drevets 2000a; Mayberg 2000). ROIs were placed by
trained radiology staff (YW) in conjunction with a neuroradi-
ologist (AK) corresponding to the a priori defined cortico-
limbic areas whose activation was confirmed with the activa-
tion scan (Figures 2A and 2B). Anatomically defined region-of
interest (ROIs) corresponding to the different regions of the
cortico-limbic network as described in published literature
were manually traced on each subject’s high-resolution anat-
omy. The center of each ROI was traced based on anatomical
landmarks for different areas in the cortico-limbic network,
with reference to the activation maps of functional scan from
same subject. ACC ROI was delineated in the rostral ACC
region (Brodmann area 24A (Phillips et al 2003) as described
by Shin and colleagues (Shin et al 2001). The inferior bound-
ary was the intercommissural plane; subgenual portions of
ACC (operationally defined here as ACC below z � 0) were
excluded from this region of interest because our earlier
studies demonstrated signal dropout in this region due to
susceptibility artifacts as well as data in primates demonstrat-
ing that the posterior extent of limbic projections to ACC are
located immediately superior to the genu of the corpus
callosum, the posterior boundary was defined as the coronal
slice 24 mm anterior to the anterior commissure. Striatal-
pallidal ROI was defined as reported by Burruss and col-
leagues (Burruss 2000) and partially covered putamen and
lateral palladium. The LFBF slices were 8 mm thick and
therefore covered middle and ventral portions of the striato-
pallidium. ROI were not placed in the more ventral regions of
the striatum due to abrupt decrease in signal in these regions
and presence of susceptibility artifacts. Pre-genual ACC was
chosen as the ROI as a number of neurological studies have
indicated that it is involved in regulation of emotions (Critch-
ley 2004; Damasio 1997; Drevets 1998; Mayberg et al 2000).

Using “draw dataset” function in AFNI (Cox 1996), ROIs
were defined as circles with a radius of 4 mm for Amygdala
and 6 mm for ACC, medial Thalamus and Striatum ROIs,
respectively. Amygdala ROI was smaller than then other
regions as this region is anatomically smaller than the other
regions being studied. At the same time, the size was
determined based on the in-plane resolution of connectivity
EPI data to make sure that certain number of voxels (7 for
amygdala and 12 for other ROI regions) were selected for

igure 1. Region of Interest (ROI) placement for sampling of low frequen
ingulate cortex; 2, 3: pallido-striatum (PST); 4, 5: medial thalamus (MTHAL)
further analysis. Those numbers are consistent with previ-

ww.elsevier.com/locate/biopsych
ous reports of connectivity study from our institution (Lowe
et al 1998).

3. Correlation analysis: For the time series acquired for 512
time points, an average for each time point was calculated
for all the pixels within each ROI. This averaged 512 time
points series was then corrected for global drift prior to the
correlation analysis (Lowe et al 1999). Correlation was
calculated between the time series using ACC ROI as a
reference ROI with time series of the PST, AMYG and
MTHAL ROIs across all time points (512 time points)(Lowe
et al 1998). The correlation coefficient was then trans-
formed to a t statistic (Lowe et al 1998) to enable compar-
ison between groups. The t-score of correlation of LFBF
between two ROIs was calculated for each of the time series
acquired during resting state and during exposure to neu-
tral, positive and negative pictures, for the depressed
patients and healthy controls. LFBF correlation t scores
between ACC and the limbic regions – AMYG, PST and
MTHAL, were used as measures of connectivity between
these regions (see Figure 1).

Statistical Analysis
For activation data, statistical analysis was done within SPM 99

as described above. As ROIs of interest were identified a priori
areas of activation were examined p � .005 (uncorrected)
(Friston et al 1995).

For LFBF correlations data, analysis of variance (ANOVA)
models were conducted for differences between the two groups
(depressed patients and healthy subjects) for each pair of ROIs
with the LFBF correlations t score as the dependent variable.
ANOVA was done for between group effects using LFBF corre-
lation t scores between ACC and PST, MTHAL, and AMYG on
each side in the resting state and during exposure to neutral,
positive and negative pictures. The PROC MIXED procedure in
the statistical software package SAS (SAS Institute, Inc., Cary,
North Carolina) was used to conduct the analysis, and an
unstructured variance-covariance matrix was used for the corre-
lation structure. The significance level of hypothesis testing was
set at p � .05 (uncorrected) as correlations were calculated
between a priori defined ROIs.

Results

Seventeen depressed patients and 17 healthy subjects com-

LD fluctuations (LFBF) for cortico-limbic connectivity analysis. 1: anterior
amygdala (AMYG).
pleted the fMRI scan. Results are presented for 15 depressed and
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5 age, sex and ethnicity matched healthy subjects. One patient
as excluded because she reported that she was unable to attend

o the pictures during the scan. One healthy subject was ex-
luded due to failure of the proper acquisition of fMRI data
eading to a warped image. One patient and 1 healthy subject
ere excluded because there were no close matches in terms of
ge, sex and ethnicity. Results are presented for 15 depressed
nd 15 age, sex and ethnicity matched healthy subjects. How-
ver, one African American subject in patient group was matched
or age and sex but not ethnicity. Subject characteristics are
etailed in Table 1 including duration of illness, number of
epressive episodes and medication status for the depressed
atient group.

egional Activity Analysis
The negative versus positive picture contrast showed in-

reased activation of the areas of the MRC but did not reach
ignificance levels (p � .05) therefore this report will focus
ainly on the negative versus neutral contrast.

able 1. Demographic and Clinical Characteristics of the Sample

Depressed Patients
(n � 15)

Healthy Subjects
(n � 15)

ge 28 � 9 28 � 7
ex 11 Female, 4 Male 11 Female, 4 Male
thnicity 13 Caucasian, 2

African American
14 Caucasian, 1

African American
5-item HDRS Score 31 � 8; NA
umber of Previous
Episodes

3 � 2 NA

uration of Illness 6 � 7 years NA
rug Free Period Treatment Naïve –

8 patients
NA

Rest of the patients:
24 � 33 weeks

HDRS, Hamilton Depression Rating Scale. Unless otherwise indicated,
ata are expressed as mean � SD.

able 2. Regional Activation on Exposure to Negative versus Neutral Pictu

ROI
Brodmann

Area Side

Healthy Co

Coordinatea

zc

Scorx y z

mygdala Left �24 �7 �20 3.3
Right 26 �7 �15 3.1

utamen Left �20 �1 11 3.2
Right 24 1 11 3.6

halamus Left �10 �14 1 5.8
Right 10 �14 1 4.0

LPFC 9 Left �44 13 27 4.7
9 Right 50 17 25 4.5

MPFC 9/8 Left �6 56 30 4.3
9/8 Right 4 56 30 3.9

nsula 13 Left �44 �11 14 �4.2
13 Right 46 �7 12 �3.6

nterior Cingulate 32 Right 10 38 20 �3.5
iddle Cingulate 24 Left �2 �29 40 �4.7

24 Right 14 2 44 �3.4

ROI, Region Of Interest; AMPFC, Anteromedial Prefrontal Cortex; DLPFC
aCoordinates are those pixels in activation ROI, which have maximum z-
bExtent (mm3): Total area of all voxels for which activation was significan

cFor z scores � 2.98, p � .005; for z � 3.79, p � .001; for z � 4.14, p � .0005; fo
Group Effects for Response to Negative versus Neutral
Pictures. A one way ANOVA for group differences between
depressed and healthy subjects revealed that depressed patients
had significantly increased activation of the ACC, insula and
parahippocampal areas (Figure 2B). A comparison between
depressed patients and healthy subjects revealed a greater acti-
vation of the AMYG, PST, insula, ACC, and AMPFC in depressed
subjects in terms of brain area activated as well as percent signal
change (Table 2; Figure 2). MTHAL activation was, however,
similar in both groups.

The activation data confirmed our hypothesis that the areas that
were designated a priori as the components of the MRC were
indeed activated more in response to negative pictures versus
neutral pictures in depressed patients compared to healthy controls.

LFBF Correlation Analysis
Resting State. In resting state, LFBF was sampled from the

ROIs while subjects’ eyes were closed. During resting state
cortico-limbic LFBF correlations (i.e. ACC with AMYG, PST and
MTHAL) were decreased in depressed patients compared to
healthy subjects (Figure 3). The significant decreases were found
in ACC-lMTHAL (p � .01), ACC-rMTHAL (p � .02) and ACC-lPST
(p � .02) (Table 3).

Neutral Pictures. The differences between depressed pa-
tients and healthy subjects seen in the resting state were also
seen during exposure to neutral pictures i.e. patients had de-
creased cortico-limbic LFBF correlations as compared to healthy
subjects (Figure 4). Significant differences were found in ACC-lPST
(p � .01) and ACC-rPST (p � .01) LFBF correlations (Table 4).

Positive Pictures. The differences between depressed pa-
tients and healthy subjects seen in the resting state were main-
tained during exposure to positive pictures (i.e. patients had
decreased cortico-limbic LFBF correlations as compared to
healthy subjects; Figure 4). Significant differences were found in
ACC-lMTHAL (p � .02), ACC-rMTHAL (p � .05) and ACC-rPST
(p � .01) (Table 4).

Negative Pictures. The differences between depressed pa-
tients and healthy subjects seen in the resting state were also

Depressed Patients (n � 15) and Healthy Controls (n � 15)

Depressed Patients

xtentb

(mm3)
%

Change

Coordinatea

zc

Score
Extentb

(mm3)
%

Changex y z

80 .12 �28 �5 �18 3.39 96 .16
56 .09 30 �3 �18 3.41 568 .14

176 .03 �22 �10 6 4.36 1,512 .12
632 .03 24 0 15 3.3 1,200 .11

7,824 .11 �14 �10 4 4.03 6,872 .12
5,736 .09 14 �11 4 3.39 5,256 .11

600 .03 �44 �13 29 3.42 592 .06
1,968 .08 46 9 28 4.32 4,680 .10
5,376 .07 �8 46 43 6.79 11,008 .19
3,108 .04 14 45 44 6.05 5,528 .14

184 �.02 �38 14 6 3.22 2,016 .10
120 �.02 44 21 �2 3.07 112 .11

1,168 �.06 0 .06
2,560 �.05 �10 21 34 3.66 1,024 .06
1,600 �.05 8 �10 30 3.93 960 .07

olateral Prefrontal Cortex.
s: Coordinates are in Talairach space.
� .005.
res in

ntrols

e
E

2
5
3
5
9
8
5
6
1
5
1
7
6
8
4

, Dors
score
t at P
r z � 4.99, p � .0001.
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een during exposure to negative pictures (i.e. patients had
ecreased cortico-limbic LFBF correlations as compared to
ealthy subjects; Figure 4). However, significant differences were
ound only for ACC-rPST (p � .03) LFBF correlations (Table 4). In
oth depressed patients and healthy subjects, ACC-AMYG LFBF
orrelations were decreased on exposure to negative pictures
ompared to neutral pictures (Figure 4) however this decrease
id not reach significance levels.

iscussion

Activation data from this study confirmed results from previ-
us reports that depression is associated with increased activa-
ion of limbic regions such as the AMYG, PST, MTHAL, and
nsula. In this study, cortical components of the MRC such as the
MPFC, DLPFC and ACC also showed increased activation in
esponse to negative versus neutral stimuli. Other fMRI studies
ave also reported increased activation of these areas to be
elated to evoked sadness in healthy subjects (Teasdale et al
999) and to treatment response in depression (Davidson et al
003). Greater activation of cortical regulatory areas such as the

igure 2. (A) Regional brain activation in response to negative versus neu-
ral pictures in depressed patients and healthy subjects. Coordinators are in

NI space. 1: Anteromedial Pre-frontal cortex (AMPFC)(L); 2: AMPFC (R); 3:
orsolateral prefrontal cortex (DLPFC)(L); 4: DLPFC (R); 5: Amygdala (L); 6:
mygdala (R); 7: Putamen (L); 8: Putamen (R); 9: Thalamus (L); 10: Thalamus

R). p � .005. (B) One-way analysis of variance (ANOVA) for difference in
ctivation between patients and healthy controls in response to negative
ersus neutral pictures. Coordinates are in Montreal Neurological Institute
MNI) space. Patient group versus control group before treatment (n � 15; p

.003). ACC, anterior cingulate cortex.
CC may be the result of greater activation required to regulate

ww.elsevier.com/locate/biopsych
the abnormal limbic activation on exposure to negative stimuli
versus neutral stimuli. Increased activation of the anteromedial
prefrontal cortex (AMPFC) (Area 9) has also been reported in
several other studies (Teasdale et al 1999). It has been suggested
that cortical areas such as the AMPFC which show increased
activation with negative versus neutral stimuli in fMRI studies
may be involved in the processing of affect related meanings of
stimuli (Teasdale et al 1999).

Blood flow and regional glucose metabolism studies using
PET have reported decreased activation of the prefrontal cortical
regions in depression. However, this decreased activation or
inhibition of activation cannot be measured using fMRI because
analysis is based on the contrast between changes in blood flow
on exposure to task of interest (in this case: negative pictures)
versus a control task (in this case: neutral pictures).

The pallidostriatum is thought to be an integral part of the
MRC and both structural and functional abnormalities have been

Figure 3. Resting state cortico-limbic LFBF correlations (mean � SEM) in
unmedicated depressed patients (n � 15) and healthy control subjects (n �
15). LFBF, low frequency BOLD fluctuations; ACC, anterior cingulate cortex;
LMTHAL, left medial thalamus; RMTHAL, right medial thalamus; LAMYG, left
amygdala; RAMYG, right amygdala; LPST, left pallido-striatum; RPST, right
pallido-striatum; P Rest, patients resting state; H Rest, healthy control sub-
jects resting state. ** p � .01; * p � .05.

Figure 4. Cortical-limbic LFBF correlations on exposure to neutral, positive,
and negative pictures in depressed patients (n � 15) and healthy subjects (n
� 15). LFBF, low frequency BOLD fluctuations; ACC, anterior cingulate cor-
tex; LMTHAL, left medial thalamus; RMTHAL, right medial thalamus; LAMYG,
left amygdala; RAMYG, right amygdala; LPST, left pallido-striatum; RPST,
right pallido-striatum; P, patients; H, healthy control subjects. ** p � .01; * p

� .05.
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eported in mood disorders. In particular, subcortical dysfunction
as been related to motor and cognitive abnormalities in depres-
ion. Basal ganglia-thalamocortical circuits are thought to be
arallel substrates for motor, oculomotor, “prefrontal” and “lim-
ic” functions and medial thalamus is involved in emotional
erception and regulation (Alexander et al 1990; Phillips et al
003). The amygdala has been shown to be central to the brain’s
esponse to noxious stimuli (Adolphs 1999; Irwin et al 1996;
eDoux 2000) and has been shown to be activated in a number
f studies in depression (Drevets et al 1992; Phillips et al 2003).
herefore, regional activation abnormalities are expected in
hese regions and our findings are consistent with reported
bnormalities in the literature.

Cortico-limbic LFBF correlations showed a decrease in de-
ressed patients compared to healthy subjects. The cortico-

imbic LFBF correlations results indicate possible decreased
hase coherence between LFBF sampled in the ACC and the

imbic regions PST and MTHAL in depressed patients. This
ecreased phase coherence between LFBF in the ACC and the
imbic regions may be associated with decreased cortico-limbic
onnectivity in depression. Decreased cortico-limbic connectiv-
ty could lead to a decreased regulatory effect of ACC over the
imbic areas leading to emotional dysregulation which is thought
o be the hallmark of the depressed state.

The activation experiment was analyzed after the fMRI scan
as completed, but for the connectivity scan the four noncon-

iguous slices had to be identified in the anatomical scan while

able 3. Differences of Connectivity (LFBF Correlations) t-scores Between
atients (n � 15) and Healthy Subjects (n � 15) in Resting State

�t-score

Patient vs. Healthy

�resting
a t-Value p-Value

ortical-Limbic
ACC-lMTHAL �6.94 (2.3) �2.98 .01b

ACC-rMTHAL �5.43 (2.2) �2.48 .02b

ACC-lAMYG �4.48 (2.5) �1.82 .08
ACC-rAMYG �4.34 (2.3) �1.87 .07
ACC-lPST �6.30 (2.6) �2.45 .02b

ACC-rPST �3.94 (2.1) �1.90 .07

ACC, Anterior Cingulate Cortex; PST, Pallido-Striatum; AMYG, Amygdala;
THAL, Medial Thalamus; LFBF, low frequency BOLD fluctuations.

aMean (Std. Err).
bSignificant level at 0.05, p-values were defined based on DF � 28.

able 4. Differences of Connectivity (LFBF Correlations) t-scores Between P
nd Negative Pictures

ROIs

Neutral

Difference
in t-Scorea t-Value p-Value

Differ
in t-Sc

ortical-Limbic
ACC-lMTHAL �4.35 (2.4) �1.80 .08 �7.05
ACC-rMTHAL �5.27 (2.8) �1.89 .08 �5.20
ACC-lAMYG �5.10 (2.7) �1.92 .07 �3.80
ACC-rAMYG �2.32 (2.4) �.97 .34 �3.01
ACC-lPST �8.02 (3.0) �2.63 .01b �4.13
ACC-rPST �6.68 (2.6) �2.60 .01b �6.84

ACC, Anterior Cingulate Cortex; PST, Pallido-Striatum; AMYG, Amygdala
aMean (Std. Err).

bSignificant level at .05, p-values were defined based on df � 28.
the patients were in the scanner which would include the a priori
decided upon regions of interest. ROIs, based on a priori decided
upon regions of interest, were placed on the anatomical slices for
which LFBF data were acquired and may not have exactly
corresponded to the areas seen to be activated in the activation
analysis. However, a comparison of the activation analysis and
the ROI placement on the connectivity scan showed that the
activation areas in the AMYG, PST and MTHAL were broadly in
the same regions where ROIs were placed for the LFBF correla-
tion analysis.

This study was limited by the small number of subjects
studied for the number of variables analyzed, particularly for the
cortico-limbic LFBF correlations data. For this study we had a
priori defined ROIs and had an a priori hypothesis that cortico-
limbic connectivity will be decreased in depression. Therefore,
the LFBF correlations results which are congruent with our a
priori hypothesis could be interpreted without a correction for
multiple correlations. However, as a lower threshold of signifi-
cance was used for connectivity analysis, the results of this study
should be considered as provisional until future studies, with
larger number of number of patients for greater statistical power,
confirm these findings.

Differences between depressed patients and healthy sub-
jects could be due to differences in anxiety levels rather
than depression. Adequate education about the procedure
verbally and through pictures, and adequate preparation of
the subject before starting the scan was done. The IAPS
pictures that were chosen were specifically selected to have
low arousal scores.

The lower contrast between positive and negative pictures
may indicate that the fMRI activation changes seen were not
specific to type of emotion. Positive and negative stimuli have
been shown to activate similar subcortical brain areas (Liber-
zon et al 2003). Furthermore, depressed patients have been
shown to react to positive pictures in a negative way (Kumari
et al 2003) and this could be another reason for the decreased
negative versus positive picture contrast seen in this study.

The activation of the insula may suggest that general arousal
rather than quality of stimulus may be the cause of the regional
activation seen. However, we chose only those IAPS pictures
which specifically had low arousal scores as rated by a large
normative population sample (Lang et al 1997). Furthermore,
insula activation has been shown to be sensitive to noxious
stimuli and its activation may be important in appraisal of the
negative salience of a stimulus (Phillips et al 2003). However, the

ts (n � 15) and Healthy Subjects (n � 15) on Exposure to Neutral, Positive

Positive Negative

t-Value p-Value
Difference
in t-Scorea t-Value p-Value

�2.55 .02b �4.44 (2.5) �1.79 .08
�2.04 .05b �4.57 (2.6) �1.74 .09
�1.44 .16 �4.46 (2.7) �1.64 .11
�.98 .34 �1.22 (2.5) �0.48 .64

�1.50 .14 �5.27 (2.9) �1.85 .08
�2.77 .01b �6.20 (2.6) �2.36 .03b

AL, Medial Thalamus; LFBF, low frequency BOLD fluctuations.
atien

ence
orea

(2.8)
(2.5)
(2.6)
(3.1)
(2.7)
(2.5)

; MTH
www.elsevier.com/locate/biopsych
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ffects of arousal on the fMRI measures used in this study cannot
e completely ruled out.

In the connectivity scan there was no picture effect in terms of
ecrease in connectivity on exposure to positive and negative
ictures in depressed patients. Healthy subjects did show a
ecrease in corticolimbic connectivity on exposure to negative
ictures but it did not reach significance levels. However, this
ffect was manifest in the decreased difference between de-
ressed and healthy groups during continuous exposure to
egative pictures. This suggests that a floor effect may be present
or corticolimbic connectivity in depressed patients.

We purposely did not ask subjects to rate the pictures so as
ot to introduce a significant cognitive component which may
nterfere and decrease activation of the limbic regions (Hariri
t al 2003; Phan et al 2002). Consequently, we were also not able
o obtain a behavioral measure of response to the pictures. This
s an inherent problem in the technique of passive exposure to
timulus in fMRI and has to be balanced with the confounding
ffects of introducing a cognitive task (Phan et al 2002). In this
tudy, we elected to minimize the latter. This strategy seems to
ave been successful as we obtained significant activation of the
imbic regions, particularly the amygdala. In future studies, other
echniques could be used to obtain behavioral ratings without
nterfering with activation secondary to emotional response (e.g.,
y introducing a resting state between scans in which ratings for
he block just presented could be obtained or by obtaining
atings after the scan). However, the latter technique, which has
een used by some studies, is limited by its retrospective nature
nd also by the fact that only conscious emotional responses are
eported.

An order effect may be present in the cortico-limbic LFBF
orrelations data as pictures were always shown in the same
equence. However, it has been shown that negative pictures can
ontaminate the effects of neutral pictures much more than the
ther way around. Therefore, negative pictures were shown last
Davidson et al 2003). There was a time delay of a few min
etween blocks of fMRI acquisition. For activation scan the first
nd the last 8 acquisitions and for the cortico-limbic LFBF
orrelations scan the first 50 acquisitions were discarded. There-
ore, contamination effects were minimized but cannot be com-
letely ruled out. In future studies, a resting state could be

ntroduced between each type of picture block to further mini-
ize contamination effects. The amygdala and possibly other

reas of the brain are susceptible to habituation during the
ontinuous exposure to a stimulus. This technique would also be
elpful in decreasing effects of habituation to the stimulus in the
mygdala.

Finally, the ventral areas of the brain such as the amygdala are
haracterized by lower signal to noise ratio than from cortical
reas because of susceptibility artifacts. An adequate signal for
nalysis was also not obtainable for ventral regions of the brain
uch as the ventral striatum including the nucleus accumbens
nd the subgenual cingulate cortex. In future studies, techniques
uch as z –shimming, spiral acquisition (Li et al 2003) or coronal
seudooblique slice (Chen and Wyrwicz 2001) techniques could
e used to decrease susceptibility artifacts in the ventral regions
f the brain.

The observed abnormalities of increased cortico-limbic acti-
ation in response to negative stimuli and decreased LFBF
orrelations between the ACC and PST and MTHAL seen could
e either a state or a trait effect. To test out this difference,

epressed patients need to be studied after treatment when they

ww.elsevier.com/locate/biopsych
are not depressed, or unmedicated euthymic patients with a
previous history of depression need to be studied. In an exten-
sion of this study, we investigated the effect of antidepressant
treatment and will report the results in a separate manuscript.
After treatment with an antidepressant, abnormalities of activity
and connectivity seen in the baseline state do show a reversal
and therefore some of these abnormalities are likely to be state
related (Anand et al, in press).

A number of studies have reported structural abnormalities in
patients with depression including decreased volume of cortical
regions such as the prefrontal and orbitofrontal cortex and the
limbic areas such as amygdala and hippocampus (Bremner 2002;
Sheline et al 1996, 1998). White matter abnormalities have also
been reported using diffusion tensor imaging (DTI) techniques
(Taylor et al 2004). In future studies, an analysis of the relation-
ship between functional connectivity and structural abnormali-
ties will be useful in understanding the pathophysiology of
depression.

The neurophysiological basis of LFBF in steady state data is
thought to be related to neuronal firing in the resting state
(Maldjian 2001) but still remains to be fully clarified. In
traditional fMRI activation studies, LFBF are excluded as low
frequency noise using filtration techniques. Cardiac and respi-
ratory rhythms as well as head motion can create artifacts
which can confound LFBF analysis. However, with proper
techniques, using sampling rates and frequency range to
exclude the effects of physiological cycles and minimize
motion, LFBF measurement which is independent of these
confounds can be obtained (Lowe et al 2000). Further animal
studies need to be done to investigate the origin of LFBF and
its relationship to baseline neuronal firing. At present, most of
the LFBF studies have been done in healthy subjects to study
normal brain physiology. Further work needs to be done to
investigate the use of LFBF techniques to study abnormalities
in neuropsychiatric disorders to test its validity. In this regard,
changes in LFBF correlation as a measure of abnormal con-
nectivity have been reported in disease states such as multiple
sclerosis (Lowe et al 2002), and in brief reports in schizophre-
nia (Driesen, unpublished data), depression (Skudlarski et al
2000), and bipolar disorder (Blumberg, unpublished data).
Therefore, LFBF correlation methods could be used to study
brain connectivity in neuropsychiatric illness and treatment
effects and further work needs to be done in this area.

Keeping the above caveats in mind, the results of this study
indicate that increased activation of cortical regions such as the
AMPFC and limbic regions such as the AMYG, PST and MTHAL
is present in depression and provides evidence for possible
decreased connectivity between the ACC and limbic regions in
depressed patients compared to healthy control subjects. The
methodology used in this study could also be used in future
studies to characterize circuit level abnormalities in other psychi-
atric illnesses such as schizophrenia and obsessive compulsive
disorder and investigate the effects of pharmacological treatment
in these disorders.

The results of this study have been previously presented in
part at the Meeting of Society of Biological Psychiatry and
American Psychiatric Association Meeting, San Francisco,
May, 2003; and at Human Brain Mapping Meeting, New York,
June, 2003.
Jacqueline Zimmerman assisted in MRI scanning. Mamata
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amat assisted in manuscript preparation. Shirley Jennings and
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