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Co-occurring anxiety influences patterns
of brain activity in depression
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Brain activation associated with anhedonic depression and co-occurring anxious arousal and anxious ap-
prehension was measured by fMRI during performance of an emotion word Stroop task. Consistent with EEG
findings, depression was associated with rightward frontal lateralization in the dorsolateral prefrontal cortex
(DLPFC), but only when anxious arousal was elevated and anxious apprehension was low. Activity in the right
inferior frontal gyrus (IFG) was also reduced for depression under the same conditions. In contrast, depression
was associated with more activity in the anterior cingulate cortex (dorsal ACC and rostral ACC) and the bilateral
amygdala. Results imply that depression, particularly when accompanied by anxious arousal, may result in a
failure to implement top-down processing by appropriate brain regions (left DLPFC, right IFG) due to increased
activation in regions associated with responding to emotionally salient information (right DLPFC, amygdala).

EEG studies have indicated a pattern of frontal asym-
metry for depression, characterized by relatively less left
than right activity (for a review, see Coan & Allen, 2004).
A review of prefrontal asymmetry research suggested that
affect-related prefrontal asymmetries may be more appar-
ent during tasks that involve a response component and that
these asymmetries likely reflect differences in dorsolat-
eral prefrontal cortex (DLPFC) activity (Davidson, 2004).
This review also suggested the need for further research
to relate frontal EEG asymmetry measures in studies of
emotional processes to individual differences in fMRI ac-
tivation patterns in response to affective challenges. How-
ever, there is considerable heterogeneity in neuroimaging
studies that have identified abnormal DLPFC activity in
depression, and EEG patterns of frontal asymmetry have
not been consistently replicated in the hemodynamic neu-
roimaging literature (Fitzgerald et al., 2006; Herrington
et al., in press; Johnstone, van Reekum, Urry, Kalin, &
Davidson, 2007; Reid, Duke, & Allen, 1998).

In studies of brain activation patterns for depression
during affective challenge tasks involving top-down con-
trol in the presence of emotional distractors (such as the
emotional Stroop and affective go/no-go tasks), only a

handful of experiments have carefully assessed anxiety
(Elliott, Rubinsztein, Sahakian, & Dolan, 2002; George
et al., 1997; Herrington et al., in press; Mitterschiffthaler
etal., 2008). We have argued that it is critical to take anxi-
ety into account when investigating brain function in de-
pression (Engels et al., 2007; Heller, 1990, 1993; Heller
& Nitschke, 1998; Heller, Nitschke, Etienne, & Miller,
1997; Keller et al., 2000; Nitschke, Heller, Palmieri, &
Miller, 1999). Anxiety and depression frequently co-occur
(Brown, Campbell, Lehman, Grisham, & Mancill, 2001;
Joormann, Kosfelder, & Schulte, 2005; Kessler, Dupont,
Berglund, & Wittchen, 1999; Sanderson, DiNardo, Rapee,
& Barlow, 1990), and the degree, severity, and type of co-
occurring anxiety may differentially affect patterns of
brain activation in depression. Inconsistency in depression
findings could, therefore, be due, in part, to different (and
unassessed) degrees of co-occurring anxiety.

Resting EEG studies of depression that explicitly assess
comorbid anxiety suggest that the co-occurrence of anxi-
ety can increase right frontal lateralization (e.g., Bruder
et al., 1997; Pizzagalli et al., 2002). Other resting EEG
findings are consistent with right-posterior hypoactivity
for pure depression (no co-occurring anxiety) or when
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anxiety is equated (Bruder et al., 2001), with co-occurring
anxiety reducing this effect or producing the opposite pat-
tern (Bruder et al., 1997; Kentgen et al., 2000). Modera-
tion of right-posterior asymmetry by anxiety is consistent
with the hypothesized role of the posterior right hemi-
sphere in arousal, vigilance, and other aspects of adap-
tive threat response (e.g., Compton et al., 2003; Davidson,
2004; Nitschke & Heller, 2005; Nitschke, Heller, & Miller,
2000). Thus, EEG frontal and posterior asymmetries at
rest observed for depression appear to depend on levels
of co-occurring anxiety. Empirical support for theoretical
distinctions between two types of anxiety—specifically,
anxious arousal (akin to fear or panic) and anxious ap-
prehension (akin to worry or anticipatory anxiety)—has
also been obtained in EEG and fMRI research, suggest-
ing greater left frontal activity for anxious apprehension
and greater right frontal and posterior activity for anxious
arousal (Engels etal., 2007; Heller etal., 1997; Nitschke &
Heller, 2005; Nitschke et al., 2000; Nitschke et al., 1999).
Further EEG and fMRI research is needed to assess the
moderating effect of anxiety types on laterality patterns
for depression in the context of an affective challenge.

In the few neuroimaging studies of depression and
performance on tasks involving top-down control in the
presence of emotional distractors in which anxiety has
been carefully considered, participant selection was most
commonly done using a structured clinical interview to
select individuals with depression, and participants with
co-occurring anxiety were excluded (e.g., Elliott et al.,
2002; George et al., 1997; Mitterschiffthaler et al., 2008).
One additional study selected participants using dimen-
sional measures of depression and anxiety symptoms,
with both the depressed and control groups scoring low
on anxiety scales (Herrington et al., in press). Together,
these studies suggest abnormal rostral anterior cingulate
cortex (rACC), dorsal anterior cingulate cortex (dACC),
dorsolateral prefrontal cortex (DLPFC), and amygdala
activity for depression in the context of a cognitive task
with emotional distractors. For example, depressed pa-
tients showed more dACC activation than did controls for
negative words during an emotional Stroop task (Mitter-
schiffthaler et al., 2008). Depressed patients also showed
higher rACC activation for sad than for happy words dur-
ing an emotional go/no-go task, but controls showed the
opposite pattern (Elliott et al., 2002). Depressed patients
also showed greater right-hemisphere DLPFC activation
to emotional targets than did controls (Elliott et al., 2002).
Finally, Herrington et al. (in press) found that a depressed
group showed more right-lateralized activation than did
controls for both the DLPFC and amygdala for negative,
as compared with neutral, distractors in an emotion word
Stroop task.

Because anxiety was explicitly excluded, none of the
imaging studies reviewed above was able to examine the
potential influence of anxiety on the patterns of brain ac-
tivity for depression. Moreover, hemodynamic neuroim-
aging studies very rarely include explicit tests of later-
ality, instead inferring a laterality pattern by the simple
presence or absence of activation in either hemisphere.
Of the studies reviewed above, only Herrington et al. (in

press) explicitly tested the laterality of the DLPFC and
amygdala. The present report extends the analyses in
Herrington et al. (in press) by examining, in a new, large,
undergraduate sample, the implications for co-occurring
anxiety, as well as investigating the effects of anxiety type
(anxious apprehension vs. anxious arousal) on patterns of
brain activation and lateralization in depression during an
emotional Stroop task.

A dimensional approach and hierarchical linear regres-
sion strategies were employed to identify regions where
the relationship between depression and brain activation
varied depending on co-occurring anxiety, regions where
depression captured unique variance, and regions where
depression and anxiety types shared variance. Because
Herrington et al. (in press) tested the possible effects of
valence, arousal, negative affect, and positive affect on the
basis of psychometric definitions of these terms, finding
differences in lateralization between a depressed group
and controls only for negative affect (operationalized as
the negative vs. neutral word comparison), the present in-
vestigation focused on negative affect. On the basis of the
psychophysiological data reviewed above, depression was
expected to be associated with reduced DLPFC activation,
especially in the left hemisphere, and increased ACC ac-
tivation. Co-occurring anxiety was expected to modulate
this pattern. On the basis of previous research (e.g., En-
gels et al., 2007), it was predicted that anxious apprehen-
sion would mitigate a rightward DLPFC asymmetry and
that anxious arousal would augment it.

Present analyses also examined the arousal contrast
(operationalized as negative plus positive vs. neutral
words) in order to investigate additional predictions for
posterior asymmetry. For the arousal contrast, depression
was predicted to be associated with right-posterior hypo-
activation, with co-occurring anxious arousal attenuating
or reversing this effect.

METHOD

The data examined here are part of a larger project that collected
EEG and fMRI data in separate sessions for both emotion word and
color word Stroop tasks. The data from this project also encompass
a replication and extension of the findings of Engels et al. (2007)
regarding distinctions between anxious apprehension and anxious
arousal, which will be reported elsewhere. The present report fo-
cuses on behavioral and fMRI data from the emotion word Stroop
task, using a dimensional approach to examine the effects of depres-
sion and co-occurring symptoms of anxiety.

Participants

Of 2,723 college undergraduates screened, the participants were
91 (51 female) paid volunteers (mean age = 19.01 years, SD = 1.00)
recruited via questionnaire screening sessions. Screening measures
included the Penn State Worry Questionnaire (PSWQ, measuring
anxious apprehension; Meyer, Miller, Metzger, & Borkovec, 1990;
Molina & Borkovec, 1994) and the Mood and Anxiety Symptom
Questionnaire (MASQ, measuring anxious arousal [MASQAA] and
anhedonic depression [MASQADS8]; Watson, Clark, et al., 1995;
Watson, Weber, et al., 1995). MASQADS refers to an eight-item
subscale of the MASQ Anhedonic Depression scale that has been
shown to reflect depressed mood (Nitschke, Heller, Imig, McDon-
ald, & Miller, 2001). The participants were selected to cover a range
of depression and anxiety scores to allow both categorical and di-
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Table 1
Questionnaire Scores Used in Participant Selection
PSWQ MASQAA MASQADS
Sample M SD M SD M SD
Questionnaire screening sample (N = 2,723)  49.27 13.70  28.54 8.87 17.69 5.57
Experiment sample, Time 1 (N = 91) 49.14 1742  29.19 10.50 1892 743
Experiment sample, Time 2 (N = 91) 47.82 18.00  26.80 6.72 1679 6.13

Note—Time 1 scores (questionnaire screening) were unavailable for 1 participant. PSWQ Time 2 scores
(individual lab tour) were unavailable for 4 participants. In those cases, analyses used available scores,
rather than the average of Time 1 and Time 2. PSWQ, Penn State Worry Questionnaire; MASQAA,
Mood and Anxiety Symptom Questionnaire—Anxious Arousal; MASQADS, eight-item subscale of the
MASQ Anhedonic Depression scale.

Table 2
Correlations of Anxiety and Depression Questionnaires

Mass Testing Experiment Sample, Experiment Sample,
(N =2,723) Time 1 (N =91) Time 2 (N = 91)
1 2 3 1 2 3 1 2 3
1.PSWQ - 293 .322™ - 493* 523 - AT2 4457

2. MASQAA - A484* - 570 - 516
3. MASQADS - - —
Note—PSWQ, Penn State Worry Questionnaire; MASQAA, Mood and Anxiety Symptom
Questionnaire—Anxious Arousal; MASQADS, eight-item subscale of the MASQ Anhedonic De-
pression scale. **Correlation is significant at the .01 level (two-tailed).

mensional analytic strategies. The present investigation utilized a
dimensional analytic approach. The participants were given a labo-
ratory tour, informed of the procedures of the study, and screened for
claustrophobia or other contraindications for MRI participation. The
questionnaires were administered again (Time 2) when the partici-
pants attended an individual laboratory tour. Questionnaire scores
for the mass testing sample and selected participants (at Time 1 and
Time 2) are reported in Table 1, and questionnaire correlations are
reported in Table 2. All the participants were right-handed, native
speakers of English with self-reported normal color vision.

Twelve additional participants were excluded from the study for a
variety of reasons, yielding 91 participants. Four were excluded due
to excessive motion in the scanner; 4 were excluded due to other
MRI artifact; 1 was excluded due to poor coregistration of structural
and functional images; 1 was excluded due to experimenter error
during fMRI acquisition; 1 was excluded due to loss of question-
naire data; and 1 was excluded as a reaction time (RT) outlier (de-
fined as >3 SDs away from the mean and discontinuous from the
distribution).

Stimuli and Experimental Design

The emotion word Stroop task consisted of blocks of positive or
negative emotion words alternating with blocks of neutral words.
The participants received 16 word blocks (4 positive, 8 neutral, and
4 negative), each 32 sec long. Each participant received one of eight
counterbalanced block orders designed to ensure that emotional
and neutral words preceded each other equally often. In addition
to the 16 word blocks, there were 4 fixation blocks (each 32 sec
long)—1 at the beginning, 1 at the end, and 2 in the middle of the
session. There were also several brief rest periods during the task,
totaling 100 sec of rest.

The participants received 256 word trials in the 16 word blocks.
Each block contained 16 trials, with a variable intertrial interval
(*225 msec) averaging 2,000 msec between trial onsets. A trial
began with the presentation of a word for 1,500 msec, followed by
a fixation cross for an average of 500 msec. Each trial consisted of
one word presented in one of four ink colors (red, yellow, green,
and blue) on a black background, with each color occurring equally
often with each word type (positive, neutral, and negative). Within a
word block, each color appeared four times, and trials were pseudo-

randomized such that no more than 2 trials featuring the same color
appeared in a row. Familiarity was controlled by ensuring that no
word was repeated throughout the experiment. In the fixation condi-
tion, instead of a word, the participants were presented with 16 trials
of fixation crosses. For each fixation trial, a brighter fixation cross
was presented for 1,500 msec, followed by a dimmer fixation cross
for an average of 500 msec.

The participants were instructed to press one of four buttons to in-
dicate the color in which the word appeared on the screen, with word
meaning irrelevant to the task. The participants responded with their
middle and index fingers, using left- and right-hand response boxes.
To the extent that emotion stimuli attract attention, rapid and cor-
rect performance depends on attention’s being directed away from
word meaning. Stimuli were displayed using backprojection, and
word presentation and RT measurement were controlled by STIM
software (James Long Company, Caroga Lake, NY).

The 256-word stimuli were selected from the Affective Norms for
English Words (ANEW) set (see Table 3; Bradley & Lang, 1999).
Sixty-four positive (e.g., birthday, ecstasy, laughter), 64 negative
(e.g., suicide, war, victim), and two sets of 64 neutral (e.g., hydrant,
moment, carpet) words were carefully selected on the basis of es-
tablished norms for valence, arousal, and frequency of usage in the
English language (Bradley & Lang, 1999; Toglia & Battig, 1978), as
well as for number of letters. In the ANEW rating system, all words

Table 3
Stimulus Characteristics

Pleasant Unpleasant ~ Neutral

Characteristic Words Words Words
Average valence 7.83 2.47 5.21
Average arousal 6.59 6.54 3.82
Average frequency 52.39 60.03 60.00
Average word length 5.78 5.36 5.33

Note—Word stimuli were selected from the Affective Norms for English
Words (ANEW) set (Bradley & Lang, 1999). Valence and arousal data
from the ANEW set are represented on a scale ranging from 1 to 9, with
9 representing the most pleasant and most arousing ratings, respectively.
Frequency information was collected from Toglia and Battig (1978).
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are considered emotional and are located somewhere in a valence/
arousal plane. Neutral words were toward the low-arousal end of the
arousal dimension, and the positive and negative words selected for
this study were toward the high-arousal end.

Image Acquisition

Instructions were read verbatim by experimenters to ensure that
the participants were provided with all relevant information about
the procedure before participating. The MRI technologist and ex-
perimenter assisted the participants in correct placement of ear-
plugs and protective headphones. Before beginning the task, the
participants performed 64 practice trials. No participants failed to
understand the task instructions or the mapping between colors and
buttons after completing practice trials. The participants then com-
pleted the emotion word task (and a color word task not reported
here) during MR data acquisition.

MR data were collected using a research-dedicated 3T Siemens
Allegra. Gradient field maps were collected for correction of geo-
metric distortions in the EPI data caused by magnetic field inhomo-
geneity (Jezzard & Balaban, 1995). A gradient-echo echo-planar im-
aging (EPI) sequence (TR, 2,000 msec; TE, 25 msec; flip angle, 80°;
FOV = 22 cm) provided 370 functional images. Thirty-eight oblique
axial slices (slice thickness, 3 mm; in-plane resolution, 3.4375 X
3.4375 mm?; 0.3-mm gap between slices) were acquired parallel
to the anterior and posterior commissures. After the EPI sequence,
a 160-slice MPRAGE high-resolution structural sequence was ac-
quired (slice thickness, 1 mm; in-plane resolution, 1 X 1 mm?) for
registering each participant’s functional data to standard space.

fMRI Data Reduction and Analysis

Functional image processing and analyses primarily relied on
tools from the FSL analysis package (e.g., MCFLIRT, PRELUDE,
FILM, FUGUE, FEAT, FLAME; www.fmrib.ox.ac.uk/fsl). A few
analytic tools were also drawn from AFNI (http://afni.nimh.nih.gov/
afni/). Additional region-of-interest (ROI) analyses were carried out
using locally written MATLAB programs (e.g., Herrington et al.,
2005) and SPSS Version 17.0 (SPSS Inc., Chicago, IL).

Each fMRI time series was first motion-corrected using
MCEFLIRT (Jenkinson, Bannister, Brady, & Smith, 2002), and spikes
(artifactual sudden intensity shifts) were corrected using the AFNI
tool 3dDespike. The time series of 2 participants were truncated
due to excessive motion only at the end of the scan. All the other
participants demonstrated less than 3.3 mm absolute motion or
2 mm relative motion (the participants with motion exceeding this
threshold were excluded from analysis as discussed above). After
motion correction and despiking, each time series was corrected
for geometric distortions caused by magnetic field inhomogeneity.
Remaining preprocessing steps, single-subject statistics, and higher
level regression analyses were done with FEAT. The first three vol-
umes of each time series were discarded in order to allow the MR
signal to reach a steady state. Each time series was then temporally
filtered with a high-pass filter (to remove drift in signal intensity),
mean-based intensity normalized by the same single-scaling factor,
and spatially smoothed using a 3-D Gaussian kernel (full-width-
half-maximum 5 mm) prior to statistical analysis.

Regression analyses were performed on each participant’s time
series, using FILM. Statistical maps were generated via a multiple
regression computed for each intracerebral voxel (Woolrich, Ripley,
Brady, & Smith, 2001). An explanatory variable (EV) was created
for each trial type (positive, neutral, negative, and rest), with the
fixation condition as the unmodeled baseline. Each EV was con-
volved with a gamma function to better approximate the temporal
course of the BOLD hemodynamic response (e.g., Aguirre, Zarahn,
& D’Esposito, 1998; Miezin, Maccotta, Ollinger, Petersen, & Buck-
ner, 2000). Each EV yielded a per-voxel effect-size parameter esti-
mate () map representing the magnitude of activation associated
with that EV. Contrasts of interest included negative affect (negative
minus neutral) and arousal (positive and negative jointly compared
with neutral). Functional activation maps for each contrast were

then transformed into MNI stereotaxic space (FSUs MNI 152; T1,
2 X 2 X 2 mm) using FLIRT (Jenkinson et al., 2002; Jenkinson &
Smith, 2001). The two-stage registration procedure used trilinear
interpolation and 6 d.f. for registration of functional images to an
intermediate high-resolution structural image and 12 d.f. for regis-
tration of the high-resolution structural image to standard space.

Hierarchical linear regression strategies were employed to iden-
tify regions where the relationship between depression and brain
activation varied depending on co-occurring anxiety, regions where
depression captured unique variance, and regions where depression
and anxiety types shared variance. Questionnaire scores (PSWQ,
MASQAA, and MASQADS) were averaged from Time 1 (mass test-
ing) and Time 2 (lab tour) to yield a summary score for each par-
ticipant. Each questionnaire summary score was then converted to a
z score based on the scores of the 91 participants in the experiment,
and interactions (PSWQ X MASQAA, PSWQ X MASQADS,
MASQAA X MASQADS, PSWQ X MASQAA X MASQADS)
were formed by multiplying the z-scored questionnaires. These
questionnaire scores were then entered as predictors into higher
level regression analyses across all 91 participants, using FLAME
to predict activation voxel by voxel.

Several different higher level regression analyses were conducted
using FLAME. Of primary interest were two-way interactions in-
volving depression and either type of anxiety and the three-way in-
teraction of all three psychopathology scales. A regression analysis
that included the individual questionnaires, as well as the two-way
interactions (but not the three-way), as predictors was used to iden-
tify brain regions showing two-way interactions. The regression
analysis that included the individual questionnaires, all two-way
interactions, and the three-way interaction as predictors was used
to identify brain regions showing three-way interactions. These
analyses revealed brain regions that showed two-way or three-way
interaction patterns, suggesting that, for these regions, the rela-
tionship between depression and brain activation depended on co-
occurring anxiety.

In order to identify regions where depression captured unique
variance, the MASQADS, PSWQ, and MASQAA z scores were
entered into the same higher level regression analysis, without the
interactions. The z map for the MASQADS identified areas where
anhedonic depression captured unique variance (with the variance
associated with anxiety removed). The z map for the MASQADS
was compared with the z map for the PSWQ and for the MASQAA
to determine whether the MASQADS was the only scale to capture
unique variance for a particular region.

In order to identify regions where depression and anxiety types
shared variance, separate regressions were performed for each
questionnaire (without shared variance from other questionnaires
removed), and conjunction analyses revealed areas in common for
depression and anxiety (Nichols, Brett, Andersson, Wager, & Po-
line, 2005). The conjunction analysis procedure entailed creating
a conjunction z map by comparing the z maps for the MASQADS,
MASQAA, and PSWQ. First, a MASQADS8 and MASQAA con-
junction z map was created by comparing the z value of each voxel
in the MASQADS map with the z value in the MASQAA map. If
the z scores were of opposite signs, the value for the voxel in the
conjunction z map was set to zero. If the z scores were in the same
direction, the value for the voxel in the conjunction z map was as-
signed to the z value with the weaker significance. This procedure
was then repeated by comparing the z scores for each voxel in the
MASQADS and MASQAA conjunction z map with the values in the
PSWQ z map to create the conjunction z map of all three question-
naires. A conjunction z map for the MASQADS and PSWQ was also
created. Conjunction z maps were then thresholded to identify sig-
nificant clusters, using the thresholding method described below.

For each of the regression analyses, significantly activated voxels
were identified via thresholding of two-tailed, per-voxel ¢ tests on
contrast 3 maps converted to z scores. Monte Carlo simulations via
AFNI’s AlphaSim program estimated the overall significance level
(probability of a false detection) for thresholding these 3-D func-
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Table 4
Regions of Interest With Interactive Effects for Depression,
for the Negative—Neutral Contrast (N = 91)

Region

Cluster _ COlLocation
Size Mean z X y z

Anhedonic Depression X Anxious Arousal

Right middle frontal gyrus (DLPFC)

Anhedonic Depression X Anxious Apprehension

Right lateral occipital cortex, inferior division

Anhedonic Depression X Anxious Arousal X Anxious Apprehension

Right inferior frontal gyrus, pars opercularis
Superior frontal gyrus

Left middle frontal gyrus (DLPFC)

Cuneal cortex

265 2.35 38 30 30
379 2.39 42 =76 -2
247 2.44 49 19 23
220 232 4 24 52
242 2.30 —34 4 49
475 —2.26 -3 -7 28

Note—Standard space voxel size was 2 X 2 X 2 mm3. All z scores > 2.0537 (p < .04);
cluster size = 215 voxels (corrected p < .05). COI, center of intensity; DLPFC, dorsolateral

prefrontal cortex.

Table 5
Unique Variance of Anhedonic Depression and Shared Variance
With Anxiety for the Negative—Neutral Contrast (V= 91)

Cluster _ COl Location

Region Size Mean z X y z

Unique Variance: Anhedonic Depression

Paracingulate gyrus (extends into rACC) 231 2.46 —6 56 2
Cingulate gyrus, anterior division (dACC) 158 2.54 0 24 24
Shared Variance: Conjunction of Anhedonic Depression and Anxious Arousal
Cingulate gyrus, posterior division 165 2.52 -6 —46 31

Note—Standard space voxel size was 2 X 2 X 2 mm3. z scores > 2.1701 (p < .03);
cluster size = 156 voxels (corrected p < .05). COI center of intensity; rACC, rostral

anterior cingulate cortex; dACC, dorsal anterior cingulate cortex.

tional z map images (Ward, 2000). These simulations used a gray
matter mask to limit the number of voxels under consideration and
provided a cluster size and z value combination to use for threshold-
ing (z = 2.054, p = .04, cluster size = 215 voxels), resulting in
an overall familywise error rate of .05. Because of concerns about
Type 1I errors for small regions due to the large cluster size con-
straint, the data were further examined with a smaller cluster size
but more stringent z value combination (z = 2.17, p = .03, cluster
size = 156 voxels), still corrected at an overall rate of .05. Clusters
that survived thresholding were defined as ROIs for further analy-
sis. Locations of the center of intensity (COI) for each cluster are
reported (see Tables 4 and 5). No amygdala clusters survived thresh-
olding. In order to investigate a priori amygdala hypotheses, a priori
ROIs of the amygdala were used to examine the relationship between
depression, anxiety types, and amygdala activation. Amygdala ROIs
were taken from the Harvard—Oxford atlas in FSL.

For each ROI, for each participant, the mean j value for each
contrast of interest (across voxels within the ROI) was calculated,
weighting each voxel equally. In order to directly test laterality hy-
potheses, mean j values were also extracted from the homologous
region in the opposite hemisphere for each lateral ROI. A laterality
index (LI) was then computed for each region, LI = (Q iy — Qgrp)/
(1Qrul + | Qrul), with positive values indicating greater left than
right activity and negative values indicating greater right than left
activity (Seghier, 2008).

The beta values extracted from significant clusters for each sub-
ject were then used for follow-up analyses in SPSS in order to char-
acterize the patterns for each ROI. Interaction plots provide a useful
illustration of how anxiety (anxious apprehension, anxious arousal,
or both) moderated the relationship between depression and brain
activation. In order to illustrate the moderation pattern, interactions

were plotted, and simple slopes were tested according to methods
described in Aiken and West (1991) and Dawson and Richter (2006).
Using SPSS, a hierarchical regression was performed for each ROI,
with first-order effects only in Step 1, two-way interactions added in
Step 2, and the three-way interaction added in Step 3. This supplied
the unstandardized coefficients and variance—covariance matrix
necessary for plotting the pattern of each interaction and for test-
ing simple slopes. The relationship between depression and brain
activation was then plotted at high and low levels of anxiety for
each interaction. Simple slopes (analogous to tests of simple main
effects in an ANOVA) were then tested to see whether the relation-
ship between depression and brain activation was significantly dif-
ferent from zero at different combinations of high and low levels of
anxiety types. In figures that plot interactions (Figures 1-5), “high”
and “low” refer to =1 SD. The hierarchical regression and plotting
procedure described above was repeated for each region’s laterality
index. Throughout the rest of the text, tables, and figures, summaries
of results will refer to the MASQADS as “anhedonic depression,”
MASQAA as “anxious arousal,” and PSWQ as “anxious apprehen-
sion,” to facilitate interpretation.

Behavioral Data

Average RTs were computed for each condition (positive, neutral,
and negative), excluding no-response trials. A repeated measures
MANOVA was conducted to explore linear (valence) and quadratic
(arousal) orthogonal trends on the emotion factor for RT. A hierar-
chical regression was also performed using questionnaire scores as
predictors of RT interference (negative RT — neutral RT). To exam-
ine the relationship between brain activation and behavioral perfor-
mance, RT interference (negative RT — neutral RT) was correlated
with activity in select ROIs.
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Figure 1. Regions showing anhedonic depression two-way interactions with anxiety for the negative—neutral contrast. Top
panel: Right dorsolateral prefrontal cortex (DLPFC) from the anhedonic depression X anxious arousal interaction. Bottom
panel: Right lateral occipital cortex, inferior division from the anhedonic depression X anxious apprehension interaction.
Graphing of the two-way interactions shows that depression’s relationship with right DLPFC activation depends on the level
of co-occurring anxious arousal and that the relationship with the right occipital cortex depends on the level of co-occurring
anxious apprehension. Highlighted voxels are those with z scores >2.05 (p < .04) meeting a cluster-size threshold of 215 (cor-

rected p < .05).

RESULTS

Behavioral Data

Every participant showed color choice accuracy of at
least 85%. Average RTs were computed for each type
of emotion word trial. A repeated measures MANOVA
showed that RT did not significantly differ between neg-
ative words (M = 680 msec, SD = 107 msec), neutral
words (M = 674 msec, SD = 100 msec), or positive words
(M = 680 msec, SD = 100 msec). No significant linear
(valence) or quadratic (arousal) trends were observed.
Likewise, pairwise ¢ tests were nonsignificant for each
combination of word type. Hierarchical regressions using
questionnaire scores to predict RT interference were non-
significant. In summary, no significant behavioral Stroop
effects were found, and questionnaire scores did not pre-
dict RT interference.

Importance of Co-Occurring Anxiety:
Interactive Effects of Anhedonic Depression
and Anxiety Types
Table 4 lists the regions with two- or three-way interac-
tive effects for depression and anxiety for the negative—

neutral contrast. Two regions with two-way interactions
emerged. An anhedonic depression X anxious arousal
interaction was found for the right DLPFC (Figure 1, top
panel). Tests of simple slopes showed that increased de-
pression was associated with decreased right DLPFC ac-
tivation at low levels of anxious arousal [#(84) = —2.71,
p = .008], but with increased right DLPFC activation at
high levels of anxious arousal [#(84) = 2.27, p = .025].
This two-way interaction indicates that a relationship be-
tween depression and right DLPFC activation depends
on the level of co-occurring anxious arousal. An anhe-
donic depression X anxious apprehension interaction
was found for the right lateral occipital cortex (Figure 1,
bottom panel). This two-way interaction indicates that
a relationship between depression and right lateral oc-
cipital activation depended on the level of co-occurring
anxious apprehension. Tests of simple slopes showed that
increased depression was associated with decreased right
lateral occipital activation at low levels of anxious appre-
hension [#(84) = —3.04, p = .002], but with increased
right lateral occipital activation at high levels of anxious
apprehension [#(84) = 3.34, p = .001]. Activation in both
of these regions also correlated positively with RT inter-
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Figure 2. Laterality analyses for regions with two-way interactions for the negative—neutral contrast. Graphing of the two-way
interactions for the laterality index for the anhedonic depression X anxious arousal (top panel) and anhedonic depression X
anxious apprehension (bottom panel) regions of interest supports the interpretation that depression is associated with increased

rightward activity when co-occurring anxiety is high.

ference for negative words [#(89) = .21, p = .046, for the
right DLPFC; »(89) = .35, p = .001, for the right occipital
cortex].

Explicit tests of laterality for both of the regions show-
ing two-way interactions confirmed the patterns sug-
gested by each region alone, with increased depression as-
sociated with more leftward activation when co-occurring
anxiety (anxious arousal for the DLPFC ROI, anxious ap-
prehension for the occipital ROI) was also low and more
rightward activation when co-occurring anxiety was high
(Figure 2). An anhedonic depression X anxious arousal
interaction emerged for the DLPFC ROI LI [#(84) = 3.29,
p = .001, when added last; full model, F(6,84) = 2.39,
p = .035]. An anhedonic depression X anxious apprehen-
sion interaction emerged for the occipital ROI LI [#(84) =
—2.92, p = .005, when added last; full model, F(6,84) =
1.91, p = .088].

Four regions (left DLPFC, superior frontal gyrus [SFG],
right inferior frontal gyrus [IFG] pars opercularis, and cu-
neal cortex) with three-way interactions emerged for the
negative—neutral contrast (see Table 4). Of the ROIs show-
ing three-way interactions, the left DLPFC, SFG, and right
IFG pars opercularis ROIs also correlated positively with
the RT interference [r(89) = .30, p = .004; r(89) = .31,
p = .002; and (89) = .20, p = .059, respectively], but the

cuneal cortex did not. A priori hypotheses predicted that
depression would be associated with reduced left DLPFC
activation. As is apparent in Figure 3, the three-way inter-
action suggests that depression is indeed associated with
decreased left DLPFC activation, but only when anxious
apprehension is low and anxious arousal is high (Figure 3,
top panel). Tests of simple slopes showed that this was the
only significant slope [#(83) = —2.35, p = .021]. Explicit
tests of laterality supported this pattern, with increased
depression associated with less left than right DLPFC ac-
tivation when anxious apprehension was low and anxious
arousal was high (Figure 3, bottom panel). An anhedonic
depression X anxious arousal X anxious apprehension
interaction emerged for the DLPFC ROI LI [#(83) = 1.95,
p = .055, when added last], although the full model was
not significant [F(7,83) = 1.08, n.s.].

Increased depression was also associated with de-
creased activation in the right IFG pars opercularis when
combined with low anxious apprehension and high anx-
ious arousal [#(83) = —2.03, p = .046; see Figure 4, top
panel]. Explicit tests of laterality indicated that increased
depression was associated with greater leftward IFG ac-
tivation (or less right IFG activation) when anxious ap-
prehension was low and anxious arousal was high (Fig-
ure 4, bottom panel). An anhedonic depression X anxious
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Figure 3. Left dorsolateral prefrontal cortex (DLPFC) anhedonic depression X anxious arousal X anxious apprehension interaction
for the negative—neutral contrast. Highlighted voxels are those with z scores >2.05 (p < .04) meeting a cluster-size threshold of =215
(corrected p < .05). Graphing of the three-way interaction shows decreased left DLPFC with increased depression only when anxious
apprehension is low and anxious arousal is high (top panel). Graphing of the three-way interaction for this region’s laterality index is

also shown (bottom panel).
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Figure 4. Right inferior frontal gyrus (IFG) anhedonic depression X anxious arousal X anxious apprehension interaction for the
negative—neutral contrast. Highlighted voxels are those with z scores >2.05 (p < .04) meeting a cluster-size threshold of =215 (cor-
rected p < .05). Graphing of the three-way interaction shows reduced right IFG with increased depression only when anxious appre-
hension is low and anxious arousal is high (top panel). Graphing of the three-way interaction for this region’s laterality index is also

shown (bottom panel).
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Figure 5. Right temporal gyrus anhedonic depression X anxious arousal interaction for the arousal contrast.
Highlighted voxels are those with z scores >2.05 (p < .04) meeting a cluster-size threshold of =215 (corrected p <
.05). Graphing of the two-way interaction (top panel) shows that the relationship between depression and right-
posterior activity depends on the level of co-occurring anxious arousal. Graphing of the two-way interaction for

this region’s laterality index is also shown (bottom panel).

arousal X anxious apprehension interaction emerged for
the IFG ROI LI [#(83) = —2.75, p = .007, when added
last; full model, F(7,83) = 2.04, p = .059].

Regression analyses for each voxel were repeated
using the arousal contrast (positive and negative, as com-
pared with neutral) to test hypotheses regarding arousal-
related posterior asymmetry. An anhedonic depression X
anxious arousal interaction emerged for the right middle
temporal/inferior temporal gyrus (Figure 5). This region
overlapped with the region identified as active for the
anxious arousal group for negative—neutral words in En-
gels et al. (2007) and also with the region identified as
more active for high-arousal than for low-arousal negative
words in Compton et al. (2003). Activation in this region
also correlated positively with RT interference for high-
arousal words [r(89) = .27, p = .011]. Tests of simple
slopes showed that right-posterior activation decreased
as depression levels increased when anxious arousal was
low [#(84) = —2.41, p = .018] but showed the opposite
pattern when anxious arousal was high [#(84) = 3.14,
p = .002; see Figure 5, top panel]. Explicit tests of lat-
erality supported this pattern, with increased depression
associated with more leftward activation when anxious
arousal was also low and with more rightward activation
when anxious arousal was high (Figure 5, bottom panel).
An anhedonic depression X anxious arousal interaction
for the temporal ROI LI supported this pattern [#(84) =

—2.98, p = .004, when added last; full model, F(6,84) =
2.69,p = .019].

Three additional regions showed a similar anhedonic
depression X anxious arousal interaction for the arousal
contrast, two of which were also in the right hemisphere
(also visible in Figure 5), including the right DLPFC (42,
25, 29) and bilateral postcentral gyrus (41, —23, 39; —54,
—16,40). The anhedonic depression X anxious arousal in-
teraction for the right DLPFC overlapped with the region
shown in Figure 1, suggesting that this interactive effect is
due to arousal and is not specific to negative words.

Unique Variance for Anhedonic Depression
and Shared Variance With Anxiety

Table 5 lists the regions for the negative—neutral con-
trast where anhedonic depression captured unique vari-
ance (with the variance associated with anxious arousal
and anxious apprehension removed). Anhedonic depres-
sion captured unique variance in both the dACC and rACC
(Figure 6, left panel). A comparison with the maps for the
anxious apprehension and anxious arousal scales showed
that only anhedonic depression captured unique variance
in the dACC and rACC. Activation in both of these re-
gions was also correlated with RT interference across
all 91 participants, such that the greater the activation in
these regions for the negative—neutral contrast, the greater
the observed interference [#(89) = .27, p = .009, for the
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Figure 6. Regions where anhedonic depression captured unique variance or shared variance with anxious arousal for
the negative—neutral contrast. Highlighted voxels are those with z scores >2.17 (p < .03), a cluster size of =156 voxels
(corrected p < .05), and a display slice x = —2. Left panel: Anhedonic depression captured unique variance in the dorsal
anterior cingulate cortex and rostral anterior cingulate cortex. Right panel: Posterior cingulate region identified from
the anhedonic depression and anxious arousal conjunction analysis.

dACC; r(89) = .30, p = .004, for the rACC]. Table 5 also
lists the results of a conjunction analysis for anhedonic
depression and anxious arousal for the negative—neutral
contrast (no other conjunction analysis was significant).
This analysis identified a posterior cingulate region in
common for anhedonic depression and anxious arousal
(Figure 6, right panel), implicating this region in both
types of psychopathology.

Anhedonic Depression, Anxiety,
and Amygdala Activation

Zero-order correlations of psychopathology scales and
the left and right amygdala showed that anhedonic depres-
sion and anxious arousal were each positively correlated
with amygdala activation for the negative—neutral con-
trast. For the left amygdala ROI, anhedonic depression
showed that (89) = .16 (p = .065), and anxious arousal

showed that (89) = .20 (p = .026, both one-tailed). For
the right amygdala ROI, anhedonic depression showed
that #(89) = .19 (p = .038), and anxious arousal showed
that 7(89) = .19 (p = .034, both one-tailed). Anxious ap-
prehension showed no relationship to either left or right
amygdala activation. Anhedonic depression and anxious
arousal were then entered into hierarchical regressions
to examine unique variance and interactive effects. Nei-
ther anhedonic depression nor anxious arousal captured
unique variance for either right- or left-amygdala acti-
vation (both were nonsignificant when added last; see
Table 6). A trend emerged for the anhedonic X anxious
arousal interaction for the right amygdala (p = .092, one-
tailed). No relationship was found between psychopathol-
ogy questionnaires and the amygdala laterality index. The
left- and right-amygdala ROIs also positively correlated
with RT interference for negative words [#(89) = .19,

Table 6
Anhedonic Depression, Anxious Arousal, and Amygdala Activation for the Negative—Neutral Contrast (N = 91)
R2 AR? Test p

Left Amygdala
Anhedonic depression (MASQADS) Added first .026 t(89) = 1.53 .065
Added second .003  #(88)=10.53 n.s.
Anxious arousal (MASQAA) Added first .042 t(89) = 1.96 .026
Added second 019 #(88)=1.32 .095
Full Model 1 .045 F(2,88) =2.05 .134
Anhedonic depression X anxious arousal (MASQAD8 X MASQAA)  Added third .001  #87)=—-0.34 n.s.
Full Model 2 .046 F(3,87)=139 ns.

Right Amygdala
Anhedonic depression (MASQADS) Added first .035 t(89) = 1.80 .038
Added second .009  #(88)=0.92 n.s.
Anxious arousal (MASQAA) Added first .037 t(89) = 1.85 .034
Added second 011 #88)=1.02 n.s.
Full Model 1 .046 F(2,88) =2.14 .124
Anhedonic depression X anxious arousal (MASQADS8 X MASQAA)  Added third 019 #87)=—-1.34 .092
Full Model 2 .066 F(3,87)=2.04 115

Note— tests are one-tailed. MASQADS, eight-item subscale of the MASQ Anhedonic Depression scale; MASQAA, Mood and

Anxiety Symptom Questionnaire—Anxious Arousal.
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p = .036, and r(89) = .28, p = .003, respectively; both
one-tailed].

DISCUSSION

The results of the present study add to a small but grow-
ing literature providing converging evidence from fMRI
(Herrington et al., in press; Johnstone et al., 2007) of
greater rightward lateralization in depression, often ob-
served in EEG studies (Davidson, 2004). Present findings
are important because they pinpoint a specific region in
the DLPFC that showed this lateralized pattern of activ-
ity. Localization of rightward lateralization to the DLPFC
is consistent with Davidson’s suggestion that this region
is likely to be the source of the observed EEG asymme-
tries. Of note, however, this pattern emerged only when
co-occurring anxious arousal was high and anxious ap-
prehension was either low (Figure 3) or of no consequence
(Figure 2), indicating that depression and anxiety interact
to moderate activity of the DLPFC.

The dimensional approach used in this study comple-
ments the group approach we used in Herrington et al. (in
press; no participants in common). In Herrington et al. (in
press), a carefully selected group of participants with high
anhedonic depression but low anxious apprehension and
anxious arousal exhibited greater rightward asymmetry
in a similar region of the DLPFC for the same contrast
of negative to neutral words. Thus, in both studies, taking
anxiety into account revealed a pattern of decreased left
DLPFC and increased right DLPFC activation in depres-
sion, suggesting abnormal processing on a task where top-
down control is required to regulate attention and manage
interference from emotional distractors.

In Herrington et al. (in press), depression, in the absence
of co-occurring anxiety, was associated with a rightward
bias of activation in the DLPFC. In the present study, right-
ward bias in depression was modulated by anxiety type—
in particular, by the combination of high anxious arousal
and low anxious apprehension. Present findings that anx-
ious arousal is important in producing rightward bias in
depression should not be taken as contradictory to Her-
rington et al. (in press). At least some depressed individu-
als who do not report high levels of anxious arousal (and
who therefore made it into the depressed group reported in
Herrington et al., in press) may nonetheless find negative
words to be more arousing or threatening than may non-
depressed individuals, such that those words bias the brain
toward right-hemisphere attentional and cognitive pro-
cesses involved in monitoring, processing, and respond-
ing to threat stimuli (Nitschke et al., 2000). Higher self-
reported anxious arousal, when combined with depression,
as assessed by dimensional analyses in the present study,
may result in a more consistent pattern in which negative
word meanings reliably capture attention and bias the brain
toward responding to threat. Thus, less left- and more right-
DLPFC activation in depression may depend largely on the
degree to which stimuli are perceived as behaviorally sa-
lient and threatening (consistent with Davidson, 2004, that
asymmetries may be more apparent in studies involving a
response component, assuming that threat elicits response

readiness). The degree to which stimuli are perceived as
potentially threatening may directly relate to the degree
of anxious arousal, a type of anxiety in which attention to
environmental threat and somatic preparation for adaptive
response are paramount. Furthermore, results highlight the
utility of a dimensional approach for assessing relevant
symptom effects. A group approach, in which participants
are categorized clinically on the basis of the presence or
absence of Axis | or II disorders, may not allow as sensi-
tive an assessment of the impact of relevant symptoms of
psychopathology on brain activity.

Anxious apprehension in previous research (Engels
et al., 2007) was accompanied by increased activity in the
left IFG. A tendency to activate the left IFG may obscure
or counteract rightward biases in brain activity when de-
pression co-occurs with anxious apprehension. Engels
et al. suggested that increased left IFG activity in anxious
apprehension may reflect more semantic processing of
the word stimuli. Anxious apprehension typically involves
elaborative verbal processing about future, not proximal,
events, and the negative words may not elicit as immedi-
ate a threat response when depression is accompanied by
anxious apprehension. A related possibility is that anxious
apprehension or worry is accompanied by other psycho-
logical factors, such as perfectionism, that enhance the sa-
lience of the task set and boost activation in the DLPFC.

Somewhat puzzling is the fact that higher activity in
the left DLPFC was correlated with more interference—
that is, worse performance—challenging an interpretation
that less left-DLPFC activity indicates a malfunction in
top-down attentional control. In light of equivalent behav-
ioral performance for participants, the positive correlation
between activation and RT interference could reflect the
fact that the paradigm requires activation in multiple cog-
nitive control regions for effective task performance, and
the more distracting the information, the more activation
required to maintain task set. An increase in the rACC or
dACC or more left- than right-IFG activity could reflect
compensation by regions other than the DLPFC important
for exertion of cognitive control (e.g., Milham et al., 2002;
Silton et al., 2010), effectively canceling any deleterious
effects on performance that would otherwise arise from
less left-DLPFC activation.

A three-way interaction was also found in this study
for the right IFG, in which less activity was associated
with higher depression and anxious arousal, when anxious
apprehension was low. A number of studies have shown
activity in the right IFG on tasks that require the inhibi-
tion of a dominant response, suggesting an important role
for this region in executive function and cognitive control
(Aron, Fletcher, Bullmore, Sahakian, & Robbins, 2003;
Aron, Robbins, & Poldrack, 2004). Present findings sug-
gest that depression combined with anxious arousal in-
volves difficulties in inhibiting a tendency to respond to
the emotional meaning of the word. The fact that depres-
sion and anxiety are not associated with deficits in perfor-
mance (i.e., more interference, reflecting more attentional
capture by negative words) is likely to reflect compensa-
tory activity in other brain regions. In particular, the ACC,
which showed more activity for depression here, has been
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suggested to play an important role in exerting top-down
attentional control to compensate for failures of control by
other brain regions (Milham et al., 2002).

Another perspective situates the right IFG in a ventral
frontoparietal network that detects salient and behavior-
ally relevant stimuli in the environment, especially when
that information is unattended (Corbetta, Patel, & Shul-
man, 2008). To the degree that word meanings in the emo-
tional Stroop task are perceived as behaviorally relevant,
they might be expected to capture attention, which would
increase interference on the task. If this interpretation is
correct, the combination of high depression and high anx-
ious arousal may create a bias of attention toward task-
irrelevant negative word meanings that requires active
suppression of the right IFG in order to neutralize detri-
mental effects of psychopathology on performance. If so,
it seems likely that other brain regions involved in top-
down control are acting to modulate the right IFG (e.g.,
the dACC or rACC, in which more activity was associated
with higher depression in this study). It remains for future
research to examine more closely the connectivity and
timing of their interactions in order to clarify further the
relationship of psychopathology dimensions, brain activ-
ity, and performance in the context of this paradigm.

Anxious arousal also modulated depression-related
activity in right-posterior regions of the brain hypoth-
esized to modulate arousal, vigilance, and other aspects
of adaptive threat response (Nitschke & Heller, 2005;
Nitschke et al., 2000). The right-middle-temporal/inferior-
temporal-gyrus region that emerged in these analyses
(Figure 5) overlapped with the region identified as active
for the anxious arousal group for negative—neutral words
in Engels et al. (2007) and also with the region identi-
fied as more active for high-arousal than for low-arousal
negative words in Compton et al. (2003). Activation in this
region also correlated positively with RT interference for
high-arousal words. Thus, whereas the effect of depres-
sion on frontal regions was augmented by anxious arousal,
anxious arousal undermined the effect of depression on
right-posterior activation. The findings suggest that some
cognitive deficits in depression associated with impair-
ments in right-posterior processing (e.g., face process-
ing; Deldin, Keller, Gergen, & Miller, 2000) emerge only
when depression is not accompanied by anxious arousal,
as Keller et al. (2000) showed via neuropsychological
testing.

Finally, an interaction of depression and anxious ap-
prehension appeared for the right occipital cortex. This
region overlaps a region of activation for negative, as
compared with neutral, words in an emotion word Stroop
task with unselected participants (Compton et al., 2003).
We and others have suggested that a right-lateralized
frontoparietal network that extends to temporal and oc-
cipital regions is involved in detecting and responding to
threat (e.g., a right-hemisphere surveillance system; e.g.,
Bear, 1986; Compton et al., 2003; Corbetta et al., 2008;
Nitschke et al., 2000). The presence of interactions be-
tween depression and different anxiety types for different
right-posterior regions suggests that both anxious appre-
hension and anxious arousal may be associated with ac-

tivity in this system, but at different spatial locations and
time courses.

Other brain regions showed increased activation associ-
ated with depression alone or both depression and anxi-
ety types independently. Anhedonic depression captured
unique variance in both the dACC and rACC (Figure 6).
Present results are consistent with ACC results from Mit-
terschiffthaler et al. (2008), who found more ACC acti-
vation in patients with major depressive disorder (with
no other Axis I comorbidity) than in controls during an
emotional Stroop task. Research has pointed to differen-
tial engagement of ACC subdivisions for cognitive and
emotional functions (Bush, Luu, & Posner, 2000). Mo-
hanty et al. (2007) were the first to demonstrate directly
that the dACC was more active for incongruent than for
neutral words during the standard color word Stroop task,
whereas the rACC was more active for negative than
for neutral words during the emotion word Stroop task.
However, a strict separation of cognitive and emotional
functions for the ACC subdivisions was not supported.
Regression results showed that the dACC and DLPFC
showed strong connectivity even during the emotion word
Stroop task, suggesting that the dACC is important for
implementing cognitive control even in the presence of
emotional distractors. In addition, the dACC and rACC
both uniquely predicted amygdala activation, suggesting
that the JACC and rACC both play a role in emotion regu-
lation (Mohanty et al., 2007). Increased ACC activation
may reflect increased conflict due to a bias toward poten-
tial threat with, consequently, greater need for regulating
emotional responses and suppressing inappropriate atten-
tional capture by emotional distractors (Bush et al., 2000;
Mitterschiffthaler et al., 2008; Mohanty et al., 2007; Phan,
Wager, Taylor, & Liberzon, 2002).

A distinct, more posterior cingulate region emerged
in a conjunction analysis for the anhedonic depression
and anxious arousal scales. Increased posterior cingulate
activation has previously been associated with increased
negative affect and anxiety symptom intensity. For ex-
ample, the posterior cingulate was more active when the
participants were instructed to increase their negative af-
fect in response to negative pictures than when they were
instructed to decrease it (Ochsner et al., 2004). Anxiety
symptoms also correlated positively with posterior cingu-
late activation in a group of patients with major depression
(Bench, Friston, Brown, Frackowiak, & Dolan, 1993) or
obsessive—compulsive disorder (McGuire et al., 1994).
Participants with panic disorder showed greater posterior
cingulate activation when making judgments of threat-
related stimuli (Maddock, Buonocore, Kile, & Garrett,
2003). The posterior cingulate cortex is also consistently
activated by salient emotional stimuli and is theorized to
be important in the interaction of emotion and memory
processes and in regulating emotional responses (Mad-
dock, 1999; Maddock & Buonocore, 1997; Maddock
et al., 2003; Maddock, Garrett, & Buonocore, 2003; Pes-
soa & Padmala, 2005). Present results further implicate
the posterior cingulate as an important region in atten-
tion to emotional information and suggest that the poste-
rior cingulate activation observed in the studies reviewed
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above was due to increased negative affect. Because de-
pression and anxious arousal shared variance in this re-
gion and no moderating effects of co-occurring anxiety
emerged, activation in this region may be expected for
similar paradigms, regardless of specific patterns of co-
occurring anxiety and depression symptoms.

A priori amygdala analyses (Table 6) showed that both
anhedonic depression and anxious arousal were positively
correlated with activation in the left and right amygdala
for negative words, as compared with neutral words. How-
ever, neither anhedonic depression nor anxious arousal
captured unique variance in this region. Anxious appre-
hension showed no relationship to amygdala activation.
Amygdala activation was also related to behavioral per-
formance, such that an increase in RT interference was
associated with an increase in amygdala activation. The
results are consistent with those in Herrington et al. (in
press), in which differences were found in amygdala ac-
tivation in depressed individuals, as compared with con-
trols, for negative versus neutral words. However, unlike
in Herrington et al. (in press), direct tests of laterality for
the amygdala were not significant. Present results suggest
that depression and anxious arousal are similarly related
to increases in amygdala activation.

Implications for Executive Function Deficits
in Depression

Because patterns of asymmetric brain activity have been
proposed to account for the deficits in executive and other
cognitive functions observed in depression (Levin, Heller,
Mohanty, Herrington, & Miller, 2007), neuroimaging re-
search using experimentally controlled anxiety and depres-
sion is important for elucidating their neural mechanisms.
The emotion word Stroop task can be conceptualized as
a task of executive function, in that the individual must
engage top-down control to ignore the distracting emo-
tional meaning of the word in order to identify the color.
Furthermore, the task engages prefrontal regions known to
be involved in top-down attentional control—specifically,
the left DLPFC and dACC (e.g., Banich et al., 2009; Bot-
vinick, 2008; Compton et al., 2003; Herrington et al., in
press). This task thus provides a possible link to the under-
standing of executive function deficits in depression.

One potential limitation of present results is the ab-
sence of significant behavioral effects. The absence of
any effects of psychopathology dimensions on interfer-
ence makes it difficult to interpret patterns of activation
as reflecting an executive function deficit per se. Even
in clinical samples, group behavioral differences are not
always obtained for affective challenge tasks (e.g., Elliott
etal., 2002; George et al., 1997), and group differences in
RT interference were nonsignificant in Herrington et al.
(in press). However, because cognitive control involves
neural networks, deficits in one region may be offset by
more activity in another region, such that performance is
maintained (e.g., Milham et al., 2002). It is also possible
that the effect of anxiety as a moderator on the pattern
brain activation in depression may manifest differently in
a task that shows significant behavioral effects or does not
involve an emotional component.

Thus, there is some basis for speculation regarding the
link between brain activity and executive function in de-
pression. The left DLPFC is important for imposing an
attentional set or bias for the information to be attended,
especially when processing of the to-be-attended informa-
tion is less automatic than that of the task-irrelevant infor-
mation (Banich et al., 2000; Compton et al., 2003; Mil-
ham et al., 2002). In particular, the posterior portion of the
DLPFC (BA 8/6) that showed a three-way interaction here
is involved in allocating attention to competing stimuli in
the environment (Petrides, 2005) and top-down biasing to-
ward task-relevant information, creating an attentional set
(Banich et al., 2000). Reduced activation in this area may
reflect difficulty in task-relevant attentional allocation
and failure to engage appropriate top-down processing to
mediate attentional demands, potentially accounting for
reported deficits in concentration in depression.

The mid-DLPFC (BA 9/46), which showed an interac-
tion between anxious arousal and anhedonic depression, is
associated with working memory (Petrides, 2000, 2005). In
the present task, this region may be inappropriately engaged
with processing representations of threat words, interfer-
ing with allocation of attention to the color of the words,
the task-relevant dimension. In real-world situations,
mood-congruent attentional biases in depression with co-
occurring anxious arousal may interfere with engagement
of brain regions important for task performance, resulting
in well-established deficits in memory (for a review, see
Levin et al., 2007). Further research is needed to link spe-
cific patterns of brain activity with specific executive func-
tion deficits in depression and co-occurring anxiety.

Treatment Implications

The patterns of brain activation that emerged in the
present investigation also have implications for treatment.
For example, transient suppression of right-DLPFC activ-
ity via slow repetitive transcranial magnetic stimulation
(rTMS) has been shown to be related to improvement on
an emotional go/no-go task for depressed patients. For
depressed patients, the higher the rated depression, the
more the patient improved on the task following right pre-
frontal rTMS (Bermpohl et al., 2006). Consistent with the
explanations above of the results in the present study, a
hyperactive rACC for depression was theorized to repre-
sent an adaptive, compensatory response in clinical de-
pression, since patients with a more active rACC showed
better recovery (Pizzagalli et al., 2001). Higher rates of
co-occurring anxiety and depression tend to be found in
more severe conditions, and their co-occurrence nega-
tively affects aspects of psychopathology such as course,
chronicity, and relapse (e.g., Brown, Antony, & Barlow,
1995; Gaynes et al., 1999; Ghaziuddin, King, Naylor,
& Ghaziuddin, 2000; Kessler, Chiu, Demler, & Walters,
2005; Sherbourne & Wells, 1997; see Mineka, Watson,
& Clark, 1998, for a review). Thus, understanding how
co-occurring anxiety affects brain activation patterns for
depression could inform potential treatment trajectories.

Besides these substantive implications, the present re-
sults offer a methodological caution for studies of brain
activity, laterality, emotion, and psychopathology. Striking
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interactions clearly indicate that co-occurring symptoms of
depression and anxiety significantly complicate observed
patterns of activation. Inconsistencies in the literature may
be due to different (and typically, unassessed) combina-
tions of anxious and depressive symptoms across studies.
In summary, the present findings indicate that depres-
sion and co-occurring anxiety types separately and jointly
influence patterns of brain activation during emotion
processing, contributing to a greater understanding of
the neural mechanisms of psychopathology. Rightward
frontal lateralization in depression depended on elevated
anxious arousal and simultaneously low anxious appre-
hension. Right-posterior activation was complicated by
an interaction of anxious arousal and anhedonic depres-
sion, supporting predictions that this region of the brain
would be modulated by arousal effects of anxiety. Anhe-
donic depression captured unique variance in the dACC
and rACC and shared variance with anxious arousal in
the posterior cingulate and amygdala. Interactive effects
imply that depression, particularly when accompanied
by anxious arousal, results in a failure to implement ap-
propriate top-down processing in order to mediate at-
tentional demands due to increased activation in regions
associated with responding to emotionally salient infor-
mation. Present findings thus elucidate possible brain
mechanisms of the well-established deficits in aspects of
executive function in depression, such as concentration
and memory (reviewed in Levin et al., 2007). In addition,
depression-related deficits in cognitive processes associ-
ated with right-posterior functions may emerge only in the
absence of anxious arousal. Put differently, when anxious
arousal co-occurs with depression, it may cause difficulty,
or increase difficulty, in one type of cognitive processing
(top-down attentional control, or selective attention, as-
sociated with left-prefrontal processing) but may provide
a buffer against difficulties in another type of cognitive
processing (visuospatial, including face processing, as-
sociated with right-posterior functions). The patterns of
activation observed thus provide important insights into
brain mechanisms involved in cognitive control and infor-
mation processing for different types and combinations of
psychopathology when individuals are confronted with a
cognitive task in the context of unpleasant information.
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