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Abstract

A network consisting of left dorsal lateral prefrontal cortex (LDLPFC) and dorsal anterior 

cingulate cortex (dACC) has been implicated in top-down attentional control. Few studies have 

systematically investigated how this network is altered in psychopathology, despite evidence that 

depression and anxiety are associated with attentional control impairments. fMRI and dense-array 

ERP data were collected in separate sessions from 100 participants during a color-word Stroop 

task. fMRI results guided ERP source modeling to characterize the time course of activity in 

LDLPFC (300-440 ms) and dACC (520-680 ms). At low levels of depression, LDLPFC activity 

was indirectly related to Stroop interference and only via dACC activity. In contrast, at high levels 

of depression, dACC did not play an intervening role, and increased LDLPFC activity was directly 

related to decreased Stroop interference. Specific to high levels of anxious apprehension, higher 

dACC activity was related to more Stroop interference. Results indicate that depression and 

anxious apprehension modulate temporally and functionally distinct aspects of the frontocingulate 

network involved in top-down attention control.

Keywords

depression; anxious apprehension; dACC; LDLPFC; attention; color-word Stroop

Attentional difficulties are highlighted as key diagnostic criteria for both depression and 

anxiety in the Diagnostic and Statistical Manual of Mental Disorders (DSM-IV-TR, APA 

2000). Contributing to cognitive misattributions, individuals with depression often 

demonstrate an attentional bias that favors negative information, and neutral information is 

interpreted in a negative manner (Gotlib & Krasnoperova, 1998; Gotlib, Krasnoperova, Yue, 

& Joorman, 2004). These attentional abnormalities may intensify and prolong symptoms of 

sadness and worry due to the negatively biased misinterpretation of events and information 

that is commonly observed in depression and anxiety (Gotlib et al., 2004), leading to a 

downward spiral of maladaptive thoughts. Individuals with anxiety demonstrate an 

attentional bias to threat-related information (Compton, Heller, Banich, Palmieri, & Miller, 

2000; Nitschke & Heller, 2002). Once threatening stimuli are attended to, it is difficult for 

individuals with anxiety to disengage their attention and shift to less anxiety-provoking 

thoughts. These attentional control difficulties often affect daily life function. In clinical 

settings, it is typical to hear clients with depression and/or anxiety complain of “difficulties 

attending to a conversation or lecture” or, “problems focusing on reading or homework”. 

Attentional control problems and related executive function deficits can greatly interfere 

with interpersonal relationships and daily life activities such as job performance (Jaeger, 

Berns, Uzelac, & Davis-Conway, 2006). In turn, these difficulties fuel cycles of self-

deprecation, sadness, and worry. Cognitive and neural mechanisms associated with the 

attentional problems that accompany symptoms of depression and anxiety are not well-

understood.
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Complicating the characterization of these phenomena, depression and anxiety frequently 

co-occur (Engels et al., 2010; Kessler, Dupont, Berglund, Wittchen, 1999). Based on DSM-

IV-TR criteria, it can often be difficult, or even impossible, to distinguish whether an 

individual's attentional problems are related to depression, anxiety, or both. Further 

developing clinical assessment methods that have high diagnostic sensitivity and specificity 

is crucial to advancing treatment for these debilitating disorders. If differential patterns of 

attentional control difficulties can be identified in depression and anxiety, it will inform 

evidenced-based treatments for depression and anxiety that involve training individuals to 

use attentional control methods, such as cognitive control therapy (Siegle, Ghinassi, & 

Thase, 2007) and mindfulness-based cognitive behavioral therapy (Segal, Williams, & 

Teasdale 2002).

The effectiveness of attentional control training/cognitive control training for individuals 

with depression has been demonstrated in treatment outcome studies (Siegle et al., 2007) as 

well as in experimental research. Hertel (1994) showed that individuals with depression who 

were coached to use attentional control strategies achieved performance on an attention task 

that was comparable to that of individuals without depression. These findings indicated that 

individuals with depression have sufficient attentional resources; their attentional problems 

arise due to a failure to control these resources (Hertel, 1994). Fundamental attentional 

control functions that are involved with maintaining focus on the task at hand, rather than 

getting distracted by threatening or negative task-irrelevant information, or getting caught up 

in a ruminative loop, may be interrupted in depression (Hertel, 2007) and anxiety (Eysenck, 

Derakshan, Santos, & Calvo, 2007).

Several dimensions of psychopathology, including anhedonic depression, anxious 

apprehension (worry), and anxious arousal (panic or autonomic arousal), are accompanied 

by unique patterns of abnormal activity in regions of the brain involved in attentional control 

(e.g., Engels et al., 2007, 2010; Nitschke, Heller, & Miller, 2000) In order to examine 

associated neural mechanisms of attentional disruption that accompany depression and 

anxiety symptoms, it is strategic to partition anxiety according to these theoretical and 

methodological distinctions. This is particularly relevant because worry or anxious 

apprehension is a key feature of generalized anxiety disorder (GAD), and GAD is the most 

common anxiety disorder to precede and co-occur with depression (Kessler et al., 1996; 

Kessler, Zhao, Blazer, & Swartz, 1997),

Banich (2009) identified a network of brain regions involved in top-down attentional 

control, including left dorsolateral prefrontal cortex (LDLPFC) and dorsal anterior cingulate 

cortex (dACC). Present analyses addressed the possibility that depression and anxious 

apprehension differentially influence this network. According to Banich's (2009) cascade-of-

control model, during attentionally demanding tasks LDLPFC imposes a top-down 

attentional set for task-relevant processing while late-stage or response-related aspects of 

selection are implemented by dACC. Hence, a temporal course in which LDLPFC is 

activated first, followed by dACC, is a key component of Banich's cascade-of-control 

model. Furthermore, the model posits that the less top-down control exerted by LDLPFC, 

the more activity should be observed in dACC, as it will need to resolve any remaining 

aspects of selection before a response can be emitted.
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A recent source analysis study investigating the time course of activity in LDLPFC and 

dACC during an attentional control task (color-word Stroop) in a nonclinical, undergraduate 

sample (Silton et al., 2010) provided support for this model1. Results indicated that 

LDLPFC activity preceded dACC activity. Moreover, measures of performance (Stroop 

interference) were directly related to later dACC activity, but not LDLPFC activity. The 

“Stroop interference effect” refers to a typical response pattern involving longer reaction 

time (RT) following incongruent stimuli (the word “red” in blue ink) than congruent (the 

word “red” in red ink) or neutral stimuli (a non-word or a non-color word, such as “XXXX” 

or “bond” in red ink). The extent to which dACC activation influenced Stroop performance 

depended on the degree of earlier LDLPFC activity, showing an interdependent relationship 

among these brain regions. Consistent with the cascade-of-control model, when LDLPFC 

activity was high, dACC activity did not affect performance. This pattern of activity was 

attributed to adequate top-down control imposed by LDLPFC. When LDLPFC activity was 

low, high dACC activity was associated with better performance and longer reaction time, 

suggesting that, as predicted, dACC was compensating for the lack of top-down LDLPFC 

control. When LDLPFC and dACC activity were both low, a higher error rate and shorter 

reaction time were observed, indicating a lack of dACC compensatory action.

These findings are relevant for psychopathology, as the Stroop (1935) task has been used to 

investigate cognitive impairments in depression in top-down control. A number of studies 

examining performance on the color-word Stroop task in depressed individuals have shown 

a range of attentional difficulties evidenced by increased RT, increased errors, and greater 

interference (Biringer et al., 2005; Dunkin et al., 2000; Duncan & Owen, 2000; Holmes & 

Pizzagalli, 2008; Paradiso et al., 1997; Ravnkilde et al., 2002; Stordal et al., 2004; Videbech 

et al., 2004). Impaired Stroop performance has been reported for individuals with Major 

Depressive Disorder (MDD; Videbech et al., 2004), recurrent Major Depressive Episodes 

(MDEs; Stordal et al., 2004), remitted depression (Biringer et al., 2005; Paradiso et al., 

1997), and failure to respond to antidepressant medication (Dunkin et al., 2000). Recent 

research has revealed that abnormal focal LDLPFC and dACC activity is related to 

depression during Stroop performance (Holmes & Pizzagalli, 2008; Killgore, Gruber, & 

Yurgelun-Todd, 2007; Wagner et al., 2006), but precisely how depression influences the 

timing and relations among relevant brain regions remains an open question.

Research investigating the relationship between anxiety and color-word Stroop performance 

has used diverse definitions and types of anxiety, as well as various paradigms, perhaps 

contributing to a lack of consistency in results. In an early study, a state manipulation of 

anxiety adversely affected performance accuracy in an incongruent but not a congruent 

condition (Hochman, 1967). Fox (1993) compared behavioral performance for high and low 

trait-anxious participants on incongruent, neutral, and threatening words in a spatially 

“separated” Stroop task (attend to a central color patch and ignore the word in the 

periphery). High trait-anxious participants showed interference effects for both incongruent 

1Silton et al. (2010) did not address the relationship between psychopathology and the temporal course of LDLPFC and dACC. The 
present study was designed to follow-up questions raised about psychopathology in the Silton et al. study. As a follow-up study, a 
superset of the Silton et al. sample and similar methodology were used in the present study. Results from Silton et al. guided present 
hypotheses regarding how depression and anxiety influence the temporal course of the frontocingulate network.
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and threat words presented in the periphery, suggesting a general disruption in the ability to 

maintain attentional focus that is not limited to threatening information. Other studies 

involving the color-word Stroop task have not found RT condition differences as a function 

of anxiety (Gehring, Himle, & Nisenson, 2000; Hajcak, McDonald, & Simons, 2003).

The brain regions that were shown to work in conjunction to exert attentional control in a 

nonclinical sample, specifically, LDLPFC and dACC (Silton et al., 2010) appear to be 

differentially affected in depression and anxiety. Depression has been more commonly 

linked to reduced LDLPFC activity than has anxiety (Herrington et al., in press; Holmes & 

Pizzagalli, 2008; Fitzgerald et al., 2006; Rogers et al., 1998). Both depression and anxiety 

have been associated with altered dACC activity (Engels et al., 2010; Hajcak et al., 2003). 

Anxiety has typically been associated with increased dACC activity (Olvet & Hajcak, 2008; 

Paulus, Feinstein, Simmons, & Stein, 2004), whereas both dACC hyperactivity and 

hypoactivity have been reported in depression (Holmes & Pizzagalli 2008; George et al., 

1997; Kilgore et al., 2007). These mixed findings may be in part due to unassessed, 

comorbid anxiety.

Limited research has focused on how psychopathology affects frontocingulate networks. 

Mayberg's (1997) proposed limbic-cortical network model of depression specifies “ventral” 

and “dorsal” components. Relevant to the present study, Mayberg proposed that the 

attentional impairments observed in depression are related to abnormalities in the dorsal 

components, which include DLPFC, dACC, inferior parietal cortex, and striatum. Consistent 

with this model, Holmes and Pizzagalli (2008) showed a reduction in both LDLPFC and 

dACC activity as measured by event-related brain potential (ERP) source analyses during a 

color-word Stroop task at 620 ms post-stimulus presentation in individuals with depression 

compared to controls. Reporting different findings using functional magnetic resonance 

imaging (fMRI) methods, Wagner et al. (2006) observed that individuals with depression 

had hyperactive LDLPFC but no changes in dACC activity relative to healthy controls 

during Stroop performance. With implications for translational research, an fMRI study 

showed post-treatment changes in LDLPFC function after individuals with depression 

received cognitive control therapy (Siegle et al., 2007). Decreased LDLPFC activity was 

observed for an easy cognitive control task condition and increased LDLPFC activity was 

observed for a more difficult condition. These depressed individuals demonstrated improved 

performance on this cognitive-control task following treatment. These findings support other 

studies in pointing to changes in patterns of DLPFC and ACC activation as a function of 

depression, although the precise nature and direction of these changes remains to be 

determined.

The present study used ERP source analysis to evaluate how the frontocingulate network 

described in Banich's cascade-of-control model of top-down attentional control is affected 

by depression and anxiety. Source analysis techniques are an ideal method to study the 

timing of network function, as they provide information regarding the time course of 

regional brain activity. MMModerated mediation analyses were used to evaluate the 

hypothesis that depression and anxiety would influence the time course of early LDLPFC 

activity and later dACC activity in different ways during a task that requires top-down 

attentional control (the color-word Stroop task). It was predicted that depression would be 
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related to reduced earlier LDLPFC activity and that later dACC activity would be related to 

either 1) compensatory behavior, as evidenced by increased activity and normal Stroop 

performance, or 2) a lack of compensatory behavior, as indicated by decreased activity and 

poor Stroop performance. Anxious apprehension was hypothesized to be associated with 

increased dACC activity only. It was uncertain whether this pattern of network activity 

would affect performance. Increased dACC activity was shown to mediate Stroop 

performance only when LDLPFC activity was low and associated top-down attentional 

control was poor (Silton et al., 2010). Since anxious apprehension is not expected to affect 

LDLPFC activity, it is uncertain whether potential changes to subsequent downstream 

dACC activity (but not earlier LDLPFC activity) would affect performance.

Method

Participants and Selection Procedures

Participants (N = 100) were recruited from introductory psychology classes via group 

questionnaire screening sessions as well as from the community via advertisements placed 

in local newspapers and through recruitment efforts at the campus-run community 

psychology clinic. Participants (45% female, 80% Caucasian) were paid volunteers ages 

18-35 (M = 20.2, SD = 3.6). Participants were right-handed as determined by the Edinburgh 

Handedness Inventory (Oldfield, 1971) and were native English speakers. Since 

psychoactive medications are known to affect cognitive function and related regional brain 

activity (Brody et al., 2001; Mayberg et al., 2000), participants were screened by self-report 

to be free of such medications. Participants were also screened for abnormal color vision, 

loss of consciousness >10 minutes, claustrophobia, recent drug/alcohol use, excessive 

caffeine intake, and lack of sleep. Participants were given a laboratory tour, were informed 

of the study procedures, and provided written consent. DSM-IV-TR diagnoses were used to 

select participants from a larger project in order to ensure that individuals who had a lifetime 

history of clinically-defined depression were included in present analyses. The participant 

selection method described here was employed prior to running subsequent analyses.

The Structured Clinical Interview for Axis I Disorders, Non-patient edition (SCID-NP, First, 

Spitzer, Gibbon, & Williams, 1997), was administered to all participants to assess Axis I 

disorders. Lifetime DSM-IV-TR diagnoses were determined by the interviewer and 

reviewed by a consensus team consisting of a second interviewer and a clinical faculty 

supervisor (GAM) reviewing a written case summary detailing each criterion symptom on 

the scale: 1 = absent, 2 = features (at least 2 symptoms), 3 = provisional (1 short of full 

DSM-IV-TR criteria), and 4 = definite. SCID-NP data were used to select 34 participants 

who had a lifetime history of a provisional or definite depressive disorder, 18 of whom had a 

lifetime history of one or more provisional or definite anxiety disorder(s). Participants with 

anxiety disorders had diagnoses primarily of GAD (n = 7), as well as of OCD (n = 5), Social 

Phobia (n = 5), Specific phobia (n = 4), PTSD (n = 4), Panic (n = 1), and Anxiety NOS (n = 

1). The SCID-NP does not provide information regarding current anxiety disorders, only 

information regarding lifetime history of anxiety disorders. 66 participants were free of any 

depressive or anxiety disorders. None of the participants was in a current MDE. Although 

participants were screened for all Axis I disorders, other disorders were not used as criteria 
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to select participants for the present study. Participants' diagnostic status was not revealed to 

the research team until after the participants had completed the entire study protocol. These 

participant selection methods were used to ensure that a range of depression- and anxiety-

related psychopathology was represented in the sample, since dimensional analyses of self-

reported depression and anxious apprehension were used to examine their moderating 

effects (described below).

To provide dimensional measures of depression, anxious apprehension, and anxious arousal, 

participants completed the Mood and Anxiety Symptom Questionnaire Anhedonic 

Depression 8-item depressed-mood subscale (MASQ-AD-8 Nitschke et al., 2001; Watson et 

al., 1995a, 1995b) and the Penn State Worry Questionnaire (PSWQ; Meyer, Miller, 

Metzger, & Borkovec, 1990; Molina & Borkovec, 1994). These measures have been shown 

to provide effective discrimination among these dimensions (for review, see Nitschke et al., 

2001) and to distinguish brain regions involved in each (e.g., Engels et al., 2010). Although 

participants completed other questionnaires as part of a larger study, only the MASQ-AD-8 

and PSWQ were analyzed in the present study. With regard to construct validity, the 

MASQ-AD-8 predicts current MDE and lifetime MDD (Bredemeier et al., in press). 

Similarly, the PSWQ is an excellent predictor of GAD (Behar, Alcaine, Zuellig, & 

Borkovec, 2003). See Table 1 for further information about demographics, and 

questionnaire scores for the depression, anxiety, and comorbid diagnostic categories for the 

present sample.

Three ANOVAs were conducted to examine a) whether participants with diagnosed 

depression scored higher than those without diagnoses on the MASQ-AD-8, b) whether 

participants with comorbid diagnoses scored higher than those without diagnoses on both 

questionnaire measures, and c) whether participants with comorbid diagnoses scored higher 

than the participants with only depression diagnoses on the PSWQ, but not the MASQ-

AD-8. The participants with comorbid and pure depression were expected to have 

comparable levels of depression as measured by the MASQ-AD-8 and to vary only on 

anxiety levels as measured by the PSWQ. The results were as expected. The participants 

with depression diagnoses scored higher than those without diagnoses on the MASQ-AD-8 

(F(1,80) = 5.41, p = .02). The participants with comorbid diagnoses scored higher than those 

without diagnoses on the PSWQ (F(1,82) = 17.22, p <.001) and MASQ-AD-8(F(1,82) = 

7.60, p = .01). The participants with comorbid diagnoses did not differ from those with only 

depression diagnoses on the MASQ-AD-8 (F(1,32) = .12, p = .74), but they scored higher 

than those with only depression diagnoses on the PSWQ (F(1,32) = 9.33, p = .01). Given 

that the diagnosis-based categorical groups were formed using a different measure (the 

SCID-NP) than the dimensional questionnaires, these analyses provided evidence for 

convergent validity.

Stimuli and Experimental Design

In brief overview, ERP and fMRI data were collected from all participants during a task 

requiring top-down attentional control (color-word Stroop task). The fMRI data were used to 

guide placement of ERP sources, and information regarding the time course of LDLPFC and 
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dACC activity was extracted for neural network analyses involving dimensional depression 

and anxious apprehension variables.

Participants completed a color-word Stroop task and an emotion-word Stroop task. Both 

tasks were administered during an fMRI session and again during an EEG session. The order 

of presentation of the two Stroop tasks within a session was counterbalanced across 

participants, as was the order of the EEG and fMRI sessions, with the SCID session in-

between for most participants. The emotion-word Stroop data do not address present goals 

and will not be considered further here. The color-word Stroop task consisted of blocks of 

color-congruent or color-incongruent words alternating with blocks of neutral words, with 

256 trials in 16 blocks (4 color-congruent, 4 color-incongruent, 8 neutral). Half the trials in 

congruent and incongruent blocks were neutral, to prevent the development of word-reading 

strategies. There were eight orders of stimulus presentation for each Stroop task, designed 

specifically to control stimulus order effects. Each participant received one of the eight 

orders.

Each trial consisted of one word presented in one of four ink colors (red, yellow, green, 

blue). Trials began with the presentation of a word for 1500 ms, followed by a fixation cross 

for 275 to 725 ms (onset to onset ITI 2000 +/− 225 ms). Word presentation and response 

recording were controlled by STIM software (James Long Company, Caroga Lake, NY). In 

the fMRI session, words were presented in capital letters using Tahoma 72-point font via 

back projection onto a screen outside the scanner bore and a mirror fixed to the head coil, 

providing a vertical span of 2.9 degrees and a horizontal span of 6.1-16.4 degrees. In the 

ERP session, the same words were presented in Tahoma 72-point font on a CRT monitor 

1.35 m from the participants' eyes, providing a vertical span of 1.5 degrees and a horizontal 

span of 3.2 - 8.7 degrees. Participants responded with the middle and index fingers of both 

hands, with each task using the same mapping of color to button. There was a color-to-key-

mapping acquisition phase of 32 practice trials. In addition to the 16 word blocks, there were 

four fixation blocks – one at the beginning, one at the end, and two in the middle of the 

session. In the fixation condition, a brightened fixation cross was presented for 1500 ms.

MRI Recording, Data Reduction, and Analysis

fMRI data were analyzed from a subset of 30 of the 66 participants without a 

psychopathology history, providing guidance for the ERP source analysis that was carried 

out for all 100 participants. Two-tailed t-tests showed that the 30 participants who were used 

in fMRI analyses did not differ from the other 36 participants without anxiety or depression 

diagnoses in terms of age, t(65) = 1.11 , p = .27, gender balance, χ2(1, n = 66) = 2.03, p = .

15, Global Assessment of Function (GAF), t(65) = .26 , p =.80, or Stroop interference effect, 

t(65) = −.78, p = .44. Participants without lifetime depression and/or anxiety diagnoses were 

used for fMRI analyses because the purpose of the study was to understand how network 

activity in depression and anxiety differs from typical network activity observed in healthy 

individuals.

The MR technologist and experimenter assisted the participant in correct placement of 

earplugs and protective headphones. MR data were collected using a research-dedicated 3T 

Siemens Allegra. Three hundred and seventy functional images were acquired using a 
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gradient-echo echo-planar imaging (EPI) sequence (TR 2000 ms, TE 25 ms, flip angle 80°, 

FOV=22 cm). Thirty-eight oblique axial slices (slice thickness 3 mm, in-plane resolution 

3.4375×3.4375 mm, .3 mm gap between slices) were acquired parallel to the anterior and 

posterior commissures. After the EPI sequence, a 160-slice MPRAGE structural sequence 

was acquired (slice thickness 1 mm, in-plane resolution 1×1 mm) for registering each 

participant's functional data to standard space.

Image processing and analyses relied primarily on tools from the FMRIB Software Library 

(FSL) analysis package (http://www.fmrib.ox.ac.uk/fsl). Each fMRI time series was first 

motion-corrected using Motion Correction using FMRIB's Linear Image Registration Tool 

(MCFLIRT; Jenkinson, Bannister, Brady, & Smith, 2002), and “spikes” (artifactual sudden 

intensity shifts) were corrected using the AFNI tool 3dDespike (http://afni.nimh.nih.gov/

afni). Participants demonstrated less than 3.3 mm absolute motion or 2 mm relative motion 

(participants with motion exceeding this threshold were excluded from analysis, beyond the 

30 control participants relied on in the present analysis). 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 group statistics 

were implemented by FMRI Expert Analysis Tool (FEAT). The first three volumes of each 

dataset were discarded to allow the MR signal to reach a steady state. Each time series was 

then temporally filtered with a nonlinear high-pass filter (to remove drift in signal intensity), 

mean-based intensity-normalized by the same single scaling factor, and spatially smoothed 

using a 3D Gaussian kernel (full-width-half-maximum 5 mm) prior to analysis.

Regression analyses were performed on each participant's time series using FMRIB's 

Improved Linear Model (FILM). Statistical maps were generated via multiple regression 

computed for each intracerebral voxel (Woolrich, Ripley, Brady, & Smith, 2001). An 

explanatory variable (EV) was created for each trial block type (color-congruent, color-

incongruent, neutral, rest), with the fixation condition the unmodeled baseline. Each EV was 

convolved with a gamma function to better approximate the temporal course of the blood-

oxygen-dependent (BOLD) hemodynamic response (e.g., Aguirre, Zarahn, & D'Esposito, 

1998; Miezin, Maccotta, Ollinger, Petersen, & Buckner, 2000). Each EV yielded a per-voxel 

effect-size parameter (β) estimate (PE) map representing the magnitude of activity 

associated with that EV. The β values for the incongruent word condition were contrasted 

with those for the congruent word condition, resulting in a per-voxel contrast parameter 

estimate map for each subject. These functional activation maps as well as the 

corresponding structural MRI map were registered into Montreal Neurological Institute 

(MNI) stereotaxic space using FMRIB's Nonlinear Image Registration Tool (FNIRT) with 

FSL's default configuration file and a warp resolution of 10 mm.

Inferential statistical analyses were carried out using FMRIB's Local Analysis of Mixed 

Effects (FLAME). To identify regions associated with the Stroop interference effect, 

significantly activated voxels were identified for the incongruent minus congruent contrast 

via a one-sample t-test, yielding a 3D functional z-map image. Monte Carlo simulations via 

AFNI's AlphaSim program (Ward, 2000) estimated the overall significance level 

(probability of a false detection) for thresholding, using a gray-matter mask to limit the 

number of voxels under consideration. These simulations provided a z-value (z = 3.0902, p 
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= .01) and cluster size (34) combination for thresholding that resulted in an overall 

familywise error rate of .05. Clusters that survived this thresholding are reported in Table 2. 

Center of Mass coordinates for clusters in hypothesized regions of interest were used to 

place regional sources in the ERP source model.

Electrophysiological Recording, Data Reduction, and Analysis

Participants were seated in a comfortable chair in a quiet room connected to the adjacent 

equipment room by intercom. EEG was recorded with a custom-designed Falk Minow 64-

channel cap with equidistantly spaced Ag/AgCl electrodes. After placement of the electrode 

cap, electrode positions were digitized for later topographic and source-localization 

analyses. An additional electrode was placed below each eye; these and nearby electrodes in 

the cap provided a basis for off-line eye-blink artifact correction of the EEG data 

implemented in BESA 5.1.8 (Berg & Scherg, 1994). The left mastoid served as the online 

reference for all other sites, including EOG. Impedances were below 20 Ω, appropriate given 

the high input impedance of the amplifiers. Half-power amplifier bandpass was .1 to 100 Hz, 

with digitization at 250 Hz.

The following steps were done separately for each participant. Muscle and other artifact was 

manually removed using BESA 5.1.8. A series of steps were taken to remove and/or correct 

eye blinks and movements. Electrodes above and below both the right and left eyes and near 

the left and right external canthi were used to measure vertical and horizontal eye 

movements. Pairs of channels were used to compute bipolar derivations used to identify 

epochs that included either a horizontal or vertical saccade. The saccades were marked as 

artifact periods and removed from the data. A typical blink was identified in the data. Using 

the pattern search function in BESA 5.1.8, the data were scanned to identify other blink 

periods. Stimulus-locked averages were calculated for the experimental conditions 

(congruent, incongruent, and neutral) for each participant. Only trials with correct responses 

that occurred 350 ms to 1400 ms after stimulus onset were included in the individual 

participant averages. All participants included in the sample had a minimum of 16 trials for 

each condition average. Following these steps, the surrogate multiple source eye correction 

(MSEC) algorithm was used to correct blink artifacts for each participant (Berg & Scherg, 

1994). In the MSEC method, using all EEG channels, sources of brain and artifact activity 

(e.g., blink) are simultaneously modeled, and only the modeled blink activity is removed 

from each EEG channel. The Berg and Scherg (1994) method reduces distortion of brain 

activity by accounting for the EEG signal during the estimation of eye activity (see Silton et 

al., 2010, for additional details about the blink removal process and application of the MSEC 

method).

Source modeling was carried out using BESA 5.1.8. The source model (see Figure 3b for 

full model) was created by placing a priori regional sources based on Center of Mass 

coordinates for fMRI activation clusters obtained from the 30 psychopathology-free 

participants as discussed above. Fourteen candidate locations survived thresholding (Table 

2). If all 14 clusters were placed as sources in the model, the model would have overfit the 

data. Rather, the selection of sources from among these clusters was based on relevant color-

word Stroop fMRI research (Michel et al., 2004). Four of these 14 clusters (LDLPFC, 
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dACC, right inferior gyrus, left parietal cortex) were used in the source model (see Figure 3a 

for fMRI images). Although analyses for the present study primarily involved LDLPFC and 

dACC, the full source model included right inferior gyrus (RIFG), left parietal cortex (LPC), 

and right parietal cortex (RPC) in order to account for variance that is thought to be 

contributed by these sources based on available literature. The LDLPFC and dACC 

locations were very close to the locations proposed by the cascade-of-control model 

(Banich, 2009). Similar studies that have used nonverbal stimuli have also implicated 

LDLPFC and dACC, suggesting that tasks that involve top-down attentional control recruit 

these brain regions across stimulus types (Fan et al., 2003; Liu, Banich, Jacobson, & 

Tanabe, 2004).

Prior to placing these sources in the model, blink activity was modeled as described above. 

Next, bilateral visual cortex sources (LOc, ROc) thus were localized based on ERP data 

from correct trials in the neutral condition. The neutral condition involved the largest 

number of trials and was selected to maximize the signal-to-noise ratio for localization. A 

grand average computed from per-subject waveform averages for neutral-trial blocks from 

all psychopathology-free participants (n = 66) was used for localizing the visual sources. 

The epoch used for the localization was 100 ms to 188 ms, spanning primary and secondary 

visual cortex responses. The LOc and ROc sources were constrained to be symmetrical (see 

Figure 3b for LOc/ROc coordinates). Finally, the LDLPFC, dACC, RIFG, and LPC sources 

were placed in the model along with a contralateral RPC source. Since magnitude of source 

activity, rather than orientation of source activity, was the primary variable of interest, all 

dipoles were converted to regional sources. The ERP data were digitally filtered .1-12 Hz, 

and the source model was applied separately in each Stroop condition (congruent, 

incongruent) for each participant. Prestimulus baseline activity (-200 ms to 0 ms) was 

removed from the source waveforms after the model was fit to each participant. Scoring 

windows were based on visual inspection of the source waveforms as well as taking into 

consideration findings from relevant scalp- and source-ERP color-word Stroop research. 

One window for LDLPFC (300 ms to 440 ms) and two windows for dACC (220 ms to 340 

ms, 520 ms to 680 ms) were identified. Source component amplitude was calculated by 

averaging data points 24 ms before and 24 ms after peak latency. With the exception of 

determining the location and temporal scoring window of the sources, all source-analysis 

steps described above were performed separately for each of the 100 participants.

Moderated Mediation Analyses

Moderated mediation analyses (Preacher, Rucker, & Hayes, 2007) were used to evaluate the 

hypothesis that high levels of depression would interfere with the relationship between 

LDLPFC and dACC previously observed in the nonclinical sample (Silton et al., 2010). In 

the context of a mediation model, a moderator variable is an additional variable that is not 

part of the causal sequence that modifies the relationship between two variables (e.g., 

independent and dependent variables). Moderator effects are also referred to as interactions. 

Continuous psychopathology variables (MASQ-AD-8 and PSWQ scores) were assigned as 

moderators to evaluate whether the relationships between LDLPFC and dACC and between 

dACC and Stroop interference depended on levels of psychopathology (Figure 1 provides a 

graphic representation of these moderated mediation models). A series of linear regressions 
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were used to test the moderated mediation models. Five participants were considered 

outliers on source measures (3 SD from the mean for at least one component) and were 

omitted from subsequent analyses (resulting n = 95). The SPSS macro (MODMED) 

described in Preacher et al. (2007; http://www.comm.ohio-state.edu/ahayes) was used to 

conduct the moderation analyses.

Results

Behavioral Performance

RT analyses were conducted to confirm that the Stroop interference effect was obtained in 

the present sample. A MANOVA with Condition (congruent RT, incongruent RT) and 

Gender confirmed slower RT for incongruent than for congruent trials, Condition F (1,94) = 

214.10, p < .001 (congruent mean = 631 ms, SD = 95 ms; incongruent mean = 791 ms, SD = 

138 ms). The Stroop effect did not vary by gender. Participants made more errors during the 

incongruent than the congruent condition, F(1,94) = 48.66, p <.001 (congruent mean = .68 

errors, SD = .95, incongruent mean = 2.37 errors; SD = 2.22). The depression and anxiety 

measures were not significantly correlated with congruent or incongruent RT, errors, or 

Stroop interference.

Source-Waveform ERP Moderated Mediation Analysis

The ERP source-waveform data analyses (see Figure 4 for waveforms) employed scores 

from incongruent trials only, to examine the effects of psychopathology within the context 

of cognitive control mechanisms prompted by Stroop conflict.

Replication of cascade-of-control model mediation analysis—Prior to proceeding 

with moderation analyses, the mediation analyses were repeated (see Figure 2), since the 

sample selection procedures varied from Silton et al. (2010). Figure 2 depicts the mediation 

model that was tested. The present sample included participants recruited from the 

community, which broadened the sample, increased the sample size, and included more 

psychopathology. The mediation analyses for the cascade-of-control model were replicated 

and are presented in Table 3 (see Model 1). The indirect effect was used to test directly the 

overall significance of the cascade-of-control model (Preacher & Hayes, 2008). As before, 

now with a sample expanded to include participants recruited from the community, the 

indirect effect was significant, and the cascade-of-control model was supported, with 

relevant LDLPFC activity preceding rather than following relevant dACC activity. Similar 

to the findings in Silton et al. (2010), the total variance accounted for was 9% (F(2,92) = 

4.29, p = .02), which represents a medium effect size (Cohen, 1992; 9% corresponds to r = .

30, which is standard for a medium effect size).

The influence of psychopathology on the frontocingulate network: Moderated 
mediation analyses—It was predicted that depression would influence the 

frontocingulate network that is activated during Stroop performance. Depression was 

expected to be associated with reduced LDLPFC activity, which in turn would influence 

subsequent dACC activity and related Stroop performance. Specifically, the interaction of 

depression with early LDLPFC activity was expected to predict later dACC activity as well 
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as Stroop performance. Given that it was predicted that depression would alter the 

relationship between early LDLPFC and later dACC activity, the model with depression as a 

moderator was tested (Figure 1) with two hierarchical regressions. For these two 

regressions, one-tailed tests were used to evaluate the a priori hypothesis discussed above.

An initial regression tested whether depression influenced the relationship between 

LDLPFC and dACC during Stroop performance. LDLPFC, MASQ-AD-8, and LDLPFC × 

MASQ-AD-8 were predictors, and late dACC activity was the DV. Added last, LDLPFC × 

MASQ-AD-8 was significant, b = −.06, t(91) = −1.99, p = .035 (one-tailed). The results of 

this analysis showed that the interaction of LDLPFC and depression predicted dACC 

activity. The omnibus model accounted for 14% of the variance (F(3,91) = 4.82, p < .01), 

which corresponds to r = .37, representing a medium effect size (Cohen, 1992). The 

LDLPFC × MASQ-AD-8 interaction accounted for 4% of the total variance for this model. 

Interactions observed in psychological research typically account for a few percentage 

points of variance beyond first-order effects (Cohen, Cohen, West & Aiken, 2003).

Next, a regression evaluated whether the interaction of depression and LDLPFC predicted 

Stroop performance when variance related to dACC was accounted for. LDLPFC, MASQ-

AD-8, LDLPFC × MASQ-AD-8, and dACC were predictors, and Stroop interference was 

the DV. Added last, the interaction was significant, b = −.32, t(90) = −1.64, p = .05 (one-

tailed), a finding sufficient for a directional a priori hypothesis. The omnibus model 

accounted for 15% of the variance (F(4,90) = 3.86, p < .01), which corresponds to r = .39, 

representing a medium effect size (Cohen, 1992). The LDLPFC × MASQ-AD-8 interaction 

contributed 3% of the total variance for this model. Overall, these findings indicate that 

depression and LDLPFC interact to predict Stroop performance.

In order to better understand the moderating effects of depression, the interactions for both 

regressions were plotted (Figure 5a and 5b), and the significance of the slopes was tested 

(Aiken & West, 1991). In Figures 5a – 5c, “low” and “high” refer to ±1 SD (Aiken & West, 

1991). Importantly, the test of simple slopes is not a test of an interaction effect (the 

interactions are tested in the regression above). Rather, it is a method of describing the 

nature of the interactive relationship (Aiken & West, 1991). “High” and “low” are defined 

relative to the present sample, and these terms are used to represent two portions of a 

dimension rather than classification categories used to distinguish the absence or presence of 

clinical diagnoses. The t-test for whether a simple slope differed from zero was calculated 

by dividing the value of the simple slope by its standard error with (n – k – 1) degrees of 

freedom (where n is the number of cases and k is the number of predictors). The standard 

error was calculated from the variance-covariance matrix of the regression coefficients. As 

shown in Figure 5a, LDLPFC activity predicted dACC activity at low levels of depression, 

t(91) = 3.69, p < .001, but not at higher levels of depression, t(91) = .54, p = .59 (Figure 5a). 

Furthermore, Figure 5b shows that LDLPFC activity was associated with less Stroop 

interference at higher levels of depression, t(90) = −2.28, p = .03, but not at low levels of 

depression, t(90) = −.05, p = .96. That is, at low levels of depression, Stroop interference did 

not vary as a function of LDLPFC activity. For individuals higher in depression, LDLPFC 

and dACC were less well coupled, and LDLPFC activity was more tightly linked directly 

with RT performance.
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Moderated mediation analyses were conducted to evaluate whether anxious apprehension 

also influenced the frontocingulate network during Stroop performance (see Figure 1, lower 

panel). Similar in structure to the regression analyses conducted with MASQ-AD-8, two 

hierarchical regressions were used to test the influence of anxious apprehension on the 

mechanisms articulated in the cascade-of-control model. Two-tailed significance tests were 

used for these regressions, because these analyses were implemented to evaluate exploratory 

hypotheses. First, a regression was conducted to assess whether anxious apprehension 

influenced the relationship between LDLPFC and dACC. LDLPFC, PSWQ, and LDLPFC × 

PSWQ were predictors, and late dACC activity was the DV. As predicted, the interaction 

was not significant. Second, a regression was conducted to evaluate whether anxiety 

interacted with either LDLPFC or dACC activity to predict Stroop performance. LDLPFC, 

dACC, PSWQ, LDLPFC × PSWQ, and dACC × PSWQ were predictors, and Stroop 

interference was the DV. dACC × PSWQ was significant, b = −.11, t(89) = 2.37, p = .02, but 

LDLPFC × PSWQ was not, b = −.04, t(89) = −.70, p = .48, indicating that anxious 

apprehension influenced the relationship between dACC and Stroop interference effect, but 

not the relationship between LDLPFC and dACC. The model including only the significant 

dACC × PSWQ interaction (the LDLPFC × PSWQ interaction was not included) accounted 

for 14% of the variance (F(4,90) = 3.79, p < .01), which corresponds to r = .37, a medium 

effect size (Cohen, 1992). The dACC × PSWQ interaction accounted for 5% of the total 

variance in this model. In order to interpret the moderating effects of anxiety, the interaction 

was plotted (Figure 5c). The slope was significant for higher levels of anxiety, t(89) = 3.59, 

p < .001, but not for low levels of anxiety t(89) = .39, p = .67. At higher levels of anxious 

apprehension, increased dACC activity was related to greater Stroop interference.

In order to ascertain whether the influence of anxiety on dACC function was specific to 

anxiety, a final moderation analysis was conducted to evaluate whether depression also 

modified dACC function during Stroop performance, when variance related to LDLPFC was 

accounted for. This regression included LDLPFC, dACC, MASQ-AD-8, and dACC × 

MASQ-AD-8 (only LDLPFC × MASQ-AD-8 was tested previously) as predictors, and 

Stroop interference was the DV. The interaction was not significant, b = −.06, t(90) = .17, p 

= .74, indicating that depression and anxious apprehension influence distinct aspects of the 

frontocingulate network in distinct ways.

Discussion

The present study examined how depression and anxiety influence frontocingulate activity 

under conditions of high attentional demand. A previous study showed that, ignoring 

psychopathology, the extent to which dACC activation influenced Stroop performance 

depended on the degree of earlier LDLPFC activity (Silton et al., 2010). When LDLPFC 

activity was high, dACC activity did not influence the degree of Stroop interference, 

whereas, when LDLPFC activity was low, higher dACC activity was associated with 

reduced Stroop interference. Based on this pattern of activity, it was predicted in the present 

study that depression would be related to reduced early LDLPFC activity, which in turn was 

expected to influence subsequent dACC activity and Stroop interference. Anxious 

apprehension was expected to influence dACC activity, but not LDLPFC activity. It was 

unclear how this pattern of network activity might affect performance. Results showed that 
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both depression and anxiety affected this frontocingulate network involved in attentional 

control and did so in different ways.

LDLPFC activity predicted dACC activity only at low levels of depression during Stroop 

performance, indicating a functional relationship similar to the one observed in Silton et al., 

(2010), such that earlier LDLPFC activity predicted later dACC activity. At higher levels of 

depression, however, LDLPFC and dACC activity were less related. As the relationship 

between LDLPFC and dACC activity weakened with increasing depression, a direct 

relationship between LDLPFC and performance emerged. In the context of this weakened 

neural coupling associated with depression, increased LDLPFC activity was associated with 

reduced Stroop interference (better performance). Although the degree of depression alone 

does not directly predict performance on the Stroop task, it appears that it does alter the 

neural circuitry that is employed to meet task demands. This pattern of activity is consistent 

with the predictions of the cascade-of-control model, such that increased LDLPFC activity is 

indicative of an increased need for compensatory top-down control.

At higher levels of anxious apprehension, increased dACC activity was related to greater 

Stroop interference (worse performance), suggesting that, as anxious apprehension 

increases, cognitive control is implemented increasingly via dACC. Conceivably, anxious 

apprehension is associated with worries about aspects of performance, which in turn 

interfere with adaptive conflict resolution, leading to increased recruitment of dACC to aid 

in response selection.

Very few studies have addressed the relationship between anxiety and dACC function 

during top-down attentional control. Instead, most research has focused on rostral ACC 

(rACC, called the “affective” region by Bush et al., 2000) and its role in processing affective 

information (e.g., Bishop, Duncan, Brett, & Lawrence, 2004; Engels et al., 2007; Mohanty 

et al., 2007). Evidence suggests that dACC and rACC are distinct regions that contribute to 

different cortical and subcortical pathways. rACC has been implicated in the evaluation of 

emotional information and the regulation of emotional responses, whereas dACC is often 

associated with cognitive function, particularly during tasks that involve conflict resolution 

(Bush et al., 2000; Mohanty et al., 2007).

Given different roles, it is not surprising that inverse patterns of rACC activity and dACC 

activity have been associated with anxiety. Lower rACC activity has been related to higher 

anxiety, possibly indicating less control in the presence of threatening stimuli (Bishop et al., 

2004; Engels et al., 2007). In contrast to rACC, present results showed that higher dACC 

activity was associated with higher anxious apprehension levels. Similar findings have been 

reported in other studies (Breiter et al., 1996; Bystritsky et al., 2001, Eisenberger, Liberman, 

& Satpute, 2005; Ursu et al., 2003). Eisenberger et al. (2005) showed that neuroticism, a 

personality factor that is consistently related to anxiety, was positively correlated with 

dACC activity but negatively correlated with rACC. Moreover, the Eisenberger et al. study 

showed that individuals high in neuroticism demonstrated increased dACC activity during 

conflict trials. These findings suggested that individuals high in anxiety have an abnormal 

conflict system that is reflected in higher dACC activity, consistent with many studies 

showing that dACC is engaged in conflict resolution and later aspects of response selection 
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(e.g., Banich, 2009; Botvinick et al., 2004; Silton et al., 2010). Similarly, a study that 

involved individuals with Obsessive-Compulsive Disorder (an anxiety disorder that 

commonly involves high levels of worry) showed more dACC during high-conflict trials 

(Ursu et al., 2003), and Krug and Carter (in press) found that individuals high on trait 

anxiety had more dACC activity than individuals low on trait anxiety during conflict trials in 

a facial Stroop task. However, another study that directly investigated the impact of trait and 

state anxiety on dACC function found that anxiety did not influence dACC during 

attentional control (Bishop, 2009). Possibly, the letter-search task used in that study did not 

involve the level of conflict resolution demanded by the Stroop task, which has repeatedly 

been shown to involve dACC (Botvinick et al., 2004). Although more research is needed to 

elucidate the various ways that anxiety types may differentially affect dACC and rACC 

activity and related cognitive function, the bulk of the evidence favors the conclusion that 

anxious apprehension or worry is associated with more dACC activity.

Present data suggest that performance impairments in anxious individuals during conflict-

resolution tasks are related to inadequate dACC-mediated cognitive-control mechanisms that 

would typically suppress attentional disruption caused by worries or ruminations. Inadequate 

control mechanisms may lead to further difficulties shifting attention away from such 

concerns. Inadequate compensatory dACC activity and related difficulties resolving conflict 

may accentuate problems resolving issues of daily life and thus contribute to a ruminative 

cycle due a lack of more effective and efficient problem-solving options.

The present study is apparently the first to explicitly evaluate the influence of depression 

and anxious apprehension on a frontocingulate network (not solely focal cortical activity) 

during top-down attentional control. Results showed that depression and anxiety affect the 

network in different ways, and these different patterns of network activity were generally 

consistent with the predictions of the cascade-of-control model. This study provides support 

for models that posit that depression influences a network rather than individual brain 

regions in isolation (e.g. Heller, 1993; Mayberg, 1997). Unlike previous depression 

neuroimaging studies that have used non-directional correlation methods such as functional 

connectivity, the present study provides unique information regarding how depression and 

anxiety modify specific temporal relationships between network segments involved in 

attentional control. Medium effect sizes were obtained for the models that were evaluated, 

and the present study was adequately powered to detect a medium effect size (per Cohen, 

1992). Effect sizes for interactions in psychological research are typically within the small to 

medium range (Cohen et al., 2003). It is rare for studies that have used connectivity methods 

to explicitly report effect size, so it is difficult to estimate how the effect size obtained in the 

present study compares to other studies. Because distinct patterns of network activity were 

related to behavioral outcomes, the medium effect size in the present study suffices to 

demonstrate functional significance.

Future studies should continue to address how psychopathology influences network activity 

during cognitive function, as multiple networks may be recruited based on specific task 

demands, and different types of psychopathology will likely differentiate these various 

networks and related function. Furthermore, evidenced-based treatment outcome research 

that incorporates pre- and post-treatment neuroimaging measures may benefit from studying 
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how treatment changes network activity rather than focusing on how treatment influences 

individual brain regions. Research in this vein may help inform future diagnostic categories 

and methods that aim to provide reliable identification of psychological disorders, along 

with furthering the development of effective evidenced-based treatments for depression and 

anxiety.
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Figure 1. 
Moderation models for cascade-of-control model.
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Figure 2. 
The cascade-of-control model.
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Figure 3. 
a) LDLPFC and dACC activation for incongruent vs. congruent stimuli, Z= 3.0902, p = .01, 

cluster size = 34 (corrected p < .05). Cross-hairs placed at center of intensity. b) Functional 

magnetic resonance imaging (fMRI) Montreal Neurological Institute (MNI) coordinates for 

source model containing 7 regional sources used in brain electrical source analysis (BESA) 

source modeling. LDLPFC = Left dorsolateral prefrontal cortex; RIFG = Right inferior 

frontal gyrus; dACC = Dorsal anterior cingulate cortex; LPC = Left parietal cortex; RPC = 

Right parietal cortex; LOc = Left occipital cortex; ROc = Right occipital cortex.
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Figure 4. 
a) Grand-average source waveforms for LDLPFC elicited during the color-word Stroop task 

for congruent and incongruent conditions, highlighting the 300 to 440 ms scoring window. N 

= 100. b) Grand-average source waveforms for dACC elicited during the color-word Stroop 

task for congruent and incongruent conditions, highlighting the 220 to 340 ms and 520 to 

680 ms scoring windows. N = 100.
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Figure 5. 
a) LDLPFC × MASQ-AD-8 interaction and tests of simple slopes show that, at low levels of 

depression, LDLPFC predicts dACC. b) LDLPFC × MASQ-AD-8 interaction, with Stroop 

interference as the predictor and tests of simple slopes, shows that, at high levels of 

depression, increased LDLPFC activity is related to less interference. c) dACC × PSWQ 

interaction and tests of simple slopes show that at high levels of anxiety, increased dACC is 

related to greater Stroop interference.
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Table 1

Demographics and Questionnaire Scores by Diagnostic Group

Comorbid
n = 18

Depression
n = 16

No Diagnosis
n = 66

Full Sample
N = 100

Age 23.72 (5.15) 21.12 (5.44) 19 (.89) 20.19 (3.60)

Gender 1 12/6 7/9 26/30 45 /55

PSWQ 57.44 (18.92) 39.38 (15.05) 40.55 (14.22) 43.40 (16.51)

MASQ-AA 27.72 (7.01) 24.00 (6.55) 24.18 (6.90) 24.79 (6.93)

MASQ-AD-8 17.72 (6.24) 17.06 (4.80) 14.39 (3.95) 15.42 (4.74)

GAF 67.89 (10.64) 81.44 (6.50) 87.76 (5.02) 83.17 (9.97)

1
Number of women / number of men.
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