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Abstract

Background: Major depressive disorder (MDD) and anxiety disorders are highly comorbid, 

sharing many similar symptoms, including impairments in cognitive control. Deficits in cognitive 

control could be a potential mechanism underlying impaired emotion regulation in mood 

disorders.

Methods: Participants were 44 individuals with no history of mental illness (healthy controls, 

HC), 31 individuals in the remitted state of MDD (rMDD), and 18 individuals who met lifetime 

DSM-IV-TR criteria for rMDD and an anxiety disorder in remission (Comorbid). Participants 

completed a Parametric Go/No-Go (PGNG) test during fMRI. Event-related analyses modeled 
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activity for cognitive control successes (Hits for Targets, Rejections for Lures) and failures 

(Commissions on Lures) on the PGNG task.

Results: The rMDD group showed significantly reduced activity within the cognitive control 

network (CCN) during Commission errors, including the middle frontal gyrus and inferior parietal 

lobule (IPL). The Comorbid group showed significantly reduced activity in several clusters within 

the CCN during correct Rejections, including the left IPL and right inferior frontal gyrus and 

greater subgenual cingulate. Notably, during correct Rejections, 60% of activation for the 

Comorbid group was within the Salience and Emotion Network (SEN), with 0% within the CCN.

Limitations: The size of the Comorbid subgroup was modest, preventing subanalysis of the 

different AD subtypes.

Conclusions: There is evidence that CCN activity declines in rMDD and that there may be 

compensatory SEN activity in individuals with Comorbid rMDD and anxiety. Our findings support 

the identification of comorbid anxiety as a meaningful subtype of MDD that may obscure group 

differences between rMDD and HCs.

Keywords

cognitive control network; remitted depression; executive control; fMRI; salience network; 
compensatory error monitoring

Introduction

Deficits in cognitive control are a potential mechanism underlying impaired emotion 

regulation in mood disorders (S. A. Langenecker, Jacobs, & Passarotti, 2014; S. A. 

Langenecker et al., under review; Phillips, Drevets, Rauch, & Lane, 2003). Major 

Depressive Disorder (MDD) is consistently associated with cognitive deficits, including in 

executive function, working memory and attention (Bora, Harrison, Yucel, & Pantelis, 2013; 

Jenkins, Peters, Jacobs, & Langenecker, 2016; McIntyre et al., 2013; H. R. Snyder, 2013). 

Anxiety Disorders (AD) are also associated with cognitive deficits, although to a lesser 

extent (Castaneda, Tuuio-Henriksson, Marttunen, Suvisaari, & Lonnqvist, 2008; S. A. 

Langenecker, Caveney, et al., 2007). MDD and AD are highly comorbid, sharing many 

symptoms (Kessler et al., 1996; Lamers et al., 2011; McIntyre et al., 2016). Around two 

thirds of individuals with MDD have a comorbid AD (Gorman, 1997), with common 

comorbid ADs including panic disorder, generalized anxiety disorder, obsessive-compulsive 

disorder and social phobia (Kessler et al., 1996). The present study investigated whether 

individuals with comorbid anxiety perform differently or activate different neural regions 

during successful and unsuccessful cognitive control compared to individuals with MDD 

only, to achieve a better understanding of different underlying pathophysiologies and 

possibly identify different treatment options for these subgroups.

Anxiety and depression are both associated with abnormal response monitoring (Holmes & 

Pizzagalli, 2008; Moser, Moran, Schroder, Donnellan, & Yeung, 2013; Olvet & Hajcak, 

2008), or continuous, real-time self-assessment of performance capabilities, an essential 

cognitive control function. Yet our current understanding of anxiety-related modulation of 

attentional and cognitive control still relies on a diffuse and not easily reconciled set of 
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theories and results. Theories suggest two components of cognitive control, and 

neuroimaging research supports this functional dissociation. First, implementation of 

cognitive control via provision of resources for top-down control is supported by the 

dorsolateral prefrontal cortex (DLPFC) and inferior parietal lobule (IPL). Second, response 

appraisal and monitoring, necessary for determining whether cognitive control is being 

allocated effectively, is supported in part by the medial prefrontal cortex (MacDonald, 

Cohen, Stenger, & Carter, 2000). With increased processing demands (e.g. task difficulty), 

there are greater demands for both of these functions, and it becomes difficult to dissociate 

the contribution of the two sets of regions to either process (MacDonald et al., 2000).

Theories of cognitive control related to provision and implementation, monitoring and 

adjustment are relatively well-developed within anxiety disorders. Convergence for cognitive 

control monitoring as a core feature of disruption in anxiety disorders is illustrated best by 

electroencephalography (EEG) studies (Carrasco et al., 2013; Moser et al., 2013), whereby 

there is exaggerated response monitoring, as demonstrated by a heightened error-related 

negativity (ERN) of the human event-related potential in the medial prefrontal cortex. 

However, this exaggerated response does not appear to translate into increased cognitive 

control performance, as post-error behaviour does not improve (Hajcak, McDonald, & 

Simons, 2003; Moran, Bernat, Aviyente, Schroder, & Moser, 2015). The ERN is, however, 

sensitive to the perceived consequences of errors (reactions), which, among other findings, 

has lead to some researchers suggesting that the ERN is related to performance motivation 

(Hajcak, 2012).

A similar, more cognitive-based theory of enhanced ERN in anxiety is the Compensatory 
error-monitoring hypothesis (Moser et al., 2013), whereby anxious individuals utilize 

reactive control (appraisal and monitoring) which is posited to be transient and stimulus-

driven, rather than proactive control (provision and implementation) which is anticipatory 

and more effortful, requiring active maintenance of task goals (Braver, 2012). In this context, 

the error-monitoring signal is not properly conveyed to cognitive control regions, leading to 

inefficient corrective behaviours (2015).

Another dual model of anxiety (Heller, Nitschke, Etienne, & Miller, 1997) is centered on the 

notion that panic and worry have distinct psychological and physiological characteristics that 

can also change motivational and attentional processes. The anxious arousal/apprehension 

model distinguishes between apprehension, a cognitive, verbal, ruminative form of anxiety 

involving worry and primarily concerns for the future (which may drive proactive control), 

and anxious arousal, characterized by current somatic symptoms of physiological 

hyperarousal, predominant in panic (perhaps related to reactive control).

The salience and emotion network (SEN) is a large-scale network that functions to integrate 

sensory, emotional and cognitive information to detect and signal the salience of stimuli to 

the organism to enable a rapid behavioural response (Seeley et al., 2007, Menon, 2011). It’s 

numerous subregions, which include the amygdala, dorsal anterior cingulate, anterior insula, 

ventral striatum and the ventromedial prefrontal cortex (including the subgenual anterior 

cingulate cortex, sgACC) have been shown to have related but distinct specializations. For 

example, one study found that the amygdala is specialized for representing intrinsic value 
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whereas the sgACC was more important for indicating personal relevance (Phan et al., 

2004). The similarities for these theories of reactive or stimulus-driven attention/control in 

ADs (relative to goal-driven, directed attention) comes from functional neuroimaging studies 

of individuals with ADs that implicate regions of the SEN, including the amygdala, anterior 

insula and anterior cingulate cortex (Damsa, Kosel, & Moussally, 2009; Etkin & Wager, 

2007), regions that might be considered as more relevant for reactive control, vis-a-vis 

stimulus-driven attention. For example, individuals with OCD show hyperactivation of the 

SEN, including ventromedial PFC and anterior insula, during an interference task (Stern et 

al., 2011), although these regions may extend beyond SEN and into error-monitoring 

regions. Alternatively, those with greater arousal/apprehension might engage in greater 

proactive control.

Surprisingly few studies have examined the neural correlates of cognitive control in 

comorbid anxiety and depression using fMRI. One fMRI study of comorbid MDD and 

anxiety reported trend level increases in left DLPFC with planning load relative to MDD 

only (van Tol et al., 2012). Another study with an emotional stroop task found that 

anhedonic depression was associated with increased right DLPFC and reduced right IFG 

activation, when anxious arousal was elevated and anxious apprehension was low. These 

researchers suggested that anxious arousal with depression results in a failure to implement 

top down CCN processing due to increased SEN activity (Engels et al., 2010). Recently, 

McTeague et al. (2017) conducted an important transdiagnostic meta-analysis of cognitive 

control during fMRI studies, with a subanalysis of non-psychotic disorders, including 

unipolar and bipolar depressive disorders, and anxiety disorders (e.g., generalized, social, 

specific, obsessive-compulsive and posttraumatic stress disorders). They reported that 

patients with non-psychotic disorders showed aberrant activation (increases and decreases) 

in regions including the right ventrolateral prefrontal cortex/insula and intraparietal sulcus. 

They conclude that their results reflect aberrant activation of the multiple demand network, 
which incorporates regions of the cognitive control and salience networks (Camilleri et al., 

2017). Relevant to our hypotheses below, McTeague et al. (2017) interpreted increases in 

activation in patients compared to controls as reflecting compensation (Nielson, 

Langenecker, & Garavan, 2002). Furthermore, they attribute discordant hypo- and 

hyperactivations as potentially related to closer coupling of regions with cognitive regions 

compared to salience regions.

Recently, we compared individuals with active (a) MDD to those with aMDD and comorbid 

anxiety using a Parametric Go/No-Go task (PGNG) (S. A. Langenecker, Caveney, et al., 

2007; Votruba & Langenecker, 2013) during fMRI (Crane et al., 2016). Individuals with 

comorbid anxiety showed increased activity in IPL during successful sustained attention 

(possibly greater proactive control) and reduced activity in the posterior cingulate and 

hippocampus during correct Rejections compared to HCs. Furthermore, during Commission 

errors, the comorbid group showed reduced activity in the right inferior frontal gyrus (IFG) 

relative to HCs, and in the mid-cingulate, IPL, and superior temporal gyrus relative to 

individuals with aMDD only. These results supported the hypothesis of hypervigilance 

(proactive control) within the CCN in comorbid MDD and anxiety, which could be 

interpreted as compensatory activity to achieve adequate performance (Eysenck, Derakshan, 

Santos, & Calvo, 2007). However, results did not support the hypothesis of greater SEN 
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activity in the comorbid group (e.g., greater reactive control). Our results in aMDD are 

counterintuitive in light of theories of enhanced bottom-up activity (reactive control) for 

comorbid anxiety and MDD. This is potentially because patterns are obscured by active 

symptoms, and/or that cognitive control impairments may be a trait marker for MDD 

(Airaksinen, Wahlin, Forsell, & Larsson, 2007; S. A. Langenecker, Caveney, et al., 2007; S. 

A. Langenecker, Jacobs, R.H. & Passarotti, A.M. , 2014; McInerney, Gorwood, & Kennedy, 

2016; A. T. Peters et al., 2017; H.R. Snyder, 2013). Therefore, we wanted to clarify the 

neural underpinnings of comorbid AD and MDD by examining the effect of comorbid 

anxiety on the neural correlates of cognitive control in young adults in the remitted state of 

MDD (rMDD), with few episodes of illness, and in a more constrained age window. The 

following hypotheses were proposed:

CCN hypotheses.

First, based on Crane et al. (Crane et al., 2016) we hypothesized that the rMDD and 

Comorbid groups would show reduced activity in CCN regions compared to HCs during 

Commission errors (failed engagement of proactive control in depression and anxiety 

hypothesis). We expected this to be relatively more evident in the rMDD than comorbid 

group. Second, also based on Crane et al., we hypothesized that to achieve correct 

Rejections, the Comorbid group would show greater CCN activity than HCs (compensation 

by proactive control in anxiety hypothesis), who would show greater activity than the rMDD 

only group.

SEN hypotheses.

Third, based on theories of reactive control in anxiety (Heller et al., 1997; Moser et al., 

2013), we hypothesized that during Commission errors, the Comorbid group would show 

increased activity in SEN regions (failed engagement of reactive control in anxiety 

hypothesis). Fourth, again based on theories of reactive control leading to compensatory 

performance in anxiety (Eysenck et al., 2007), we hypothesized that during correct 

Rejections, the Comorbid group would show increased activity in SEN regions compared to 

the rMDD only and HC groups (compensation by reactive control in anxiety hypothesis). 

Unfortunately, we note that fMRI time course is insufficient to distinguish between SEN 

activation that is related to an alerting function (attend now for Rejections) and a correction 

function (error, needs adjustment, for Commissions). Both functions would be encompassed 

within a framework of reactive control.

Methods

Participants

Participants were 93 individuals (63 female) aged 18-23 years, comprising 44 healthy 

individuals and 49 with a history of MDD. The HC group (29 female) had no personal 

history of psychiatric disorder. Individuals in the rMDD group (34 female) were early in the 

course of MDD (1-6 episodes, median of 1), but in remission at the time of the study as 

defined by DSM-IV-TR criteria. Of the individuals with rMDD, a subset of 18 individuals 

(11 female) also met full criteria (lifetime) for a DSM-IV-TR AD (Comorbid group) for 

which they were also in remission (Hamilton Anxiety Scale score 0-17, Hamilton, 1969), 
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and the remaining 31 individuals (23 female) did not have any lifetime AD (rMDD only). 

ADs included generalized AD, specific/simple phobia, agoraphobia, social AD, OCD, 

posttraumatic stress disorder, and panic disorder. Although the ERN is most consistently 

aligned with anxious apprehension (Vaidyanathan et al., 2012; Weinberg et al., 2012), and 

the theory may be more relevant to these individuals, studies such as Etkin and Wagner’s 

2007 meta-analysis of PTSD, SAD and specific phobia have found that specific phobia also 

has increased activation of SEN regions, therefore we chose to included individuals with 

specific phobias in the comorbid group.

Table 1 reports demographic and clinical comparisons between groups.Participants were 

recruited from two sites: University of Michigan (UM, n=32, 16 HC) and University of 

Illinois at Chicago (UIC, n=61, 28 HC). Exclusion criteria were substance abuse or 

dependence within previous year, psychostimulant use within the past 2 days, regular 

smoking, hospitalization for suicidal intent within the past three months or suicide attempt 

within the past six months, neurological condition, personal or family history of psychosis or 

bipolar disorder, or contraindications for MRI. Participants were required to be free from 

psychoactive medication use within the past 30 days before enrollment, however they could 

have used medication previously. Previous and current psychotherapy were not exclusion 

criteria. No individual was asked to stop using existing treatments.

Measures

The Diagnostic Interview for Genetic Studies (Nurnberger et al., 1994) ascertained diagnosis 

and current remitted state. No participants had any active disorder at the time of study. 

Diagnostic history was confirmed with parent/guardian interview using a modified Family 

Interview for Genetic Studies (Maxwell, 1992) or treatment records. The Hamilton 
Depression Rating Scale-17 (HDRS) (Hamilton, 1960) assessed current depression symptom 

severity (Zimmerman, Martinez, Young, Chelminski, & Dalrymple, 2013). The Hamilton 
Anxiety Rating Scale (HARS) (Hamilton, 1959) and the Beck Anxiety Inventory (BAI) 
(Beck & Steer, 1993) assessed current severity of anxiety symptoms. The Brief Social 
Phobia Scale (BSPS) (Davidson et al., 1997) measured symptoms of social phobia using 

three subscales: Fear, Avoidance and Physiological Arousal. The Multidimensional Anxiety 
Questionnaire (MAQ) (Reynolds, 1999) assessed four symptom domains: Physiological 

Panic, Social Phobia, Worry-Fears and Negative Affectivity. The BSPS and the MAQ are in 

supplemental analyses.

The Parametric Go/No-Go test (PGNG) (S. A. Langenecker et al., 2005; S. A. Langenecker, 

Zubieta, Young, Akil, & Nielson, 2007; Votruba & Langenecker, 2013) measured cognitive 

control, including proactive (correct Target hits and correct Rejections) and reactive control 

(incorrect rejections, i.e. Commissions). The PGNG presents participants with a rapid 

presentation of a continuous stream of letters, with 500 ms presentation and 0 ms ITI. Go 

and no-Go events are presented in a fixed, jittered order such that there are variable delays 

from Go target to Go target and N0-go Rejection to No-go Rejection, to optimize the 

hemodynamic modeling (jittered, fast event-related design). Participants respond or inhibit 

responses according to increasing difficulty levels (2 vs 3 target rotations of Go and No-go 

stimuli). The correct response (Go vs No-go) is contingent upon the last response, a 
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contextual non-repeating rule. The task measures attention, set-shifting (Targets), processing 

speed, and inhibitory control via correct (Rejections) and incorrect responses (Commissions) 

to lure (No-go stimuli) items. See Supplement for test diagram (Figure S0). Performance 

measures are Percent Correct Target Trials (PCTT, Go), Percent Correct Inhibitory Trials 

(PCIT, No-go).

Procedures

Written informed consent was obtained according to the guidelines of the Institutional 

Review Boards of UM and UIC and consistent with the Declaration of Helsinki (BMJ 1991; 

302: 1194). Participants were compensated for their involvement.

Participants completed a practice trial of the PGNG prior to fMRI scanning to increase 

familiarity and chances for successful understanding and engagement during fMRI (A. 

Peters et al., 2015). The PGNG takes 24 minutes and was completed at the beginning of a 

90-minute fMRI session. Other tasks, completed later in the scanning session, are reported 

in separate publications.

MRI acquisition—Whole-brain imaging was performed at two sites, both using a 3T GE 

scanner. Site was included as a covariate in all analyses. At UM a Signa (release VH3) 

scanner used a forward/reverse spiral sequence to acquire 36 slices, 4 mm thick. The image 

matrix was 64 × 64 over a 20cm field of view (FOV) for a 3.44 × 3.44 voxel. TR=2000 ms, 

TE=30 ms. Additionally, 116 high-resolution T1 spoiled gradient echo (SPGR) slices were 

collected for co-registration purposes, with slice thickness= 1.2mm, FOV=26cm, matrix 

size=256 × 256. At UIC a Discovery scanner acquired images with a gradient-echo axial 

echo-planar imaging sequence. The image matrix was 64 × 64 over a 22 cm FOV with 3mm 

slice thickness (0 gap) for a 3.44 × 3.44 voxel. TR=2000ms, TE=minFul (22.2ms), 90° flip, 

44 slices (ascending, interleaved). The anatomical scan was a T1SPGR echo, FOV=22cm, 

matrix size=256 × 256, 1mm slice thickness, voxel size=0.86 × 0.86, including 182 slices 

during a scan time of around 4 minutes.

MRI preprocessing—fMRI data were despiked, slice-time corrected, then realigned to 

the 10th volume in FSL using MCFLIRT (Jenkinson, Bannister, Brady, & Smith, 2002). 

Brain extraction of anatomical images was performed with FSL’s Brain Extraction Tool 

(Smith, 2002), co-registered to functional images and spatially normalized to Montreal 

Neurological Institute (MNI) space, with a final reconstructed spatial resolution of 

2×2×2mm. Smoothing used a full-width-half-maximum filter of 5mm. Movement 

parameters for x, y, and z translation were included in first and second level models as 

covariates of no interest.

Statistical analysis—The three neuroimaging contrasts of correct Rejections, 

Commissions and Targets were analysed using a MANCOVA factorial model. For an event-

related design, stimuli were modeled in relation to the onset of the event (time locked to 

onset), and deconvolved with the hemodynamic response function in relation to the implicit 

baseline. Covariates included in the model were sex, site, behavioural variables of Percent 

Correct Target Trials (PCTT) and Percent Correct Inhibitory Trials (PCIT) and the mean 
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values (across all 4 runs of PGNG task) of the standard deviations of translation in x, y and z 

planes after realignment. The threshold of significance for the fMRI analysis was p < .005 

and mm3= 328 (p < .05 whole brain, after applying fwhm adjustments for multiple testing 

based upon 10,000 Monte Carlo simulations in 3dClustSim, December 2015).

To test hypotheses related to the CCN and SEN, masks were created of these two networks, 

as per (S. A. Langenecker et al., under review). These were defined based on Yeo et al. 

(2011), who identified and replicated a 7-network cortical parcellation using intrinsic 

functional connectivity of 1000 people. The "7 Networks MNI 152 Freesurfer conformed 

1mm liberal parcellations" were used to create masks for subsequent SPM8 analyses. To 

simplify analysis, we combined the ventral attention and limbic parcellations to create a 

SEN mask, and the dorsal attention and fronto-parietal parcellations to create a CCN mask, 

in line with network models (Seeley et al., 2007) (Menon, 2011). Further, we note that the 

Yeo et al.’s (2011) parcellations do not include medial temporal structures (e.g. amygdalae) 

and have poor coverage of the subgenual anterior cingulate (sgACC, see Supplement, Figure 

S2). Due to the prominent role that amygdala and sgACC have demonstrated in anxiety and 

depression, ROIs were built of these structures. WFU Pickatlas was used to create a mask of 

a) the bilateral amygdalae and b) the sgACC, incorporating bilateral Brodmann areas (BA) 

25, and the caudal portions of BAs 24 and 32 (Johansen-Berg et al., 2008; Lancaster et al., 

1997; Lancaster et al., 2000; Maldjian, Laurienti, & Burdette, 2004; Maldjian, Laurienti, 

Kraft, & Burdette, 2003) with a dilation of 2 for both ROIs to account for individual 

differences in anatomy. This allowed us to conduct specific tests of the SEN hypothesis 

beyond the SEN network mask in these ROIs. For these ROI analyses, an unadjusted p value 

of < .05 was used.

Results

Behavioural Performance Results

The behavioural data from the trials of interest Percentage Correct Inhibitory Trials (PCIT) 

were normally distributed, with no outliers. The Percentage Correct Target Trials (PCTT) 

data were negatively skewed with one HC scoring > 3 standard deviations below the mean of 

the HC group. Since this person had normal PCIT data, we did not exclude this person.

Univariate Analysis of CoVariance (ANCOVAs), including site as a covariate, found no 

significant group difference in PCTT, F(2, 89)= 0.73, p= .49, or PCIT, F(2, 89)= 1.75, p= .18 

(Figure 1).

fMRI Results

Whole-brain analysis—Across all task conditions, there was a significant main effect of 

Diagnosis in five clusters (Figure 2). These were in the right inferior frontal gyrus, left 

inferior parietal lobule, bilateral superior frontal gyri and the left middle frontal gyrus. Four 

of these clusters, the left IPL, SFG and MFG and the right IFG, overlapped with the CCN 

mask. Peaks of activity are reported in the Supplement.

As this whole brain analysis of the main effect of Diagnosis was across all task conditions, 

we calculated post hoc ANOVAs (5 ROIs × 2 conditions) of the significant main effect of 
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Diagnosis reported above, solely for the purpose of determining the direction of effects for 

the correct Rejections and Commission errors task conditions. These results are displayed in 

Figure 3. None of these regions were correlated with any movement parameter for x, y, and z 

translations for Commissions (rs < ∣.20∣, ps > .07) or Rejections (rs < ∣.17∣, ps > .10). Our 

hypotheses did not concern the Targets condition, thus these results are included in the 

Supplement.

Commissions—Tukey post-hoc tests found that the rMDD group had significantly less 

activation than the Comorbid group for the left SFG (p= .04) and the right SFG (p= .01), 

than the HC group (p= .01) and the Comorbid group (p= .04) for the left MFG, and than the 

HC group (p= .02) for the left IPL (Figure 3).

Rejections—Tukey post-hoc tests revealed that the HC group had more activation than the 

rMDD group (p= .002) for the left MFG. The HC had more activation than the Comorbid 

group (p= .02) and the rMDD group had more activation than the comorbid group (p= .03) 

for the left IPL. The Comorbid group had significantly less activity than the rMDD group for 

the right IFG (p= .02), and significantly greater activity than the rMDD group (p= .03) for 

the right SFG (Figure 3). As an alternative, exploratory analysis strategy, for each Diagnosis, 

we calculated the percentage of significant activity that was located within the CCN and 

SEN network masks for each contrast (see also Table S1 for per cent of each network active 

by Diagnosis and Condition).

ROI analyses

sgACC: Across all conditions, we found a significant main effect of Diagnosis in the 

bilateral sgACC in a cluster of 166 contiguous voxels (1328mm3), peaking at −4, 26, −8 

(Figure 5). There was no significant interaction between Diagnosis and Condition in sgACC. 

There were no differences between groups in Tukey posthoc tests for diagnosis.

Amygdala: Across all conditions, there was no significant effect of Diagnosis or interaction 

between Diagnosis and Condition in bilateral amygdala ROIs.

Discussion

We tested hypotheses of the influence of comorbid anxiety, as a source of heterogeneity in 

MDD, on proactive and reactive control in rMDD during a cognitive control fMRI task. We 

found some support for the hypothesis that rMDD and Comorbid (i.e. rMDD + remitted 

anxiety) groups would show reduced CCN activity compared to HCs during Commissions, 

in line with models of emotion regulation in mood disorders (S. A. Langenecker et al., 2014; 

Phillips et al., 2003). We also found some evidence for the hypothesis that during correct 

Rejections, the Comorbid group would show increased activity in the SEN, possibly a 

reflection of increased engagement through reactive control.

Based on models of emotion regulation (S. A. Langenecker et al., 2014; Phillips et al., 

2003), hypothesis one predicted that rMDD and Comorbid groups would show reduced 

CCN activity compared to HCs during Commissions. This was partly supported as the 

rMDD group exhibited less activation in the left MFG and IPL compared to HCs, important 
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regions of the CCN (Menon, 2011; Seeley et al., 2007). These results were corroborated by 

inverse relations with the MAQ Social Phobia scale reported in the Supplement. However 

hypothesis one was not supported for the Comorbid group. Reduced CCN activity for 

Commissions in rMDD only perhaps represents decreased ability to recruit cognitive 

resources, and some theoretical models posit impaired cognitive regulation in MDD (S. A. 

Langenecker et al., 2014; Phillips et al., 2003). Although brain regions that are more 

efficient at a particular task may display less rather than more activity, since Commissions 

are errors of cognitive control, we interpret this hypoactivation as evidence of failed 

engagement of the CCN in rMDD.

The main analyses found no evidence for the second hypothesis, compensation by proactive 

control, as the Comorbid group did not demonstrate greater activity in the CCN during 

Rejections. In fact, we observed a result in the opposite direction, as the Comorbid group 

showed significantly reduced activity compared to HCs in the left IPL and right IFG within 

the CCN. There was a dissociation of rMDD and Comorbid group in these two regions, with 

the Comorbid group unexpectedly and markedly lower than the rMDD and HC groups, 

particularly for Rejections. For the right IFG, this was also true for Commissions. During 

Rejections, the Comorbid group had a marked absence of CCN engagement (Figure 4), 

whereas the rMDD group showed a similar spatial extent of CCN engagement as the HCs. 

The cross-condition hypoactivation of right IFG in the comorbid group suggests that there 

may be compensation in other regions (see SFG discussion below for SEN) to attain 

equivalent performance for Rejections. This equivalent performance-compensation via SEN 

may be a vulnerability or protective adjustment. In contrast, illustrated within the 

Supplement, higher MAQ social phobia was related to greater right inferior parietal and 

middle frontal activation during correct Rejections (Figure S3, Panel C).

The right SFG showed higher activation in the Comorbid group than the rMDD group for 

Commissions. The pattern of differential network activation by diagnosis was most apparent 

in Figure 4, wherein the Comorbid group engaged the SEN to a greater degree than the other 

two groups, and only for correct Rejections. Although speculative, it is possible that 

compensatory activity within the SEN in the Comorbid group for Rejections was sufficient 

to achieve similar performance as HCs, such that CCN hyperactivation was not necessary. 

Alternatively, it may be that compensatory CCN activity is more likely to occur among 

individuals with symptoms that are active, rather than remitted. A previous study of 

individuals with rMDD also found hypoactivity of the right dorsomedial prefrontal cortex 

during error commissions on a go/no-go task (Nixon et al., 2013). Unfortunately, our results 

are not directly comparable as this prior study did not conduct a whole-brain analysis or 

include a comorbid anxiety subgroup, which are advantages of the present study.

The hypotheses of increased SEN activity for the Comorbid group during Commissions 

(failed engagement of reactive control, hypothesis three) and correct Rejections 

(compensatory reactive control, hypothesis four), were based upon the Compensatory error-

monitoring hypothesis (Moser et al., 2013). This posits that anxious individuals utilize 

stimulus-driven, reactive control, which we argued occurs in the SEN, given studies that 

have found increased SEN activity in ADs (Damsa et al., 2009; Etkin & Wager, 2007). 

Although not significant, potentially due to the small size of the Comorbid group, the 
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behavioural results were in the direction hypothesized, with higher percentages correct for 

both target and inhibitory trials, a hypothesized byproduct of hypervigilance and proactive 

control. For the fMRI results, our main effect of Diagnosis did not support these hypotheses, 

as none of the five clusters were located within the SEN. However, dorsomedial activation 

was higher for the Comorbid group in both right and left SFG regions for Commissions, 

suggesting that error-monitoring regions outside of SEN are engaged and may lead to 

greater interference. These regions are anterior to SEN derived by Yeo and colleagues, but 

have previously been considered as functionally equivalent to SEN (Capuron et al., 2005). 

Moreover, Figure 4, the proportion of each groups significant activity that overlapped with 

network masks, is consistent with hypothesis four, as approximately two thirds of active 

voxels for the Comorbid group were located within the SEN, compared to around one third 

each for the HC and rMDD groups during Rejections. This increased SEN activity is 

possibly a reflection of increased engagement through reactive control. Combined with the 

finding of no significant activity in the CCN during Rejections in the Comorbid group, this 

tentatively suggests that correct inhibitory control performance in Comorbid anxiety and 

rMDD is characterized by inefficient utilization of cognitive resources, including failed CCN 

activity and compensatory SEN activity. Future research with a larger Comorbid sample is 

required to investigate this further.

There was a significant effect of Diagnosis in the sgACC, which is an important part of the 

SEN. However, posthoc tests did not reveal significant effects of diagnosis for Commissions 

or Rejections, potentially due to the modest sample size of the Comorbid group. The sgACC 

is critical for modulating negative mood states (Mayberg et al., 1999), and has been the 

target of deep brain stimulation for treatment resistant MDD (Mayberg et al., 2005), based 

on neuroimaging findings of hyperactivity of this region. This hyperactivity was inversely 

correlated with activity in dorsolateral prefrontal cortical regions involved in cognitive 

control (Mayberg et al., 1999), and has been reported to resolve following treatment of 

MDD (Mayberg et al., 2005). Our results indicate that during cognitive control, 

hyperactivity of this region may be an intermediate phenotype for MDD or a trait risk factor.

The presence of a comorbid disorder may obscure the typical response of the rMDD group 

(Kentgen et al., 2000; Weinberg, Klein, & Hajcak, 2012) as there were a number of 

differences between rMDD and comorbid groups relative to HC. There were also a number 

of regions related to dimensional measures of anxiety in the supplemental analyses, 

emphasizing heterogeneity in MDD. However, it is important to note that there are some 

counterintuitive results in the literature, perhaps in part because most prior studies of 

comorbid depression and anxiety have relied upon actively depressed individuals, e.g., 

(Crane et al., 2016). The present study’s results among individuals with rMDD are only 

partly in line with existing theoretical models (S. A. Langenecker et al., 2014; Phillips et al., 

2003) suggesting that diminished regulatory capacity in MDD may be more relevant among 

individuals with no anxiety comorbidity, whereas a compensation or stimulus-driven 

attention model may be more relevant in the context of comorbid anxiety phenotypes. Our 

results indicate potential neural bases for cognitive control deficits in these MDD subtypes, 

and suggest that efficacious treatments, whether of a preventative or a reactive type, may 

diverge, based on the presence of comorbid anxiety.
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Limitations

There were several limitations of the present study. Although the sample of individuals with 

rMDD was relatively large (n = 49), the Comorbid subgroup was modest (n = 18), 

preventing subanalysis of the role of different AD subtypes and potentially failing to reject 

the null hypothesis due to lack of power (e.g,. type II error). Moreover, some of the AD 

subtypes included OCD and PTSD, and these have recently been conceptualized as 

somewhat distinct from other ADs. It is possible that the modest sample size of the 

Comorbid group precluded the detection of true differences in performance. There were 

fewer males than females, so there is a risk for type II error in sex differences. There is 

continued debate about appropriate balance between type I and type II error in the field, 

which regions to search, and other adjustments for multiple comparisons. As a result, the 

current thresholding based upon joint height and extent probabilities may be too lenient 

(type I) or too conservative (type II error) and future meta-analytic work can at least address 

concerns about type I error. Finally, despite the event-related design, reliance on the sluggish 

BOLD signal precluded the ability to evaluate hypotheses about the precise time-course of 

CCN and SEN activity following successful and unsuccessful cognitive control; future 

studies could use similar paradigms with event-related potentials. Future studies should also 

examine possible differences among anxiety disorders, and in combination with active and 

remitted MDD.

Conclusions

In conclusion, our results support the consideration of anxiety as a meaningful subtype of 

MDD that may obscure group differences between rMDD and HCs when not evaluated. 

Although cognitive control is often emphasized within emotional challenge and regulation 

paradigms, the present study is one of the first to evaluate cognitive control in comorbid 

anxiety in rMDD in a non-emotional paradigm. The use of a remitted group and a non-

emotional paradigm may provide an important context for pursuing cognitive control 

dimensions within the RDoC initiative, and in probing top-down models of disruption in 

MDD. Identifying comorbid anxiety as one subtype or intermediate phenotype could help to 

clarify heterogeneity in MDD, with the aim of improving our understanding of networks and 

behaviours that in future might be specific targets for personalized medicine (Lui, Zhou, 

Sweeney, & Gong, 2016).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Cognitive control deficits may cause impaired emotion regulation in mood 

disorders

• rMDD group showed less cognitive control network (CCN) activity during 

commissions

• Comorbid rMDD and anxiety showed increased salience and emotion 

network activity

• increased salience and emotion network activity may be compensatory in 

anxiety

• Comorbid anxiety is a meaningful subtype of MDD
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Figure 1. 
Estimated marginal means for diagnostic subgroups in behavioural performance (per cent 

correct) for Target trials (left, PCTT) and Inhibitory trials (right, PCIT).
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Figure 2. 
Main effect of Diagnosis across task types (Targets, Rejections, and 

Commissions).Activation differences were observed in left IPL (x = −54), left MFG (x = 

−34), left SFG (x = −12), right SFG (x = 8), and right IFG (x = 42). (p < .05, whole brain-

corrected.)
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Figure 3. 
Mean beta values (SE bars) from each Diagnosis in the five significant clusters from the 

main effect of Diagnosis (across conditions), for Commissions and Rejections. (p < .05, 

whole brain-corrected.)
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Figure 4. 
Percentage of active voxels for each condition located within each network for each group. 

Unreported percentage of active voxels were located outside of CCN and SEN masks, and 

may include adjoining regions, other networks or smoothing effects/misregistration with the 

mask/white matter.
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Figure 5. 
Main effect of Diagnosis across all conditions in the sgACC ROI. (p< .05, uncorrected).
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Table 1.

Demographic and Clinical Characteristics

HC rMDD only Comorbid posthoc

N (male) 44 (15) 31 (8) 18 (7)

Age 20.8 (1.6) 21.1 (1.6) 21.5 (1.4)

Education 14.6 (1.4) 14.5 (1.3) 14.4 (1.6)

Years well 2.7 (1.9) 2.9 (1.7)

VIQ 106.1 (9.2) 109.6 (7.8) 102.1 (9.3)
rMDD > Comorbid*1

HDRS 0.4 (1.0) 1.5 (1.6) 1.8 (2.3) HC < rMDD, Comorbid**

HARS 0.5 (1.3) 2.5 (3.1) 2.8 (4.2) HC < rMDD, Comorbid**

BSPS Total 2.6 (3.5) 5.0 (8.6) 7.4 (7.7) HC < Comorbid*

BAI 1.5 (2.3) 4.5 (4.7) 4.7 (6.3) HC < rMDD, Comorbid*

MAQ 59.4 (4.7) 62.6 (7.7) 62.9 (10.2)

Note.

*
p< .05

**
p< .01.

HC = healthy control, rMDD = remitted Major Depressive Disorder, VIQ = verbal intelligence quotient, HDRS = Hamilton Depression Rating 
Scale, HARS = Hamilton Anxiety Rating Scale, BSPS = Brief Social Phobia Scale, BAI = Beck Anxiety Inventory, MAQ = Multidimensional 
Anxiety Questionnaire. Values in parentheses are standard deviations (except for N male).

1
This significant difference was driven by two individuals with rMDD with VIQs of 126 and one individual in the Comorbid group with a VIQ of 

78. When these three individuals were excluded, there was no significant difference in VIQ (p=.15). Repeating the main analyses, there was still no 
significant group difference in behavioural performance between groups (p=.33). A MANCOVA of the extracted beta weights (shown in Figure 2) 
for N=90, with PCTT, PCIT and site as covariates, excluding these three individuals, there was still a significant main effect of diagnosis across 
conditions (p<.001).
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