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Deficits  in  cognitive  control  are  a hallmark  characteristic  of  depression,  however  less  is known  about  the
degree  to  which  they  persist  beyond  symptom  remission  and  might  contribute  to symptom  recurrence  in
remitted  individuals  (rMDD).  Evidence  indicates  that  stress  interferes  with  cognitive  control,  highlighting
a  potential  mechanism  by  which  stress  precipitates  depression  relapse.  Therefore,  this  study  examined
whether  stress  exposure  elicits  deficits  in  error  monitoring  – a component  of  cognitive  control  thought  to
be particularly  implicated  in the  ability  to adaptively  respond  to  negative  feedback  –  in  individuals  with
rMDD.  Unmedicated  individuals  with  rMDD  (n = 30)  and  healthy  controls  (n =  34)  performed  an  Eriksen
Flanker  task  before  and  45  min  after  an  acute  stressor  while  128-channel  event-related  potentials  (ERPs)
were  recorded.  Flanker  interference  effects  and  post-error  adjustments  were  examined,  and  ERP  analy-
ses  focused  on  the error-related  negativity  (ERN)  and  error  positivity  (Pe).  Standardized  low  resolution
electromagnetic  tomography  (sLORETA)  was  used  to examine  stress-induced  changes  in current  source
density.  Individuals  with  rMDD  showed  blunted  cortisol  reactivity  to the  stressor,  coupled  with  height-
ened  self-reported  stress  reactivity.  Although  no  significant  effects  of group  or stress  were  observed
in  scalp-level  ERPs,  source-level  analyses  indicated  that  among  the  rMDD  group  only,  stress  caused  a
reduction  in  activation  in frontocingulate  regions  critically  implicated  in  error  monitoring.  The  magni-

tude  of  stress-induced  decreases  in frontocingulate  activation  correlated  with  heightened  self-reported
stress  reactivity,  and  also  predicted  heightened  levels  of stress  and  depression  18  months  later  in  the
entire  sample.  These  findings  suggest  that  individuals  with  rMDD  show  a stress-induced  disruption  in
frontocingulate  function  that  is linked  to heightened  stress  reactivity,  and  this  disruption  prospectively
predicts  heightened  levels  of  future  stress  and  depressive  symptomatology.

©  2016  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Major depressive disorder (MDD) is highly recurrent, and
lthough many treatments lead to symptom remission, 30% of
ndividuals experience a recurrence within five years following
ecovery (Bukh et al., 2016). Mechanisms underlying risk for recur-
ence in remitted (rMDD) individuals are not fully understood, but
ay  involve changes in cognitive control that persist beyond the
esolution of outward signs and symptoms. Furthermore, inde-
endent lines of evidence show stress exposure both predicts

∗ Corresponding author at: Laboratory for Affective and Translational Neuro-
cience, McLean Hospital & Harvard Medical School, 115 Mill Street, Belmont, MA
2478, United States.

E-mail address: dap@mclean.harvard.edu (D.A. Pizzagalli).

ttp://dx.doi.org/10.1016/j.psyneuen.2016.10.007
306-4530/© 2016 Elsevier Ltd. All rights reserved.
depression recurrence (Hammen, 2015) and impairs prefrontal
function (Arnsten, 2015). Accordingly, stress may  trigger recur-
rence by uncovering or exacerbating cognitive control deficits in
rMDD individuals, as cognitive control depends on prefrontal func-
tion (Ridderinkhof et al., 2004). However, no study has directly
addressed this question.

Cognitive models propose that in MDD, negative affect is pro-
longed by negative information processing biases and maladaptive
responses to negative information, which have been linked to
impairments in aspects of cognitive control − notably, perfor-
mance monitoring (Gotlib and Joormann, 2010). In particular,
ruminative thinking and poor regulation of sad mood are asso-

ciated with difficulty disengaging from negative information and
modifying behavior accordingly. For example, on tests of perfor-
mance monitoring that require rapid, accurate responding (e.g.,
the Eriksen Flanker task), individuals with MDD perform poorly on

dx.doi.org/10.1016/j.psyneuen.2016.10.007
http://www.sciencedirect.com/science/journal/03064530
http://www.elsevier.com/locate/psyneuen
http://crossmark.crossref.org/dialog/?doi=10.1016/j.psyneuen.2016.10.007&domain=pdf
mailto:dap@mclean.harvard.edu
dx.doi.org/10.1016/j.psyneuen.2016.10.007
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rials following a commission error (Holmes and Pizzagalli, 2008;
eard et al., 2015), indicating the presence of an oversensitive
rror-detection system, or a failure to recruit control systems to
daptively respond to errors.

Adaptive responding to negative information relies on the ante-
ior cingulate cortex (ACC), and abnormalities in ACC function have
een well-documented in acute MDD  (Pizzagalli, 2011). Consis-
ent with this, individuals with MDD  have also been found to
ave potentiated error-related negativity (ERN) amplitudes fol-

owing errors (Chiu and Deldin, 2007; Holmes and Pizzagalli,
008; but see Weinberg et al., 2015). The ERN is a negative-going
eflection in the event-related potential (ERP) elicited by com-
ission errors, and peaks at about 80 ms  post-error (Falkenstein

t al., 2000; Holroyd and Coles, 2002). It is thought to arise
rom dopamine-modulated ACC activity that signals the mismatch
etween an error and the representation of the expected correct
esponse (Holroyd and Coles, 2002). This prompts the recruit-

ent of prefrontal systems to adjust behavior. In support of this
onceptualization, ERN-related ACC activation predicts subsequent
ctivation of the dorsolateral prefrontal cortex (dlPFC) and adaptive
ost-error behavioral adjustments in healthy individuals (Kerns
t al., 2004)—but this relationship is attenuated in individuals with
DD (Holmes and Pizzagalli, 2008). These findings indicate that in

cute MDD, heightened sensitivity to negative information may  be
inked to dysfunction in frontocingulate regions that are critically
nvolved in error monitoring.

In rMDD, the evidence for deficits in error monitoring, and
ognitive control generally, is more mixed. Some studies point
o persistently impaired response inhibition (Bora et al., 2013),
hereas others have failed to find such deficits (Aker et al.,

016). Similarly, ERN amplitudes have been found to be nor-
al  (Schoenberg, 2014), blunted (Alexopoulos et al., 2007), and

nhanced (Georgiadi et al., 2011) in rMDD, with some studies
evealing abnormal ERN amplitudes in only a subset of rMDD indi-
iduals with prior melancholic depression (Weinberg et al., 2016).
learly, more research is required to determine whether error mon-

toring deficits persist in rMDD, and are a useful predictor of future
epression.

Furthermore, given the wealth of evidence linking stress to
refrontal dysfunction (Arnsten, 2015) and depression onset and
aintenance (Hammen, 2015), it would be valuable to know
hether depression history increases risk for error monitoring

eficits following stress exposure. Although no studies to date
ave addressed this question, individuals with rMDD may  expe-
ience greater stress-induced impairments in error monitoring for
wo reasons: (1) if individuals with rMDD are more sensitive to
tress, the increased prefrontal resources required to regulate the
tress response may  deplete resources available for more cogni-
ive aspects of performance monitoring, and (2) frontocingulate
bnormalities that persist beyond remission may  reduce the over-
ll capacity for concurrent stress regulation and error monitoring.
onsistent with this, theoretical perspectives suggest that effective
motion regulation under stress and effective performance mon-
toring during cognitive tasks, draw on a set of shared and finite

ental resources (with partly overlapping neural underpinings
n frontocingulate regions; Ochsner et al., 2009), such that when
esources are over-taxed in one domain, impairments arise in the
ther (Kaplan and Berman, 2010). In support of this theory, effortful
uppression of negative emotions resulted in greater interference
ffects and blunted ERN amplitudes on a non-emotional Stroop task
Inzlicht and Gutsell, 2007). Given that individuals with rMDD may
ave a stronger stress response and/or a poorer ability to regu-
ate their responses to stress (Bagley et al., 2011), it is possible
hat they may  also experience greater impairments in performance

onitoring when faced with an acute stressor, and that the level of
mpairment may  covary with the magnitude of the stress response.
crinology 75 (2017) 164–172 165

To address these questions, we  used high-density ERPs and a
distributed source localization technique to examine the neural
correlates of error monitoring in individuals with rMDD and a group
of never-depressed healthy controls. Importantly, we implemented
an acute stress manipulation to determine whether stress uncov-
ers or exacerbates error monitoring deficits in rMDD. Owing to the
literature reviewed above, ERP analyses focused on the ERN as well
as the error positivity (Pe). The Pe is a positive-going deflection in
the ERP waveform which occurs 150–500 ms  following commission
errors. In contrast to the ERN, which tracks the automatic process-
ing of errors, the Pe is thought to reflect the subjective evaluation
of errors (Falkenstein et al., 2000). By analyzing both the ERN and
the Pe, we evaluated more automatic vs. controlled aspects of error
processing.

We hypothesized that stress would impair error monitoring
(as indexed by post-error behavioral adjustments, ERN/Pe ampli-
tudes and frontocingulate activation) in individuals with a history
of depression, and that the magnitude of impairment would be
associated with the magnitude of the stress response (as indexed
by self-reported stress reactivity and changes in cortisol). We  also
hypothesized that the severity of error monitoring impairment
following stress would predict increased levels of stress and depres-
sive symptomatology in an 18-month follow-up.

2. Materials and methods

2.1. Participants

Thirty-four healthy control participants and 30 individuals with
rMDD were recruited. Inclusion criteria for controls were: no life-
time DSM-IV diagnoses, no first-degree relatives with psychiatric
illnesses, a Beck Depression Inventory-II (BDI-II; Beck et al., 1996)
score < 13, and no lifetime use of psychotropic medication. Inclu-
sion criteria for rMDD participants were: at least one lifetime major
depressive episode (MDE), a BDI-II score < 13 and remission for a
minimum of 8 weeks, and no current psychotropic medication (at
least 2 weeks for most antidepressants, 6 weeks for venlafaxine).
Remission was indexed by a score of 1 on the Depressed Mood and
Anhedonia items from the Structured Clinical Interview for DSM-IV
(SCID; First et al., 2002) and no SCID score above 2 for the other MDD
criteria. Exclusion criteria for all participants were: seizures, loss of
consciousness longer than two  minutes, or a positive urine drug
screen (Amedicheck CLIA-Waived 12-panel cup). All participants
provided written informed consent before participating. Additional
information on subject eligibility is provided in the Supplement.

Sample characteristics are summarized in Table 1. Groups did
not differ in age, gender or education (all ps > 0.05). The rMDD
group had significantly higher scores on the BDI-II (although all
scores were well below clinical cut-offs) [t(62) = 2.94, p = 0.005] and
the Perceived Stress Scale (PSS; Cohen et al., 1983) [t(62) = 3.40,
p = 0.001] − a self-report measure of perceived life stress.

2.2. Procedure

The study involved two sessions. In the first, the SCID was
administered by Masters- or PhD-level clinicians, along with self-
report measures of depressive symptomatology (the BDI-II). In the
second, participants performed an Eriksen Flanker task twice while
128-channel electroencephalography (EEG) data were acquired −
once immediately prior to an acute stressor, and then 45 min  after-
wards.
2.3. Eriksen Flanker task

A modified version of the Eriksen Flanker task with an individu-
ally titrated response window was  used (Eriksen and Eriksen, 1974;
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Table 1
Demographic and clinical characteristics.

Controls (n = 34) rMDD (n = 30) test value p value

Female, N (%) 23 (67.6) 21 (70.0) X2 = 0.04 0.84
Age  (yrs.) 29.8 (10.9) 31.4 (13.8) t = −0.50 0.62
Years  of education post-high school 4.6 (2.4) 4.5 (2.2) t = 0.27 0.79
BDI-II  0.8 (1.6) 2.4 (2.8) t = −2.94 0.005
PSS  13.7 (4.7) 19.0 (7.4) t = −3.40 0.001
Mean  age onset N/A 21.2 (12.7) N/A
Number of prior MDEs N/A 2.3 (1.5) N/A
Past  psychotropic medication use, N (%) N/A 14 (46.7) N/A
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Time in remission (months) N/A 

ote: BDI-II (Beck Depression Inventory–II; Beck et al., 1996), PSS (Perceived Stress

olmes et al., 2010). On each trial, participants viewed four left-
ard or rightward facing arrows. After 100 ms  these arrows were

oined by a center arrow (50 ms)  pointing in the same direction as
he flanking arrows (congruent trials) or in the opposite direction
incongruent trials). Participants had to indicate whether the cen-
er arrow pointed to the left or right, and each trial was  followed by

 fixation cross of 1400 ms.  Accuracy and reaction time (RT) were
ecorded.

.4. Measures of life stress and residual depression

To assess any residual depressive symptomatology and ongoing
tress appraisal, participants were administered the BDI-II again at
he EEG session, along with the PSS (Cohen et al., 1983). The PSS
s a 14-item measure of the degree to which life situations during
he past month are perceived as uncontrollable (e.g., “In the last

onth, how often have you been upset because of something that
appened unexpectedly?”). Responses range from 0 (never) to 4
very often) and higher scores indicate greater perceived life stress.

.5. Stress manipulation

Stress was induced using the Maastricht Acute Stress Test
MAST; Smeets et al., 2012). The MAST is a 15 min  acute stress

anipulation combining physical pain (a cold pressor), cognitive
hallenge (a mental arithmetic task), psychosocial evaluative threat
two unempathic evaluators) and uncontrollability (random trial
uration), and produces reliable activation of the HPA-axis (Smeets
t al., 2012). Additional details about the MAST and Flanker task are
resented in the Supplement.

.6. Measures of stress reactivity

Salivary cortisol samples were collected at five time points (after
 20 min  rest period, immediately after the MAST, 25 min  post-
AST, 40 min  post-MAST, 2 h post-MAST). Salivary cortisol was

ssayed using a competitive enzyme-linked immunosorbent assay
ELISA). Area under the curve with respect to baseline (AUCi) was
alculated and used as an index of the sensitivity of the cortisol
esponse to the MAST (Pruessner et al., 2003).

Subjective ratings of stress were collected at four time points
sing the State and Trait Anxiety Inventory-I (STAI-I; Spielberger
t al., 1983) and Positive and Negative Affect Schedule (PANAS;

atson et al., 1988). Furthermore, mood ratings were measured
t five time points using the Visual Analogue Mood Scale (VAMS;
ond and Lader, 1974). The VAMS consisted of three horizontal lines
range: 0 to 100) and were anchored at sad-happy, tense-relaxed,
ostile-friendly.
Approximately half-way through data collection, an addi-
ional measure of stress appraisals was implemented: the
hreat/Challenge Questionnaire (Mendes et al., 2007), which is a
elf-report measure of the degree to which a person perceives a
33.4 (26.7) N/A

 Cohen et al., 1983), MDE: Major Depressive Episode.

task (in this instance, the MAST) to be demanding and stressful,
and whether they feel they have the resources required to per-
form well. This measure was  administered once immediately after
instructions for the MAST were given but before the stress induc-
tion had commenced (so that pre-stress ratings could be obtained
when participants knew what the stressor would entail but had not
been exposed to it yet), and then a second time immediately after
the MAST. A demand to resources ratio was computed separately
for both time points by adding the scores from demand items and
scores from resources items and then dividing the demand total
score by the resources total score. Using this metric a score higher
than 1 is indicative of a state of threat, whereas a score less than 1
is indicative of a state of challenge. Information about the timing
of cortisol and subjective stress measurements is presented in the
Supplement.

2.7. Measures of stress and depression at follow-up

At 12 and 18 months after their initial assessment, participants
were invited to take part in a follow-up assessment to assess for
emergence of any Axis-I psychopathology during the follow-up
period, along with levels of depressive symptomatology and life
stress. Participants who  consented to take part were first screened
over the phone for Axis-I symptomatology, and those who reported
evidence of some symptomatology since their initial assessment
were invited into the lab for a Longitudinal Interval Follow-up Eval-
uation (LIFE; Keller et al., 1987), which was performed by a Masters-
or PhD-level clinical interviewer. Participants also completed the
BDI-II and PSS at this session. Those who  did not have a LIFE inter-
view conducted were sent a link to complete the BDI-II and PSS
online.

2.8. Behavioral and physiological data reduction

2.8.1. Behavioral data
For the Flanker task, only trials in which participants made a

response were considered. Data were subjected to a pre-defined
quality control check (see Supplement). The primary variables of
interest were interference effects, characterized as poorer accu-
racy and longer RTs on incongruent compared to congruent trials,
and post-error behavioral adjustment, characterized by longer RTs
and increased accuracy on trials following incorrect compared to
correct responses.

2.8.2. ERPs
ERPs were recorded using a 128-channel Hydrocel Geodesic

Sensor Net system (Electrical Geodesics, Inc., Eugene, Oregon) and
sampled at 250 Hz (bandwidth, 0.1–100 Hz; impedances < 100 k�)

referenced to the vertex. Data processing occurred offline using
Brain Vision Analyzer 2.0 (Brain Products GmbH, Gilching,
Germany). Artifacts were removed using independent compo-
nents analysis and corrupted channels were interpolated using a
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Fig. 1. Figure shows (A) the mean cortisol across the five sampling points (shown on
the x-axis as the hours and minutes from session start; control group n = 34, rMDD
A.E. Whitton et al. / Psychoneu

pline interpolation. Data were then re-referenced to the average
eference and filtered (0.1–30 Hz). Epochs were extracted from -
00 ms  to 750 ms  around markers locked to incorrect responses
n incongruent trials (there were too few segments to examine
pochs locked to incorrect responses on congruent trials). Epochs
ere visually inspected and remaining artifacts removed, baseline-

orrected (−200 ms  to −100 ms)  and averaged. Based on the grand
verage waveforms we defined the ERN as the most negative point
or each participant occurring −20 ms  to 150 ms  after incorrect
esponses, at midline electrodes Fz, FCz, Cz and Pz. The Pe was
dentified as the most positive peak occurring 100–250 ms  follow-
ng incorrect responses. For both components, the mean amplitude
±40 ms  around the peak) was extracted. To test the specificity of
utative findings, the mean amplitude of the correct-related neg-
tivity (CRN) and correct positivity (Pc) was also extracted from
pochs time-locked to correct responses on incongruent trials.
ean CRN and Pc amplitude was extracted ±40 ms  around the time

oint during which the ERN (for CRN) and Pe (for Pc) peaks occurred
or that subject.

.8.3. sLORETA
We  performed a current density analysis of the scalp-recorded

RPs using standardized low resolution electromagnetic tomogra-
hy (sLORETA). This method provides a 3D, linear, minimum norm
olution to the inverse problem (Pascual-Marqui, 2002). An earlier
ersion of this method, LORETA, has received considerable valida-
ion from studies combining LORETA with structural and functional

RI  and PET (Pizzagalli, 2007). The newer version, sLORETA, has
een found to have improved localization properties over LORETA
Sekihara et al., 2005). [For cross-modal validation of the sLORETA
lgorithm and its limitations, see Supplement.]

sLORETA calculates the standardized current density at 6239
oxels in the grey matter and hippocampus of the MNI-reference
rain (MNI-Average-305-T1; voxel size: 5 mm3). sLORETA analy-
es were conducted using activity extracted from 28 to 128 ms  (for
RN) and 128–228 ms  (for Pe) post-response (areas defined based
n the range of individual ERN and Pe peak latencies).

.9. Statistical analyses

.9.1. Behavioral data
The impact of stress on interference effects was  analyzed using

eparate mixed Group (controls, rMDD) × Stress (pre-stress, post-
tress) × Trial type (congruent, incongruent) analyses of variance
ANOVAs). Stress effects on post-error behavioral accuracy and
T were analyzed using separate Group × Stress × Response (post-
orrect, post-error) ANOVAs.

.9.2. ERP data
The ERN was maximal at Fz and FCz; accordingly, the effects of

tress on ERN amplitude were examined using a Group (control,
MDD) × Stress (pre-stress, post-stress) × Response (post-correct,
ost-incorrect) × Site (Fz, FCz) ANOVA. The same analyses were
onducted for the Pe, using electrodes FCz and Cz, where the Pe
as maximal.

.9.3. sLORETA
To identify regions showing group differences in stress-induced

hanges in error-related activity, we performed voxelwise unpaired
-tests comparing groups in their pre- minus post-stress differ-
nce scores (a significant t-test effect using difference scores is

quivalent to a significant Group × Stress interaction). Clusters were
efined as areas showing a significant group difference in stress-
elated changes in current density at p < 0.005 (uncorrected) with

 minimum size of 5 contiguous voxels.
group n = 30), (B) cortisol AUCi, in the control and rMDD groups, and (C) changes
in  the demand to resources ratio on the Threat/Challenge Questionnaire (control
group n = 13, rMDD group n = 13). * p < 0.05.

2.9.4. Predictors of symptoms at follow-up
Step-wise multiple regression was  used to determine the degree

to which stress-induced changes in error monitoring could predict
the severity of perceived life stress and depressive symptomatology
at the 12- and 18-month follow-up evaluations, after controlling for
baseline symptom severity. For these analyses, a difference score
was computed by subtracting post-stress error monitoring met-
rics from pre-stress values, and then entering this difference score,
along with the baseline symptom score into the model as predic-
tors, and the follow-up score as the dependent variable. Separate
regression models were used for predicting life stress (PSS scores)
and depressive symptomatology (BDI-II scores). Regression analy-
ses were only conducted on those measures of error monitoring for
which significant Group × Stress interactions emerged.

3. Results

3.1. Group differences in stress reactivity

Fig. 1 shows mean raw cortisol levels across five time points
in each group, along with cortisol AUCi. A Group × Time ANOVA
revealed a main effect of Time, F(4,248) = 49.96, p < 0.001, �p

2 = 0.45.
Across groups, cortisol at time 3 and 4 was higher than all other
time points (all ps < 0.001), indicating the MAST elicited robust

and sustained activation of the HPA-axis across both groups. The
rMDD group had a significantly lower AUCi index than controls,
t(62) = 2.01, p = 0.049, Cohen’s d = 0.51, indicative of a more blunted
HPA-axis reactivity.
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Fig. 2. Average ERP waveform time-locked to errors on incongruent trials in the rMDD and controls groups, pre- and post-stress, at electrode FCz.
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nd  D). *p < 0.005, uncorrected.

There was a main effect of Time for all self-report measures of
tress reactivity (all ps < 0.05), indicating the MAST was also effec-
ive at inducing a subjective state of stress. Post-hoc tests showed
tress increased scores on PANAS negative affect, STAI, all VAMS
cales, and decreased scores on PANAS positive affect (all ps < 0.01).
here was also a main effect of Group for PANAS negative affect
p = 0.02) and the STAI (p = 0.01), due to overall (averaged across
ime) higher levels of negative affect and state anxiety in the rMDD
elative to control group. Full descriptive statistics are provided in
upplementary Table 1.

When considering the demand:resources ratio derived from the
hreat/Challenge Questionnaire, there was a main effect of Group,

hich was qualified by a Group × Stress interaction, F(1,24) = 4.84,

 = 0.04, �p
2 = 0.17. Post-hoc tests on the interaction revealed no

tress-induced changes in the demand:resources ratio for con-
rols (p = 0.55) but a stress-induced increase for the rMDD group
y between the control and rMDD groups at the time of the ERN (A and C) and Pe (B

(p = 0.001). Furthermore, although there were no group differences
at pre-stress (p = 0.31), at post-stress the demand:resources ratio
was higher for the rMDD relative to the control group (p = 0.02).

3.2. Behavioral analyses

After excluding participants who  did not pass the quality criteria
(see Supplement), there were 33 controls and 30 rMDD participants
for analysis of Flanker interference effects, and 25 controls and 21
rMDD participants for analysis of post-error adjustments.

For interference effects, the Group (controls, rMDD) × Stress
(pre-stress, post-stress) × Trial type (congruent, incongruent)

ANOVA on RT revealed main effects of Stress, F(1,61) = 29.96,
p < 0.001, �p

2 = 0.33, and Trial type, F(1,61) = 438.73, p < 0.001,
�p

2 = 0.88, where RTs were faster following stress (mean ± SD:
pre-stress, 390 ms  ± 51 ms;  post-stress, 377 ms  ± 48 ms) and on
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roup (n = 29) and (B) rMDD group (n = 24).

ongruent (360 ms  ± 39 ms)  vs. incongruent (407 ms  ± 49 ms)
rials. For accuracy, a main effect of Trial type emerged,
(1,61) = 204.90, p < 0.001, �p

2 = 0.77, due to higher accuracy on
ongruent (98.8% ± 2.0) vs. incongruent (73.5% ± 15.7) trials. These
ndings indicate the task elicited the intended effects, but there
ere no effects of Group.

For post-error adjustments, there was a main effect of
tress for RT, F(1,44) = 40.48, p < 0.001, �p

2 = 0.48 and a main
ffect of Response, F(1,44) = 14.39, p < 0.001, �p

2 = 0.25, with faster
Ts following stress (pre-stress, 384 ms  ± 37 ms;  post-stress,
67 ms  ± 33 ms)  and on trials following correct (371 ms  ± 33 ms)
s. erroneous (380 ms  ± 38 ms)  responses. No effects emerged for
ost-error accuracy and no effects involved Group.

.3. ERP analyses

Twenty-nine controls and 24 rMDD participants had enough
rtifact-free ERP segments to be included in ERP analyses. Grand
verage ERP waveforms for the groups elicited by incorrect
esponses are shown in Fig. 2. A comparison of ERP waveforms fol-
owing correct vs. incorrect responses across both stress conditions
s shown in Supplementary Fig. 1.

.3.1. ERN/CRN
The only significant effect to emerge from the

roup × Stress × Response × Site (Fz, FCz) ANOVA was a main
ffect of Response, F(1,51) = 23.13, p < 0.001, �p

2 = 0.31, due to
arger (i.e., more negative) ERN amplitude following incorrect
ompared to correct responses. Contrary to our hypotheses, there
ere no main effects or interactions involving Group (or Stress).

.3.2. Pe/Pc
An analogous Group × Stress × Response × Site (FCz, Cz) ANOVA

evealed a significant Stress × Response interaction, F(1,51) = 5.53,
 = 0.03, �p

2 = 0.10, due to the fact that stress increased Pc ampli-
ude (p = 0.04) and decreased Pe amplitude (p = 0.09). Additional
ffects involving Site (but not Stress or Group)  are outlined in the
upplement.

.4. sLORETA analyses

.4.1. Stress-induced changes in CSD at the time of the ERN
A cluster of nine voxels in the dorsomedial prefrontal cortex
dmPFC; BA9; peak voxel x = 5, y = 45, z = 25) emerged as show-
ng greater stress-related changes in the rMDD group relative to
ontrols at the time of the ERN (p < 0.005, Fig. 3A). To interpret
his finding, mean current source density (CSD) in this region was
t source density from pre- to post-stress at the time of the ERN in the (A) control

extracted and post-hoc tests of simple effects conducted maintain-
ing the initial threshold of p < 0.005. Stress reduced activation in the
rMDD group (p = 0.002) but not in controls (p = 0.10). Furthermore,
no differences emerged between the groups at pre-stress (p = 0.16,
Cohen’s d = 0.40), however activation in the rMDD group was  lower
than the control group at post-stress but this did not survive the
more conservative p < 0.005 threshold (p = 0.04, Cohen’s d = 0.58).

Among the control group, stress-induced changes in dmPFC
activation correlated with cortisol reactivity. Specifically, smaller
cortisol AUCi was  associated with greater reductions in dmPFC acti-
vation from pre- to post-stress (control group: r = 0.45, p = 0.02;
rMDD group r = −0.22, p = 0.29, Fig. 4A and B). Fisher’s test for
independent correlations revealed that these correlations were
significantly different from one another, Z = 2.41, p < 0.05. Further-
more, within the rMDD group, a greater number of prior MDEs was
associated with lower dmPFC activation at pre-stress (r = −0.42,
p = 0.046) and at trend-level post-stress (r = −0.39, p = 0.06).

3.4.2. Stress-induced changes in CSD at the time of the Pe
At the time of the Pe, a cluster of 13 voxels in the dorsal ACC

(dACC; BAs 24, 32, 33, peak voxel x = −5, y = 10, z = 25) showed
greater stress-induced changes in CSD in the rMDD group rel-
ative to controls (p < 0.005, Fig. 3B). Specifically, stress reduced
dACC activation in the rMDD group (p = 0.003) but not in con-
trols (p = 0.41). There were no group differences pre-stress (p = 0.20,
Cohen’s d = 0.36), and although dACC activation in the rMDD group
was lower than in the control group at post-stress, this post-hoc test
did not survive the more stringent threshold of p < 0.005 (p = 0.04,
Cohen’s d = 0.57).

Stress-induced decreases in dACC activation were associated
with self-reported stress reactivity across the entire sample. Specif-
ically, stress-induced decreases in dACC activation were associated
with increases in PANAS negative affect (r = −0.41, p = 0.002) and
state anxiety (r = -0.32, p = 0.02), and decreases in PANAS positive
affect (r = 0.30, p = 0.03) in response to the MAST. Furthermore,
greater stress-induced decreases in dACC activation were associ-
ated with a greater increase in the demand:resources ratio score
on the Threat/Challenge Questionnaire (r = −0.54, p = 0.01). Scatter
plots revealed that the correlations involving the PANAS subscales
were driven largely by 1–2 individuals and therefore were not con-
sidered to be robust (Supplementary Fig. 2).

Although greater activation in both of these regions was asso-
ciated with greater post-error slowing (dmPFC: r = 0.28, p = 0.046;
dACC: r = 0.30, p = 0.03) and increased post-error accuracy (dmPFC:

r = 0.31, p = 0.03, dACC: r = 0.43, p = 0.001) at pre-stress, activation
in these regions was not associated with ERN or Pe amplitudes (all
ps > 0.05). This indicates that although these regions were clearly
involved in post-error behavioral adjustments, they might be dis-
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inct from the neural generators of the ERN and Pe. Subsequent
nalyses evaluated this hypothesis (see Supplement) and con-
rmed that the neural generators of the ERN and Pe were located in

he supplementary motor area (SMA) and more caudal part of the
CC, respectively, and did not overlap with the dmPFC and dACC

egions.

.5. Predictors of stress and depressive symptomatology at
ollow-up

Thirty-eight and 28 participants completed the 12- and 18-
onth follow-up evaluations, respectively. Over the 18-month

ollow-up period, four individuals experienced a major depressive
pisode (two from the healthy control group and two  from the
MDD group). We  confirmed that all initial findings held when these
wo healthy controls were excluded from analysis. Given the low
ate of recurrence it was not possible to identify predictors of new
epressive episode onset; accordingly, analyses focused on deter-
ining whether cortisol AUCi as well as stress-induced changes in

mPFC and dACC activity (i.e., the variables showing group differ-
nces at the baseline assessment) predicted symptom severity at
ollow-up across the groups. After controlling for baseline symp-
omatology, greater stress-induced decreases in dACC activation at
he time of the Pe predicted elevated levels of stress at both 12
� = −0.36, p = 0.03) and 18 months (� = −0.42, p = 0.02), and pre-
icted increased levels of depressive symptomatology on the BDI-II
t 18 months (� = −0.42, p = 0.03). These effects remained signifi-
ant even when cortisol AUCi and stress-induced changes in dmPFC
ctivation at the time of the ERN were entered into the model (all
s < 0.05), indicating that error-related decreases in dACC activation
ollowing stress may  be a unique predictor of heightened stress and
epressive symptoms over 18 months. Neither cortisol AUCi nor
tress-induced changes in dmPFC activity were significant predic-
ors of follow-up symptoms when entered into the model alone (all
s > 0.05).

. Discussion

This study examined whether error monitoring deficits
bserved in acute MDD  are evident in rMDD individuals, and if
xposure to acute stress exacerbates or precipitates such deficits.
esults showed that both prior to and following stress, the rMDD
nd control groups did not differ on behavioral (post-error adjust-
ents) or ERP (ERN and Pe amplitude) indices of error monitoring.
owever, stress reduced error-related activation within regions

ritical for performance monitoring – the dmPFC and dACC –
pecifically for those with rMDD. Consistent with the absence of
calp-level ERP effects, these regions were spatially distinct from
he neural generators of the ERN and Pe, which were localized in
he SMA  and more caudal portions of the ACC, respectively.

Importantly, stress-induced decreases in dmPFC and dACC acti-
ation correlated with distinct components of the stress response.
elative to controls, the rMDD group showed a blunted cortisol
esponse coupled with a heightened subjective stress response.
otably, a greater blunting of cortisol responses was  associated
ith a larger stress-induced decrease in dmPFC activation at the

ime of automatic error detection (ERN peak) in healthy con-
rols, whereas greater subjective stress-reactivity (stress-related
ncreases in state anxiety and perceived ratio of task demands
ersus coping resources) was associated with a larger stress-
nduced decrease in dACC activation at the time of more elaborated

rror evaluation (Pe peak) across the entire sample. Furthermore,
esults showed that across the entire sample, greater stress-
nduced dACC deactivation predicted more severe stress and
epressive symptomatology 18 months later. These findings of
crinology 75 (2017) 164–172

abnormal stress responding and greater stress-induced frontocin-
gulate impairment in rMDD, along with the observed association
between frontocingulate impairment and indices of stress reactiv-
ity and future depressive symptoms, provide some support for our
initial hypothesis that disruptions in frontocingulate function dur-
ing error monitoring in rMDD may  be linked to abnormal patterns
of stress reactivity, and may  be a potential mechanism by which
stress makes depression-prone individuals vulnerable to relapse.

The unmasking of frontocingulate dysfunction in rMDD follow-
ing stress links separate lines of evidence indicating the presence
of performance monitoring deficits and increased stress sensitivity
in depression-prone individuals, and evidence of the detrimen-
tal effects of acute stress on prefrontal function. Specifically, prior
research using Eriksen Flanker and Stroop paradigms in acute MDD
have shown evidence of poorer post-error adjustments (Beard
et al., 2015), abnormal ERN (Chiu and Deldin, 2007) and Pe
amplitudes (Schrijvers et al., 2008; Olvet et al., 2010), as well as
disrupted frontocingulate activation (Holmes and Pizzagalli, 2008),
and neuroimaging studies have consistently observed depression-
related deficits in regions of the dlPFC, dmPFC and ACC (Fitzgerald
et al., 2008) that may  contribute to these impairments. These
regions are known to be highly sensitive to stress-related excesses
in catecholamine and glucocorticoid levels (Arnsten, 2009), and
this may explain the exacerbation of prefrontal dysfunction in
stress-sensitive populations, such as those with rMDD. Further-
more, stress-related impairments in the recruitment of control
systems during processing of negative information may  result in
rMDD individuals having a poorer ability to regulate responses
to negative feedback, making them vulnerable to subsequent
depressive episodes when faced with stress. However, given that
stress-induced frontocingulate impairment remained a unique pre-
dictor of symptom severity at follow-up even after controlling for
endocrine and subjective stress reactivity, this suggests that it is
not the magnitude of the stress response per se that confers risk for
future depressive symptoms, but rather, the degree to which stress
impairs frontocingulate function.

Our source localization findings align well with a wealth of
prior research identifying neural generators of the ERN in the SMA
and the Pe in more ventral regions of the ACC (Holroyd et al.,
1998; Mathalon et al., 2002). However, the lack of group differ-
ences in scalp-recorded ERN amplitude adds to the growing picture
of a complex relationship between depression vulnerability and
ERN magnitude. Specifically, whereas some studies have demon-
strated an increased ERN amplitude in MDD  (Chiu and Deldin,
2007; Holmes and Pizzagalli, 2008), others have found ERN reduc-
tion in severely depressed samples (Schrijvers et al., 2008; Olvet
et al., 2010), suggesting that the relationship between ERN ampli-
tude and depression severity may  be non-linear (Olvet et al., 2010).
An alternative explanation is that differences arise due to diag-
nostic heterogeneity, as blunted ERN amplitudes have been linked
with psychomotor retardation (Schrijvers et al., 2008), and the
melancholic depression subtype (Weinberg et al., 2016). The lack
of group differences in scalp-level ERN and Pe amplitudes must be
interpreted with caution however, as our sample of subjects with
sufficient artifact-free ERP data at both pre- and post-stress, was
smaller than prior studies.

We also found that the rMDD group demonstrated a blunted
cortisol response to stress. Although this may seem at odds with
findings of consistently enhanced self-reported stress reactivity in
depression, there is considerable variability in the literature regard-
ing the precise direction of abnormality in cortisol responding

that accompanies heightened subjective stress reactivity. Research
using acute stressors similar to the MAST have observed blunted
cortisol reactivity in rMDD individuals (Morris et al., 2014), par-
ticularly in females (Bagley et al., 2011). In contrast, findings of
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nhanced cortisol reactivity in rMDD appear to be more consistent
or studies using minor stressors. In line with this interpretation,
levated cortisol reactivity in rMDD was observed in response to
versive images (Admon et al., 2015) and enhanced cortisol reac-
ivity to a low- but not a high-stress version of the Trier Social Stress
est predicted increased depression at follow-up (Morris et al.,
012). One explanation for the blunted cortisol response coupled
ith heightened subjective stress reactivity in those with rMDD

s that in individuals who are especially sensitive to the effects of
tress, repeated hypersecretion of cortisol could cause desensitiza-
ion of the HPA axis, eventually resulting in reduced adrenocortical
esponsiveness (Heim et al., 2000). This interpretation remains
peculative in regard to our sample however, as we cannot con-
rm that our rMDD participants had been exposed to repeated life
tress.

Some limitations must be considered when interpreting the cur-
ent findings. In particular, future studies using a neutral stress
ondition are needed to rule out the possibility that our effects are
ot simply due to practice or fatigue. Additionally, although we
bserved no group differences in ERN amplitude, recent research
sing the Flanker task found that only rMDD individuals with
rior melancholic depression, showed blunted ERN amplitudes
Weinberg et al., 2016). Unfortunately, the SCID-IV assessment
nly captures MDE  specifiers for current depressive episodes, so
e were unable to classify our rMDD sample into melancholic

ersus non-melancholic subtypes to address this question. Given
he strong links between stress and anhedonia (Pizzagalli, 2014;

 core feature of melancholic depression), future research should
valuate whether the effects of stress on error monitoring are
reater in individuals with prior melancholic depression. Moreover,
lthough we  observed interactive effects of stress and depression
istory on the ratio of perceived demands to resources on the
hreat/Challenge Questionnaire, this measure was introduced after
he study had started and was thus available only for a subset of
articipants, so these findings should be treated as preliminary.
inally, we used an uncorrected threshold for our sLORETA analy-
es (p < 0.005 with a minimum cluster extent), and therefore these
esults await replication in a larger sample. Given the low spatial
esolution of sLORETA, these findings also need to be confirmed
sing functional imaging techniques that have higher spatial reso-

ution (e.g., fMRI).
The current findings also stimulate several areas for future

esearch. Specifically, it would be valuable to know whether inter-
entions that enhance prefrontal functioning are able to improve
he recruitment of frontocingulate regions under stress. For exam-
le, cognitive behavioral therapy has been shown to modulate

rontocingulate functioning (Goldapple et al., 2004), and the novel
ntidepressant agent, vortioxetine, has been found to improve
everal aspects of executive functioning in depressed individuals
McIntyre et al., 2014). It is possible that reductions in depression
esulting from these interventions may  be associated with fewer
eficits in performance monitoring following stress. Additionally,
lthough we suggest that frontocingulate deficits under stress are
equelae of prior depressive episodes, an alternative explanation
s that the propensity for frontocingulate dysfunction under stress

ay  be a predisposing factor that precedes depression onset. Stud-
es examining frontocingulate function prior to the onset of MDD
re limited, however, the evidence runs counter to this interpre-
ation. For example, a prospective longitudinal study found that
ognitive control during early and mid-adolescence (as measured
y performance on a Stroop task), was not predictive of later MDD
nset (Vijayakumar et al., 2016). Furthermore, research has failed to

nd evidence of cognitive control deficits in high-risk offspring of
epressed mothers (Klimes-Dougan et al., 2006), except in cases
here the offspring also has current MDD  (Micco et al., 2009).
owever, a critical caveat is that none of these studies evaluated
crinology 75 (2017) 164–172 171

whether the emergence of cognitive control deficits under stress
predicted future depression onset. Therefore, future longitudinal
studies that incorporate stress manipulations are needed to evalu-
ate this possibility.

5. Conclusion

To conclude, the findings of the current study indicate that
individuals with rMDD display normative error monitoring under
stress-free conditions. However, following exposure to acute
uncontrollable stress, aberrant activity within key performance
monitoring systems emerges during discrete stages of error pro-
cessing, and this disruption is associated with abnormalities stress
responding. Critically, across the entire sample, these abnormalities
predicted greater levels of depressive and stress-related symp-
tomatology 18 months later. These findings add to the growing
body of evidence pointing to the critical role of stress in depres-
sion recurrence, but also highlight a novel role for stress-induced
frontocingulate dysfunction in the emergence of future depressive
symptomatology.
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