Neurolmage: Clinical 34 (2022) 102988

o %

ELSEVIER

Contents lists available at ScienceDirect

NeuroImage: Clinical Neurolmage:
CLINICAL

journal homepage: www.elsevier.com/locate/ynicl ==

Neural basis of positive and negative emotion regulation in

remitted depression

Rozemarijn S. van Kleef " Jan-Bernard C. Marsman®, Evelien van Valen ", Claudi L.
H. Bockting ©, André Aleman , Marie-José van Tol *

@ Cognitive Neuroscience Center, Department of Biomedical Sciences of Cells and Systems, University Medical Center Groningen, University of Groningen. Antonius

Deusinglaan 2, 9713 AW Groningen, the Netherlands

b Department of Geriatrics, University Medical Center Utrecht, Heidelberglaan 100, 3584 CX Utrecht, the Netherlands
¢ Department of Psychiatry and Urban Mental Health Institute, Amsterdam University Medical Center, location AMC, Meibergdreef 9, 1105 AZ Amsterdam, the

Netherlands

ARTICLE INFO

Keywords:
Depression
Remission

Emotion regulation
Rumination

fMRI

ABSTRACT

The recurrent nature of Major Depressive Disorder (MDD) necessitates a better understanding of mechanisms
facilitating relapse. MDD has often been associated with abnormal emotion regulation, underpinned by aberrant
interactions between the prefrontal cortex and subcortical areas. We assessed whether neural regulation ab-
normalities remain after remission and relate to emotion regulation problems in daily life.

At the baseline measurement of a randomized controlled trial, an emotion regulation task was performed
during fMRI scanning by 46 remitted recurrent (rrMDD) patients and 24 healthy controls. We assessed both fMRI
peak activity and the temporal dynamics of the neural response during passive attendance and explicit regulation
of positive and negative emotions. Furthermore, we assessed regulation strategy use in daily life using ques-
tionnaires, and attentional biases using a modified attentional dot-probe task.

RrMDD patients showed lower activation and different temporal dynamics in occipital, parietal, and prefrontal
brain regions during passive attendance of emotional material compared to healthy controls. During explicit
downregulation of negative emotions, no group differences were found. However, during explicit upregulation of
positive emotions, rrMDD patients showed a different neural response over time in the insula. Behaviourally,
rrMDD patients were characterized by dysfunctional regulation strategies in daily life. Within rrMDD patients,
rumination was associated with activation within a limbic- prefrontal network.

After remission, immediate emotional processing seems unaffected, but regulatory abnormalities remain,
especially uninstructed and in daily life. Abnormal insula activation during positive upregulation suggests
decreased monitoring of positive emotions. The relation between inadequate rumination and brain activity
during emotion regulation suggests that regulation of both positive and negative affect is important in under-
standing neurocognitive underpinnings of resilience.

1. Introduction

processing of internal and external information, (dis)favouring infor-
mation with a certain emotional valence, and facilitating the occurrence

Major Depressive Disorder (MDD) is the leading cause of disease
burden worldwide, partly because of its highly recurrent character
(Kessing et al., 2004; Richards, 2011; Ferrari et al., 2013). Some models
of depression propose that abnormalities in the processing and regula-
tion of emotional information are important in understanding how even
minor negative events may lead to subsequent MDD episodes. Negative
stressors may trigger latent dysfunctional schemas, which modify the
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of negative mood states (Beck, 2008; Disner et al., 2011; Gotlib and
Joormann, 2010; De Raedt and Koster, 2010). Dysfunctional regulatory
control may then lead to the prolongation of negative mood, spiralling
down into a sustained negative mood, and eventually a (new) depressive
episode (Disner et al., 2011; Berking and Wupperman, 2012; Ehring
et al., 2008; Berking et al., 2014). Insight into neurocognitive abnor-
malities after remission may contribute to understanding relapse
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vulnerability and improving preventive treatment.

Dysfunctional emotion regulation has been proposed as a trans-
diagnostic therapeutic target for overcoming affective problems occur-
ring in psychiatric disorders such as MDD (Gotlib and Joormann, 2010;
Holtzheimer and Mayberg, 2011; Ochsner and Gross, 2005; Phillips
et al., 2008; Phillips et al., 2003; Sloan et al., 2017; Cludius et al., 2020;
Aldao and Nolen-Hoeksema, 2010). Behaviourally, emotion regulation
abnormalities may manifest as a tendency to use inadequate emotion
regulation strategies typically related to MDD, including greater use of
rumination and expressive suppression but lower use of cognitive
reappraisal (Aldao et al., 2010; Joormann et al., 2007; Joormann and
Michael, 2014; Visted et al., 2018). These strategies are all aimed to
improve affect, although rumination and suppression appear less
effective and less beneficial for mental wellbeing than reappraisal
(Nolen-Hoeksema et al., 2008; Gross and John, 2003; Gross, 1998;
Garnefski and Kraaij, 2006). To what extent residual abnormalities in
daily use of emotion regulation strategies reflect abnormalities in neural
regulation capacity is not yet fully understood.

Emotion regulation takes place on a continuum from implicit and
automatic (for example automatic selective attention or habitual re-
sponses), to more explicit and controlled (for example cognitive reap-
praisal) (Braunstein et al., 2017; Gyurak et al., 2011). During implicit
forms of emotion regulation, MDD has been associated with increased
recruitment of parietal and lateral prefrontal cortices, suggestive of
compensatory yet inadequate regulatory control (Rive et al., 2013;
Hamilton et al., 2012). During explicit forms of emotion regulation,
abnormally decreased lateral prefrontal cortex activity has been most
consistently observed (Rive et al., 2013; Pico-Pérez et al., 2017; Zil-
verstand et al., 2017), suggesting inadequate recruitment of regulatory
resources resulting in an unregulated depressive mood (as reflected in
increased amygdala activity (Zilverstand et al., 2017). Whether this
reflects deficient performance of control mechanisms and/or inadequate
signalling for the need for control is currently unresolved (Hamilton
et al., 2012; Teasdale and Dent, 1987; Moll et al., 2005; Miller and
Cohen, 2001; Disner et al., 2011). Problems in sustaining positive mood,
reflected in diminished frontostriatal activation, seem related to anhe-
donic symptoms (Heller et al., 2009) and recurrence (de Jonge et al.,
2017). Most studies so far, however, have focused on negative emotion
regulation (Zilverstand et al., 2017).

Whether neural abnormalities in implicit or explicit emotion regu-
lation persist after remission is not yet clear. Some studies suggest
normalization of automatic emotion processing abnormalities following
treatment (Fu et al., 2004; Fu et al., 2008; Victor et al., 2010; Godlewska
et al., 2012), while other studies suggest that abnormalities remain in
the remitted phase (Bocharov et al., 2017; Leppanen, 2006; Ruhe et al.,
2019; Goulden et al., 2012). Regarding explicit emotion regulation, both
impaired (Kanske et al., 2012; Smoski et al., 2015) and normal (Rive
et al., 2015a) frontal regulation of limbic activity have been reported in
remitted recurrent MDD (rrMDD), leaving uncertainty as to the specifics
of frontal regulatory abnormalities after remission. Furthermore, in
fMRI studies in this population, only averaged peak height of the hae-
modynamic response has been studied, while for positive emotion
regulation in acute MDD it has proven fruitful to additionally assess the
temporal dynamics of sustained regulation capacity (Heller et al., 2009).
Studying the temporal dynamics of frontal response profiles during
emotion regulation may comprehensively add to our understanding of
neurocognitive mechanisms underlying recurrence (Goldin et al., 2008),
specifically whether rrMDD is characterized by a failure to engage the
prefrontal cortex (PFC) or by abnormalities in sustaining PFC activation
(Zhang et al., 2019).

Explicit emotion regulation may be affected by abnormalities in
early emotional processing, by dysfunctional gating of emotional in-
formation (Beck, 2008; Zvielli et al., 2016; Keller et al., 2019; Disner
et al,, 2017). MDD is typically characterized by attentional biases
favouring negative information or disfavouring positive information
(Peckham et al., 2010; Armstrong and Olatunji, 2012; Winer and Salem,
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2016). It is not yet clear to what extent attentional biases are related to
MDD state, and whether they play a role in the neurocognitive mecha-
nisms facilitating relapse (Joormann and Gotlib, 2007; Elgersma et al.,
2018; Elgersma et al., 2019). Attentional biases have been related to
rumination (during acute MDD) (Joormann et al., 2006; Sanchez-Lopez
etal., 2019; Grafton et al., 2016; Owens and Gibb, 2017), and it has been
suggested that attentional biases may not directly lead to depressive
symptoms, but in interaction with ineffective emotion regulation stra-
tegies (Demeyer et al., 2012; Everaert et al., 2017) (though not consis-
tently (Figueroa et al., 2019). Further examining emotion regulation in
relation to attentional biases in rrMDD might enhance our understand-
ing of residual vulnerability factors.

In the present study we examined for the first time whether
medication-free rrMDD patients at high risk for recurrence are charac-
terized by residual abnormalities in emotional processing and explicit
emotion regulation on both the neural and behavioural level, for both
positive and negative emotionality. To this end, we investigated both
average peak activity and the temporal response profile of the hemo-
dynamic response function (HRF) during an emotion regulation task,
and assessed self-reported use of emotion regulation strategies, in
rrMDD patients and healthy controls. Furthermore, within rrMDD pa-
tients, we examined whether neural activity during explicit emotion
regulation is reflected in regulation strategy use in daily life. Finally, we
evaluated the role of early gating of emotional information in emotion
regulation capacity.

2. Materials and methods
2.1. Participants

In the present study, baseline data was used from participants
included in the context of a randomized controlled trial, the Neuro-
cognitive Working Mechanisms of the Prevention of Relapse in
Depression (NEWPRIDE) study (Van Kleef et al., 2019). The NEWPRIDE
study was approved by the Medical Ethical Committee of the University
Medical Centre Groningen, and all participants provided written
informed consent.

Fifty participants with rrMDD were included in the present study,
together with 25 healthy control (HC) participants. Inclusion criteria for
rrMDD patients were: at least two Major Depressive Episodes in the past
five years, being currently in remission from their last MDE for more
than two months, but no longer than two years, and no current other
DSM-1V diagnosis (as assessed with the Structural Clinical Interview for
DSM-IV Axis I disorders (SCID-L; (Spitzer et al., 1992), no psychotropic
medication use, and scoring 13 or lower on the Self-Rated version of the
Inventory of Depressive Symptomatology (IDS-SR; (Rush et al., 1996) at
the time of screening. Controls were selected based on the (lifetime)
absence of any DSM-IV diagnosis (as assessed with the SCID-I). All
participants showed normal intelligence, did not report neurological
problems or lifetime alcohol or substance dependency, and met standard
MRI compatibility criteria.

2.2. Measures

2.2.1. Clinical measures

In order to assess current depressive symptomatology, the Inventory
of Depressive Symptoms-Self Report (IDS-SR; (Rush et al., 1996) was
administered. The IDS-SR is a 30-item scale assessing a full range of
depressive symptoms, with good psychometric properties (Trivedi et al.,
2004). Furthermore, the Positive and Negative Affect Schedule (PANAS,
showing adequate reliability and validity (Watson et al., 1988; Crawford
and Henry, 2004), a self-report questionnaire with two 10-item scales on
positive and negative affect, was used to assess affect at the time of
testing (using a visual analogue scale).
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2.2.2. Emotion regulation strategies

The Leuven adaptation of the Rumination on Sadness Scale (RSS) is a
17-item self-report questionnaire with good reliability and validity,
designed to measure ruminative thinking on sadness, and consists of
three sub-scales (Analysis, Understanding, Uncontrollability) (Raes
et al., 2008).

The Dutch version of the Responses to Positive Affect (RPA; showing
adequate psychometric properties (Feldman et al., 2008; Raes et al.,
2009) measures rumination in response to positive affect, and consists of
three scales: Self-focused rumination, Emotion-focused rumination and
Dampening (based on factor analysis; (Feldman et al., 2008).

The Emotion Regulation Questionnaire (ERQ; (Gross and John,
2003), a 10-item self-report questionnaire with good psychometric
properties (Ioannidis and Siegling, 2015), assesses to which extent
participants tend to use expressive suppression and cognitive reap-
praisal (confirmed with factor analysis (Melka et al., 2011).

2.2.3. Attentional bias task

An adjusted version of the Attentional Response to Distal vs Proximal
Emotional Information task (ARDPEI; (Grafton and MacLeod, 2014) was
administered outside of the scanner, to assess attentional biases towards
negative information and away from positive information. The ARDPEIL
is a modified dot-probe task that allows for the calculation of both an
engagement bias index and a disengagement bias index. The task con-
sists of two types of conditions: attentional selectivity (engagement or
disengagement) and valence (positive or negative visual stimuli). Details
on the task design and calculation of the bias indices can be found in
Supplementary materials 1.

2.2.4. Emotion regulation task

During fMRI scanning, participants performed the Emotion Regula-
tion Task. The task was designed to measure regional brain activity
during passive attending and active regulating emotions, elicited by
neutral, negative emotional or positive emotional pictures (each pre-
sented for eight seconds). During the attend condition, participants were
solely asked to watch the picture. During the downregulation condition,
participants were instructed to apply cognitive reappraisal techniques to
reduce the intensity of negative emotions, and during the upregulation
condition, to increase the intensity of positive emotions. The regulation
techniques were trained prior to scanning. Details on the task design can
be found in Supplementary materials 1.

2.3. Image acquisition

Scanning was performed on a 3 Tesla Philips Intera scanner (Philips,
Best, the Netherlands). Functional images were acquired using a T2*-
gradient echo-planar sequence with the following parameters: TR =
2000 ms, TE = 30 ms, FOV = 224 x 129.5 mm, image matrix = 64 x 62,
and voxel size = 3.5 x 3.5 x 3.5 mm. Whole-brain coverage was ach-
ieved by acquisition of 37 descending slices. Furthermore, a T1-
weighted structural scan (170 slices, TR = 9 ms, TE = 3.53 ms, FOV
=256 x 256 mm, image matrix = 256 x 256 mm, voxel size =2 x 2 x 2
mm) was acquired to be used in spatial preprocessing of the functional
imaging data.

2.4. Data analyses

2.4.1. Demographic and clinical characteristics

Questionnaire and behavioural data were analysed with IBM SPSS 25
(SPSS Inc., Chicago, IL, USA). Because normality of questionnaire and
behavioural scores could not be assumed, non-parametric tests were
performed. First, groups were compared on demographic characteris-
tics, using nonparametric Mann-Whitney U tests for age and educational
level, and chi square tests for sex. To compare clinical characteristics,
IDS total scores and PANAS subscale (Negative and Positive) scores were
entered in non-parametric Mann-Whitney U tests.
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2.4.2. Group differences in behavioural measures

Group differences in emotion regulation strategies were examined
with Mann-Whitney nonparametric U tests of the RSS, RPA and ERQ
subscales. Effects were considered significant at p < 0.05 (one-tailed).
We corrected the alpha level for possible non-independency of effects by
using the Simple Interactive Statistical Analysis Bonferroni tool (SISA
Bonferroni; https://www.quantitativeskills.com/sisa/calculations/b
onfer.htm). We corrected for eight tests, with an average correlation
of 0.27, leading to an adjusted alpha of 0.011.

Finally, to assess group differences in attentional biases, we per-
formed non-parametric Mann-Whitney U tests on the ARDPEI negative
and positive engagement- and disengagement bias indices. Effects were
considered significant at p < 0.05 (one-tailed), SISA-Bonferroni cor-
rected (based on 4 tests, with an average correlation of 0.2, leading to an
adjusted alpha of 0.017). For all tests, standardized effect sizes (Hedges’
g) were calculated.

2.4.3. FMRI data preprocessing

Functional MRI data was preprocessed and analysed on the subject-
level with statistical parametric mapping software (SPM12 v7487;
Welcome Trust Centre for Neuroimaging, London, UK), implemented in
Matlab 8.5.0 (R2015a; Mathworks, Natick, MA, USA). Scans were
manually reoriented to the anterior-posterior commissure plane, real-
igned, co-registered (anatomical to functional plane), normalised to MNI
space, and spatially smoothed (full-width half-maximum Gaussian
kernel of 8 mm). Furthermore, framewise displacement was calculated
using a threshold of 0.9 mm (Siegel et al., 2014), and volumes with slices
containing high intensity values (related to motion and scanner arte-
facts) were identified to assess data quality and to be censored in first
level models.

2.4.4. FMRI group differences in processing and regulating emotions

On the subject level, data was analysed within the framework of the
general linear model (using SPM12). The task data was modelled in an
event-related fashion at the subject level including regressors for the five
task conditions, instructions, rating periods, volumes marked as motion
or artefact, and time and dispersion derivatives, and convolved with a
canonical HRF. Due to long between-block intervals within conditions,
the high pass filter was set to 0.0052 Hz (192 s).

Non-parametric permutation-based between-group comparisons (HC
vs rrMDD patients) were performed using FSL Randomise (5000 per-
mutations) (Winkler et al., 2014), with contrast images from the subject
level (negative-attend-vs-baseline, positive-attend-vs-baseline, nega-
tive-downregulate-vs-attend and positive-upregulate-vs-attend) as
input. Tests were performed both on whole-brain level and within a
composite ROI mask. With ‘whole-brain’ we mean a voxel-based anal-
ysis of the brain regions included in the brain mask containing adequate
signal for fMRI analysis. The ventromedial frontal and anterior temporal
brain regions were not included in this brain mask (see Supplement 2).
The composite ROI mask was created using the WFU Pickatlas, including
the bilateral middle frontal gyrus, frontal operculum, inferior frontal
gyrus, superior medial frontal gyrus, anterior cingulate gyrus, amygdala
and insula (AAL atlas based). The selection of regions of interest was
based on areas commonly involved in emotional processing and regu-
lation (Buhle et al., 2014; Frank et al., 2014; Kohn et al., 2014). Sig-
nificance was determined at p < 0.05, family-wise error rate corrected
for multiple comparisons, based on threshold free cluster-enhancement
(TFCE). TFCE has been shown to be the non-parametric correction
method of choice in terms of reliability (Han et al., 2019).

2.4.5. FMRI group differences in temporal dynamics of BOLD response
during processing and regulating emotions

Furthermore, to assess the hemodynamic response during emotion
regulation over time, without a priori assumptions of its shape, we built
a general linear model with a Finite Impulse Response (FIR) basis set
(method adapted from (Zhang et al., 2019). The model was set up using
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log-transformed scans, to allow interpretation of meaningful effect
values (i.e. percent signal change) on group level (Langers et al., 2014).
The time windows were set to the start of the event, and were divided
into four bins of 2 s (matching the TR; see Supplementary materials 1 for
an overview of the time bins). FIR estimates of the hemodynamic
response were calculated per time bin, per condition, for each partici-
pant. Equal to the canonical HRF model, other regressors included task
instructions, rating periods, and volumes marked as motion or artefact.

To account for the intercorrelation among the within-subject time
bins and task conditions, we set up a group-level multivariate model
using 3dMVM (AFNI-based software; (Chen et al., 2014; Chen et al.,
2015). Two repeated measures-ANOVAs were built, with: (Kessing et al.,
2004) negative-attend-vs-baseline and positive-attend-vs-baseline
contrast images or (Richards, 2011) negative-downregulate-vs-attend
and positive-upregulate-vs-attend contrast images as dependent vari-
ables, time (bin 1, bin 2, bin 3 and bin 4) as within-subjects factor and
group (HC vs rrMDD) as between-subjects factor. We were particularly
interested in the GroupxTime interactions as these would represent
differential temporal characteristics of the BOLD signal.

Clusters were considered significant at a height of p < 0.001 and a
cluster extent threshold (k > 59 for whole-brain analyses and k > 13 for
within-ROI analyses), which was based on Monte Carlo simulated
cluster-size distributions (AFNI 3DClustSim, 1000 simulations), retain-
ing two-sided p < 0.05 significance after FWE-correction at the cluster
level (NN1). Smoothness of the residuals was calculated using the
autocorrelation function for each subject (AFNI’s 3DFWHMX).

2.4.6. Within-rrMDD relations between neural emotion regulation capacity,
daily emotion regulation strategy use and attentional bias

We performed multiple regression analyses within the rrMDD group,
to assess the relationship between neural responses during emotion
regulation and daily use of regulation strategies. Multiple regression
models were built using FSL Randomise, to assess the effects of the ERQ
subscales, RSS total scale and RPA subscales on the canonical HRF-
modelled negative downregulation-vs-negative-attend and positive-
upregulate-vs-positive-attend contrast images.

In order to examine the relationship between the neural responses
during emotion regulation and attentional biases, multiple regression
models were built using FSL Randomise, including the ARDPEI indices
as regressors and the canonical HRF-modelled regulation contrast im-
ages as dependent variables. For all multiple regression analyses, 5000
permutations were performed, results were considered significant at p <
0.05, family-wise error rate corrected for multiple comparisons, based
on TFCE.

Finally, we calculated Spearman correlations between the ERQ, RSS
and RPA subscales with the ARDPEI bias indices (considered significant
at p < 0.05 (one-tailed), SISA-Bonferroni corrected (based on 32
correlational tests, with an average correlation of 0.16, leading to an
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adjusted alpha level of 0.003)).
3. Results
3.1. Demographic and clinical characteristics

Initially, we included data from the baseline measurement of 50
rrMDD patients and 25 HC participating in the RCT. Five participants
were excluded from these current analyses due to excessive motion or
insufficient data quality, leading to a sample of 46 rrMDD patients and
24 HC. Sample characteristics, questionnaire scores and behavioural
results are presented in Table 1. Sex, age and education level did not
differ between rrMDD and HC. Clinically, rrMDD patients showed more
depressive symptoms (IDS, p < 0.001) and experienced more negative
and less positive affect (PANAS; Negative p = 0.001, Positive p = 0.001)
than HC.

3.2. Group differences in behavioural measures

3.2.1. Group differences in emotion regulation strategies

All questionnaire and ARDPEI results are presented in Table 2.
RrMDD patients showed a significantly higher tendency to ruminate on
negative content (RSS Causal Analysis, Understanding and Uncontrol-
lability all p’s < 0.001, high effect sizes (all g’s > 1.21)). Furthermore, in
the face of positive affect, they reported a higher tendency to dampen
positive feelings (RPA Dampening p < 0.001, medium/high effect size: g
= 0.73) and a lower tendency to react with experiencing/savouring the
positive emotion (RPA Self-focused rumination p = 0.001, large effect
size, g = 0.81). No difference in emotion-focused rumination in response
to positive affect was found (RPA Emotion-focused rumination p =
0.148). Regarding emotion regulation strategies, rrMDD patients re-
ported to use cognitive reappraisal less (ERQ Cognitive Reappraisal p =
0.002, medium/large effect size: g = 0.67), and expressive suppression
more (ERQ Expressive Suppression p = 0.005, medium/large effect size:
g = 0.71) than HC.

3.2.2. Group differences in attention biases

The mean percentage of correct trials during the ARDPEI was 95.24,
in line with previous studies using this task (Grafton and MacLeod,
2014; Southworth et al., 2017; Jonker et al., 2019). RrMDD patients and
HC did not differ with regard to the attentional engagement and
disengagement biases for both negative stimuli and positive stimuli (all
p’s < 0.076), although for disengagement from positive material, effect
sizes indicated a medium effect size (g = 0.52).

Table 1
Demographic and clinical characteristics. Significance is indicated with an asterisk.
1rrMDD M (SD) HC M (SD) P U P Hedges’ g

N 46 24
Sex ratio (men/women) 10/36 6/18 0.095 0.771
Age 35.11 (11.32) 36.67 (12.88) 535.00 0.832 0.13
Educational level 5.85 (1.36) 6.29 (0.69) 460.00 0.223 0.37
Number of MDD episodes 7.42 (10.07) —
Months in remission 9.46 (6.29) -
Cognitive (behavioural) therapy use in the past (yes/no) 33/13 -
Antidepressant use in the past (yes/no) 25/21
IDS score 8.33 (5.36) 2.88 (3.09) 201.50 <0.001* 1.16
PANAS score
Negative scale 30.13 (17.97) 17.51 (13.72) 322.00 0.001* 0.76
Positive scale 61.36 (17.02) 73.41 (11.60) 318.00 0.001* 0.78

Abbreviations: RrMDD = remitted recurrent Major Depressive Disorder; HC = healthy controls; M = mean; SD = standard deviation; x2 = chi square statistic; U =
Mann-Whitney U statistic; p = significance level; MDD = Major Depressive Disorder; IDS = Inventory of Depressive Symptoms; PANAS = Positive and Negative Affect

Schedule.
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Table 2
Overview of results of group differences in attentional biases and emotion
regulation strategies. Significance is indicated with an asterisk.

rMDD M HC M U p Hedges’
(SD) (SD) g

Rumination on Sadness Scale

Causal analysis 17.00 12.25 228.00 <0.001* 1.21
(3.98) (3.83)
Understanding 16.24 10.29 197.50 0.001*  1.24
(5.16) (3.93)
Uncontrollability 18.43 10.25 119.00 0.001*  1.62
(5.66) (3.58)
Responses to Positive Affect
Dampening 14.78 10.88 263.50 0.001*  0.73
(6.21) (2.95)
Self-focused 7.70(2.85)  9.96 300.00 0.001*  0.81
rumination (2.65)
Emotion-focused 12.93 13.79 468.50 0.148 0.26
rumination (3.58) (2.92)
Emotion Regulation Questionnaire
Cognitive 24.82 30.02 324.50 0.002*  0.67
reappraisal (8.09) (7.04)
Expressive 14.89 11.25 350.00 0.005*  0.71
suppression (5.82) (3.30)
ARDPEI biases
Engagement —36.27 8.18 347.00 0.210 0.32
negative (153.50) (97.95)
Engagement —106.50 —98.16 360.50 0.278 0.07
positive (129.25) (108.80)
Disengagement —0.86 15.32 348.00 0.214 0.15
negative (108.58) (104.81)
Disengagement 55.35 —20.08 306.50 0.076 0.52
positive (154.24) (121.01)

Abbreviations: RrtMDD = remitted recurrent Major Depressive Disorder, HC =
healthy controls, M = mean, SD = standard deviation, U = Mann-Whitney U
value, p = significance level, ARDPEI = Attentional Responses to Distal vs
Proximal Emotional Information.

3.3. FMRI group differences in attending to emotional images

3.3.1. Peak activation in canonical HRF modelled BOLD responses during
attending

RrMDD patients showed less peak activity during negative-attend-vs-
baseline in the bilateral occipital lobe and precuneus, and the right vi-
sual association area and ventral part of the posterior cingulate cortex
(PCQ), dorsolateral prefrontal cortex (DLPFC), inferior frontal gyrus
(IFG) and frontal pole than HC (see Fig. 1A). During positive-attend-vs-
baseline, rrMDD patients showed less peak activity in the bilateral oc-
cipital lobe, extending to the precuneus, and the left superior temporal
gyrus, extending to the supramarginal gyrus (see Fig. 3B).

3.3.2. Responses over time in FIR modelled BOLD responses during
attending

RrMDD patients and HC showed a different temporal pattern of
BOLD response height in the superior parietal gyrus during negative-
attend-vs-baseline, and in the bilateral precuneus and postcentral
gyrus during positive-attend-vs-baseline. Plotting activity over the time
bins within these clusters (see Fig. 1B) showed that during attending
emotional information, HC had an initial dip in activation around 2-4 s
in these areas, after which activity increased, and rrMDD patients show a
more blunted response.

3.4. FMRI group differences in explicit emotion regulation

3.4.1. Peak activation in canonical HRF modelled BOLD responses during
explicit regulation

There were no significant group differences in peak BOLD activity
during explicit emotion regulation versus attending emotional images
for both negative and positive conditions.
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3.4.2. Responses over time in FIR modelled BOLD responses during explicit
regulation

There were no significant differences in the temporal dynamics of the
BOLD response during negative-downregulate-vs-attend.

During positive-upregulate-vs-attend, rrMDD patients showed both
lower overall activation and a differential temporal pattern of the BOLD
response in the right dorsal anterior insula, compared to HC. Plotting the
mean activity during these conditions over time within the right insula
(see Fig. 2) showed that regulation of positive emotions is characterized
by an initial increase and a later decrease in activity in HCs, and only a
slight initial increase in rrMDD patients.

3.5. Within-rrMDD relations between neural emotion regulation capacity
and daily emotion regulation strategy use

RrMDD patients who tend to ruminate on negative content (RSS total
score), showed lower PCC activation during negative-downregulation-
vs-attend (see Fig. 3A).

RrMDD patients who tend to focus more on themselves in response to
positive affect (RPA Self-focused rumination) showed lower activation
in the left amygdala, hippocampus, ACC, orbitofrontal cortex (OFC),
inferior temporal lobe, and bilateral medial PFC and occipital lobe
during negative-downregulation-vs-attend (see Fig. 3B). Furthermore,
rrMDD patients who tend to dampen their positive emotions (RPA
Dampening) showed higher activity in the right OFC and right ventral
anterior insula during positive-upregulation-vs-attend (see Fig. 3C).

Use of expressive suppression or cognitive reappraisal was not
significantly related to fMRI activity during explicit emotion regulation.

3.6. Within-rrMDD relations between emotion regulation and attentional
bias

Within rrMDD patients, there was no significant relationship be-
tween explicit negative or positive regulation and the attentional bias
scores. Within rrMDD patients, the attentional bias scores did not
correlate significantly with emotion regulation strategy use (all p’s >
0.016). Correlations can be found in Supplementary materials 6.

4. Discussion

The recurrent character of MDD calls for a better understanding of
neurocognitive mechanisms underlying relapse vulnerability. Dysfunc-
tional emotion regulation is often mentioned in the context of affective
disorders. However, the concept of emotion regulation in (especially
recurrent) MDD has to date not been fully explored. This study is the first
to investigate whether remitted patients suffering from recurrent MDD
(rrMDD) are characterized by residual emotion regulation abnormalities
on both a neural and behavioural level, for both negative and positive
emotionality. We demonstrated that rrMDD patients are characterized
by several residual neural regulation abnormalities. More specifically,
rrMDD patients showed lower activation in areas within a visual-
parietal-prefrontal network, and different temporal dynamics in parie-
tal areas during attending emotional images, but no clear abnormalities
during explicit negative emotion regulation. During explicit regulation
of positive emotions, rrMDD patients showed differential temporal dy-
namics in dorsal anterior insula activation. Behaviourally, rrMDD pa-
tients reported more dysfunctional emotion regulation strategies, which
were related to engagement of posterior midline areas and a frontal-
limbic network during regulation of negative and positive emotions
within rrMDD patients. Finally, early processing biases do not seem to
characterize remitted depression or underlie emotion regulation
abnormalities.
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Fig. 1. Clusters in which rrMDD show significantly different activation than HC patients during 1) negative-attend-vs-baseline and (1B) positive-attend-vs-baseline,
with yellow/orange representing clusters with lower peak activity in rrMDD patients compared to HC in the HRF model, and green/blue representing clusters in
which a significant GroupxTime interaction was found within the FIR model, plus plots of the percent signal change of the beta images per condition over the four
time bins for each group. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Percent signal change over time in rrMDD patients and HC showing (2A) contrast images for positive-upregulation-vs-attend and (2B) positive-attend-vs-
baseline and positive-upregulate-vs-attend images separately, within the clusters in which a significant GroupxTime interaction was found.

4.1. Residual emotion regulation abnormalities in rrMDD patients

4.1.1. Abnormal neural activation during emotion regulation

RrMDD patients showed different activity in several brain regions
during attending to emotional images, which could be indicative of
abnormalities in the unintentional use of strategies to regulate
emotional responses (also considered implicit regulation (Gyurak et al.,
2011; Webb et al., 2015; Reinecke et al., 2015). First, lower (and
different temporal) activation in the occipital lobe, precuneus, superior
parietal gyrus, postcentral gyrus, and PCC during attending emotional

images in rrMDD was observed. As these regions have been primarily
implicated in visual, self-related and attentional processing, these ab-
normalities could indicate that abnormal resource deployment during
these important aspects of processing of emotional information un-
derpins the vulnerability to recurrent depression (Leech and Sharp,
2014; Frodl et al., 2009; Ochsner et al., 2004), for example in the form of
distancing (Pico-Pérez et al., 2017; Moodie et al., 2020). Abnormal
activation in these areas might not be limited to the process of emotion
regulation, but might for example also reflect deficient mental imagery,
as evidenced by wider neuroscience literature covering the neural
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Fig. 3. Significant clusters in multiple regressions with RSS scores (3A) and RPA Self-focused rumination scores (3B) during explicit negative regulation (versus
attending), and RPA Dampening scores (3C) during explicit positive regulation (versus attending) within rrMDD patients.

correlates of mental imagery (Holmes et al., 2016; Pearson et al., 2015;
Skottnik and Linden, 2019). Second, lower peak activation in frontal
regions (IFG and DLPFC) relative to healthy individuals suggests that
these brain regions, previously associated with signalling the need for
control and exerting control, are sub-optimally involved in the regula-
tion process when no explicit efforts are made (Urry et al., 2009; Buhle
etal., 2014; Frank et al., 2014; Kohn et al., 2014). No differences in brain
activation were found during negative or positive emotion processing
(versus neutral processing), suggesting neural differences during im-
plicit processing are not necessarily valence-specific but could reflect a
more general abnormality in complex information processing.

In line with Rive and colleagues (Rive et al., 2015b) we did not find
significant differences in neural activity between rrMDD patients and

HC during explicit negative emotion regulation, which suggests at least a
certain degree of normalization upon remission. As a side note, it is
possible that participants used a broader set of regulation strategies
during the task than merely cognitive reappraisal. Given that emotion
regulation-related neural activity has been shown to be dependent on
specific regulatory strategy use (Moodie et al., 2020), this might in part
account for the different results in rrMDD patients reported by (Kanske
et al., 2012) and (Smoski et al., 2015).

During regulation of positive emotions, rrMDD patients showed a
lower overall height of the neural response and different temporal dy-
namics in the right dorsal insula during positive emotion regulation,
relative to the control group. The dorsal part of the anterior insula has
been implicated in cognitive control processes (Uddin et al., 2017). In
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healthy individuals, an early increase and later decrease in positive
regulation-induced activation of the insula was found, somewhat similar
to the temporal pattern as described in (Goldin et al., 2008) during
negative emotion regulation. Right anterior insula activity has been
related to processing/regulating both negative and positive emotions
before (Frank et al., 2014; Damasio et al., 2000), and may contribute to
emotional state monitoring and salience detection. In rrMDD patients,
this initial increase and later decrease during regulation was less pro-
nounced, suggesting lower affective monitoring during active engage-
ment with positive emotions (Sliz and Hayley, 2012).

4.1.2. Dysfunctional daily emotion regulation strategy use

RrMDD patients reported to use less cognitive reappraisal and
savouring of positive affect, in comparison with never-depressed in-
dividuals, but more expressive suppression and negative rumination.
Dysfunctional rumination tendencies after remission of MDD play a key
role in models of recurrence (Disner et al., 2011; Nolen-Hoeksema et al.,
2008; Marchetti et al., 2012; Figueroa et al., 2017). RrMDD patients in
our study showed a tendency to dampen and not savour positive affect,
which was related to negative affect (see Supplementary materials 6),
and has previously been linked to anhedonia (Nelis et al., 2015).
Expressive suppression has been related to lower affect and depresso-
genic cognitions and depressive symptoms, and has repeatedly been
reported in remitted depression (Visted et al., 2018; Liu and Thompson,
2017).

Less use of cognitive reappraisal, on the other hand, has previously
been found in current, but not remitted depression (Visted et al., 2018;
Liu and Thompson, 2017). However, most reported studies included a
broader group of remitted patients, with much longer periods since
remission and lower numbers of previous episodes than our sample,
suggesting that cognitive reappraisal abnormalities may be dependent
on level of recurrence. All in all, the regulation of both positive and
negative affect seems disturbed on a behavioural level in highly recur-
rent remitted MDD patients, probably reflecting a vulnerability for
relapse.

4.2. Relevance of neural regulation abnormalities for daily regulation
problems

Within rrMDD patients, lower PCC activation during downregulation
of negative emotions (versus attending) was related to higher rumina-
tion on negative content in rrMDD patients. This suggests lower
involvement of regions involved in autobiographical self-related pro-
cessing during effortful regulation of negative emotion, indicative of
problems in self-relevant information processing during regulation of
emotions in ruminators.

Cross-valence, lower activity in the left ACC, OFC, hippocampus,
amygdala and the inferior temporal lobe during downregulating nega-
tive emotions was related to a higher tendency to savour positive affect
in relation to oneself. Lower activation in these areas, belonging to an
affective network, has been related to successful emotion regulation
(Buhle et al., 2014), suggesting that more adaptive levels of positive
affect savouring may add to cognitive-affective resilience.

Regarding the regulation of positive emotions, different topological
parts of the insula seem involved in relapse vulnerability. While
different dorsal anterior insula activation was found to be characteristic
of rrMDD patients, higher ventral anterior insula activation during
upregulating positive emotions was related to dampening of positive
affect within rrMDD patients. The ventral anterior insula has been
related to affective (Uddin et al., 2017) and interoceptive (Barrett and
Simmons, 2015) processes. These results suggest lower affective moni-
toring of positive emotions in rrMDD when effortfully engaging with
positive emotions, but higher experienced arousal and interoceptive
awareness in rrMDD patients with a tendency to dampen, possibly
reflecting discomfort with experiencing positive emotions.

Furthermore, there was no relationship between brain activity
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during explicitly regulation emotions (vs attend) and reported use of
expressive suppression and cognitive reappraisal, in contrast to earlier
studies in non-clinical or clinical (PTSD) populations (Fitzgerald et al.,
2018; Drabant et al., 2009). It has previously been reported that even
though remitted MDD patients did report less use of cognitive reap-
praisal, they did not show a different ability to use this strategy when
instructed to do so (Liu and Thompson, 2017; Ehring et al., 2010),
suggesting they are capable of cognitive reappraisal similarly to never-
depressed individuals, but tend to choose less functional strategies
(Reinecke et al., 2015).

Finally, of all studied emotion regulation strategies, especially the
tendency to dampen positive emotions, the experienced uncontrolla-
bility of negative thinking, and the decreased tendencies to savour
positive affect and to use cognitive reappraisal seem to have clinical
relevance in rrMDD, given their relation with clinical state character-
istics (Supplementary materials 8). Furthermore, increased activity in
limbic emotion processing areas during upregulation of positive emo-
tions was associated with higher daily negative affect, suggesting higher
emotional reactivity when in a negative mood (Supplementary materials
8). Given the relation of negative affect with symptomatology, these
findings seem clinically relevant. Taken together, the results of this
study suggest that especially focusing on positive regulation skills in
preventive treatment (either in the form of specific regulatory skills
training (Radkovsky et al., 2014; Berking et al., 2013) or cognitive
preventive treatment (Bockting et al., 2005) could be of clinical benefit.

4.3. Early processing biases not relevant for understanding emotion
regulation and relapse risk

The present results suggest that there are no residual attentional
biases in MDD patients after remission, neither for negative or positive
stimuli. These findings should be interpreted with caution, given the
difficulty of reliably measuring these kinds of attentional phenomena
using reaction time tasks, especially giving the use of long stimulus
durations and difference scores (Chapman et al., 2019). Our null find-
ings are in line with earlier studies, questioning the relevance of atten-
tional biases for understanding current (Marchetti et al., 2018) or
remitted MDD (Elgersma et al., 2019). However, residual attentional
abnormalities have been reported before (Zvielli et al., 2016; Elgersma
et al., 2018; Gupta and Kar, 2012), which could be explained by the use
of different task paradigms and/or longer stimulus durations. Even
though 500 ms is considered long in attention bias research, it has been
suggested that attentional biases in (rr)MDD are only present after
longer stimulus durations (Koster et al., 2005; Oehlberg et al., 2012).
Therefore, we also included a 1000 ms condition (see Supplementary
materials 7), however similar null results were found. Finally, no sig-
nificant correlations with clinical characteristics were found within the
rrMDD group (see Supplementary materials 6), suggesting attentional
biases have no significant clinical implications for MDD patients in
remission. Future research has to specify whether attentional bias is not
at all present after remission, or whether biases do remain present but
are only observable under certain conditions, for example using self-
relevant stimuli (Ji et al., 2017).

Furthermore, early processing biases do not seem relevant for un-
derstanding elaborate emotion processing and regulation abnormalities,
nor clinical outcomes. Even though it has been suggested that atten-
tional biases in MDD are primarily influential in relation to other
cognitive abnormalities (Marchetti et al., 2018; Everaert et al., 2012)
such as rumination (Demeyer et al., 2012; Kaiser et al., 2018), in our
remitted sample attentional biases did not correlate with emotion
regulation strategies, nor with brain activation during explicit emotion
regulation. In line with these results, and in reference to the emotion
regulation model of (Gross, 2015; Bebko et al., 2014) suggested that
early emotion regulation processes, as attentional control, may be less
important for understanding emotion regulation success than late
elaborate emotion regulation processes as appraisal or response
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modulation. Since mechanisms for MDD onset can be different than for
relapse, early processing biases may be relevant for understanding
onset, but based on these results seem of limited importance for un-
derstanding relapse vulnerability.

4.4. Strengths and limitations

This study is the first to investigate several related emotion pro-
cessing and regulation biases, all considered key concepts in under-
standing depression vulnerability according to the neurocognitive
model of MDD (Disner et al., 2011), in rrMDD patients. Investigating the
relevance of these abnormalities not just separately but also in relation
to each other, may add to the neurocognitive understanding of recur-
rence in MDD (Everaert et al., 2012). Furthermore, it is important to
address not just negative but also positive emotionality when studying
rrMDD, since this has been suggested to reflect additional mechanisms
underlying vulnerability (Heller et al., 2009; Carl et al., 2013; Tugade
and Fredrickson, 2007), which is underscored by our findings. One of
the main strengths of the present study is the patient sample, consisting
of highly recurrent (with an average of at least seven previous episodes)
remitted patients, without confounding effects of comorbidity or
medication use. Furthermore, we believe that additionally modelling the
fMRI data with a FIR basis set, allowing for investigation of the temporal
dynamics of brain activation during emotion regulation, is a valuable
addition to the emotion regulation literature (Goldin et al., 2008; Zhang
et al., 2019).

Unfortunately, the emotion regulation task setup made it difficult to
investigate longer temporal differences in emotion regulation capacity,
given the delay of the BOLD response and the close proximity of the
events in time. Also, a common technical challenge in fMRI research
involves signal coverage in the frontal cortex (Stenger et al., 2006). The
current study did not include ventromedial and anterior temporal brain
regions (see Supplement 2). Our null results in these regions should
therefore be interpreted with caution. Furthermore, given the context of
the trial in which this data was collected, our number of subjects is
relatively small (although considered sufficient for fMRI studies into
moderate effect sizes (Thirion et al., 2007). Finally, the cross-sectional
data presented here is useful for understanding neurocognitive resid-
ual abnormalities after remission, but more prospective longitudinal
designs are necessary for assessing whether emotion regulation abnor-
malities are representing premorbid vulnerability factors or are the
result of earlier episodes, and for identifying neurocognitive relapse
predictors (Brouwer et al., 2019).

4.5. Conclusions

We found several neural emotion regulation abnormalities in
remitted depression. Even though recurrent MDD patients after remis-
sion seem not so much characterized by problems with explicit,
instructed regulation of negative emotions, they may engage less in
spontaneous adequate regulation when not instructed, in the MR scan-
ner and in daily life. RrMDD patients tend to apply less implicit regu-
lation during negative emotions and engage less with positive emotions,
which manifests in dysfunctional use of emotion regulation strategies in
daily life and in lower affect.

Furthermore, the present findings highlight the importance of
studying the regulation of positive emotions in addition to negative
emotions. The insula, mostly studied in the context of negative emotion
processing, may play a key role in abnormal regulation of positive
emotions in rrMDD patients. Furthermore, the ability to savour positive
affect seems highly relevant for emotion regulation success, a finding
with important clinical implications. Finally, early processing biases do
not seem relevant for either characterizing rrMDD, nor for under-
standing emotion regulation abnormalities underlying relapse
vulnerability.

Clinically, these results demonstrate the importance of addressing
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residual abnormalities in affect and the regulation of negative, but
especially positive emotions after remission, and may guide further
preventive treatment improvement. Future research into neurocognitive
changes in emotion regulation after effective preventive intervention
and into the predictive value of emotional and self-referential processing
for relapse risk will further contribute to understanding neurocognitive
relapse vulnerability.
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