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Abstract 
The coronavirus (COVID-19) pandemic has confronted millions of people around the world with 
an unprecedented stressor, affecting physical and mental health. Accumulating evidence sug- 
gests that emotional and cognitive self-regulation is particularly needed to effectively cope 
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with stress. Therefore, we investigated the predictive value of affective and inhibitory pre- 
frontal control for stress burden during the COVID-19 crisis. Physical and mental health burden 
were assessed using an online survey, which was administered to 104 participants of an ongoing 
at-risk birth cohort during the first wave in April 2020. Two follow-ups were carried out during 
the pandemic, one capturing the relaxation during summer and the other the beginning of the 
second wave of the crisis. Prefrontal activity during emotion regulation and inhibitory control 
were assessed prior to the COVID-19 crisis. Increased inferior frontal gyrus activity during emo- 
tion regulation predicted lower stress burden at the beginning of the first and the second wave 
of the crisis. In contrast, inferior and middle frontal gyrus activity during inhibitory control 
predicted effective coping only during the summer, when infection rates decreased but stress 
burden remained unchanged. These findings remained significant when controlling for sociode- 
mographic and clinical confounders such as stressful life events prior to the crisis or current 
psychopathology. We demonstrate that differential stress-buffering effects are predicted by 
the neural underpinnings of emotion regulation and cognitive regulation at different stages 
during the pandemic. These findings may inform future prevention strategies to foster stress 
coping in unforeseen situations. 
© 2021 The Author(s). Published by Elsevier B.V. 
This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

he coronavirus (COVID-19) pandemic is related to physical 
ealth impairments and dramatic changes to everyday life 
or hundreds of millions of people around the world. With 
he social contact restrictions beginning in March 2020 in 
ermany, nearly all schools were closed overnight, work- 
ng environments changed radically, and social life was 
estricted probably as never before. Early studies inves- 
igating the impact of these initial “first-level threats”
imminent threat) on mental health burden reported ele- 
ated levels of perceived stress, anxiety, and depressive 
ymptoms during the first wave of the COVID-19 pandemic 
 Benke et al., 2020a , b ). While sustained socioeconomic 
second-level threats” continued throughout the time when 
nfection rates lowered during the summer, renewed first- 
evel health threats emerged at the beginning of the second 
ave of the pandemic in late 2020. 
Appropriate coping in response to these time-dependent 

hallenges in the face of an ongoing crisis like the COVID-19 
andemic requires the balanced use of emotional regula- 
ion and cognitive control strategies ( Feder et al., 2019 ). 
ndeed, so far, several studies investigated the effect of 
motion regulation strategies and cognitive control on well- 
eing and mental health during the pandemic. Findings 
ndicate that adaptive emotion regulation strategies pre- 
icted increased well-being, whereas maladaptive emotion 
egulation strategies and deficits in cognitive control pre- 
icted higher levels of anxiety, greater depressive symp- 
oms, reduced quality of life, risky health behavior, and di- 
inished well-being during the pandemic ( Appelhans et al., 
021 ; Breaux et al., 2021 ; Brehl et al., 2021 ; Low et al.,
020 ; Panayiotou et al., 2021 ; Weissman et al., 2021 ; 
ang et al., 2020 ). While affective control, such as reap- 
raisal, involves the adaptive modulation of emotions in re- 
ponse to unpleasant stimuli ( Gross, 2015 ; Holley et al., 
017 ), cognitive control includes the inhibition of inap- 
ropriate or ineffective behavior ( Aron, 2007 ). Both are 
art of the executive function system ( Holley et al., 
14 
017 ) and reflected mainly in the prefrontal cortex (PFC; 
avidson et al., 2000 ; Ochsner et al., 2002 ). Affective con- 
rol strategies are associated with an increased activity 
rimarily in the inferior frontal gyrus (IFG), the middle 
rontal gyrus (MFG), and the ventro-, medial- and dorsolat- 
ral PFC ( Gross, 2015 ; Kanske et al., 2011 ; Ochsner et al.,
002 ). Cognitive inhibitory control is linked to activity in 
he fronto-basal-ganglia circuit including the MFG and the 
FG ( Aron, 2007 , 2003 , 2004 ; Verbruggen and Logan, 2008 ),
ndicating shared neuronal underpinnings within the IFG and 
FG. 
The present longitudinal study investigated the predic- 

ive value of prefrontal activity during an emotion regu- 
ation and an inhibitory control task assessed prior to the 
OVID-19 pandemic for stress burden during the COVID- 
9 crisis in 104 participants of an ongoing at-risk cohort 
tudy following participants since birth. Approximately four 
eeks after the initial lockdown in Germany in March 2020, 
articipants rated their current stress burden in an online 
urvey (baseline during the first wave). Six to eight weeks 
ater (first follow-up) as well as six months later (at the be- 
inning of the second wave of the pandemic; second follow- 
p), participants completed the same questionnaire. We 
xpected that higher affective and cognitive control pre- 
ict lower stress burden during the COVID-19 pandemic. 
iven the ongoing uncertainties about the course and du- 
ation of the pandemic and its unprecedented nature, we 
ad no specific a-priori hypotheses about how neural ac- 
ivity predict stress burden at different stages of the pan- 
emic. However, based on previous findings ( Brehl et al., 
021 ; Weissman et al., 2021 ; Yang et al., 2020 ), we spec-
late that the ability to control emotions in order to over- 
ome perceived stress burden would be highly necessary at 
he beginning of the first wave of the COVID-19 crisis, when 
articipants were confronted with direct threat due to high 
nfection and death numbers (first-level threat). By contrast 
nd based on previous findings assessed during the course 
f the pandemic ( Appelhans et al., 2021 ), we anticipated 
hat cognitive control would become increasingly important 

http://creativecommons.org/licenses/by-nc-nd/4.0/


European Neuropsychopharmacology 56 (2022) 13–23 

i
p

2

2

T
S
t
l
s
t
t
c
t
3
l
b

t
p
s
B
s
l
f
u
o
C
2
l
fi
f
1
n
n
U
a
c

2

T
h
h
a
i
o
a
fi

2

2
P
a
2
t
p
L
p
u

n
t  

l  

a
m
h
t
w
t

b  

(
b
f
c
c  

f  

(  

w
r  

(  

r
w  

s

2

2
P
t
E  

l  

g
i  

s  

t
1  

b
p
c
a  

d
u
w
(  

l
i
i
b
a
a
p
6

2

F
b
e
q
3
w
3  

e  

T

n order to cope with the ongoing uncertainties during the 
andemic (second-level threat). 

. Experimental procedures 

.1. Sample 

he present investigation was conducted within the Mannheim 

tudy of Children at Risk, an ongoing longitudinal study of the long- 
erm outcomes of early psychosocial and biological risk factors fol- 
owing participants since birth ( Laucht et al., 2000 ). The initial 
ample consisted of 384 children born between 1986 and 1988 in 
he Rhine-Neckar region of Germany. Infants were recruited from 

wo obstetric and six children ś hospitals and were included ac- 
ording to a two-factorial design intended to enrich and control 
he risk status of the sample (distribution in the current sample: 
7 (35.6%) participants without psychosocial risk, 35 (33.7%) with 
ow psychosocial risk, and 32 (30.8%) with high psychosocial risk at 
irth). 
Up to the time of the lockdown on March 23rd 2020, 165 par- 

icipants completed an ongoing assessment wave, including a com- 
rehensive questionnaire package on physical and mental health, a 
tructured clinical interview (SCID-5-CV German version; ( Beesdo- 
aum et al., 2019 )), and a magnetic resonance imaging (MRI) ses- 
ion, including an emotion regulation and stop-signal task (see be- 
ow). In April 2020 (during the first wave), two months later (first 
ollow up during summer), and six months later (second follow- 
p in December), participants were invited to take part in an 
nline COVID-19 questionnaire, adapted and modified from the 
oronavirus Health and Impact Survey (CRISIS, ( Nikolaidis et al., 
020 )). 133 (80.61%) participants completed the COVID-19 base- 
ine assessment, of whom 128 (96.24%) also responded to the 
rst follow-up questionnaire and 116 (87.21%) to the second 
ollow-up questionnaire. Functional MRI data were available for 
04 participants for the baseline and first follow-up question- 
aire, and for 95 participants for the second follow-up question- 
aire. The study was approved by the Ethics Committee of the 
niversity Heidelberg, Germany, written informed consent from 

ll participants was obtained, and participants were financially 
ompensated. 

.2. Stress burden during COVID-19 

o assess the impact and threat of COVID-19 on physical and mental 
ealth, we used four items (‘The impact of COVID-19 on my physical 
ealth is?’, ‘COVID-19 is a potential threat to my physical health’) 
nd mental health (‘The impact of COVID-19 on my mental health 
s?’, ‘COVID-19 is a potential threat to my mental health’) rated 
n a 10-point Likert scale (0: completely disagree; 10: completely 
gree). We calculated a sum score for each assessment (baseline, 
rst follow-up, second follow-up). 

.3. Emotion regulation 

.3.1. Emotion regulation task 
rior to the COVID-19 pandemic, participants performed an adapted 
nd modified version of an emotion regulation task ( Hermann et al., 
017 ) during functional MRI. In brief, participants were asked 
o either watch aversive (‘Look negative ’) or neutral (‘Look neutral ’) 
ictures from the International Affective Picture System (IAPS; 
ang et al., 1999 ) or to reappraise negative pictures (‘Reap- 
raisal’). In the reappraisal condition, participants were asked to 
se the strategy of reappraisal to decrease the intensity of their 
15 
egative affect. The participants were carefully instructed to ei- 
her view the depicted scenario from a more positive or at least a
ess negative point of view (e.g. a person in jail might be a famous
ctor) or to rationalize the presented picture (e.g. due to enor- 
ous advances in modern medicine, a very premature baby may 
ave an entirely normal life). During the neutral conditions, par- 
icipants were instructed to simply watch the depicted scenarios 
ithout actively changing their emotional state evoked by the pic- 
ures. 
The task consisted of a randomized block design, in which every 

lock started with a jittered 3 s presentation of the instruction form
i.e. ‘Look’ or ‘Reappraise’). Subsequently, participants viewed 20 s 
locks of negative or neutral pictures (each picture was presented 
or 5 s without an interstimulus interval) according to the presented 
ondition, and were asked to rate the intensity of currently per- 
eived negative feelings on a 7-point Likert scale (1 = no negative
eelings at all; 7 = extremely negative feelings) via a button press
max 4 s). After that, a white fixation cross on black background
as presented during the inter-trial-interval up to a total block du- 
ation of 30 s. The total task comprised four blocks per condition
12 blocks in total) and lasted for 6 min 37 s. The blocks were ar-
anged in four runs with a randomized presentation of all conditions 
ithin each run, leading to a maximum of two presentations of the
ame condition in succession. 

.4. Inhibitory control 

.4.1. Inhibitory control task 
articipants completed the stop-signal task (SST) to assess cogni- 
ive inhibitory control during functional MRI ( Rubia et al., 2003 ). 
ach trial began with a fixation cross (500 ms), which was fol-
owed by an arrow pointing to the left or right (go-signal). In the
o-trials (75% of a total number of 160 trials), participants were 
nstructed to react to the arrow as quickly and accurately as pos-
ible by pressing either the left or the right button according to
he previously shown arrow. Stop-trials (25% of a total number of 
60 trials) were designed as trials in which a go-signal was followed
y an arrow pointing upwards (stop-signal). During the stop trials, 
articipants were instructed to inhibit their response (yielding suc- 
essful vs. unsuccessful inhibition). The delay between a go-signal 
nd a stop-signal (stop-signal delay; SSD) started at 250 ms and was
ynamically changed according to the participant’s performance 
sing an adaptive algorithm. The SSD latency increased by 50 ms 
henever the participant correctly inhibited the previous response 
max. 900 ms), making it more difficult to stop. In contrast, the SSD
atency decreased by 50 ms whenever the previous stop-trial was 
ncorrectly answered (min. 50 ms). Using this procedure, an approx- 
mately equal number of successful and unsuccessful stop-trials can 
e achieved (inhibitory control in the present sample was on aver- 
ge 60.79% (SD = 12.68)). Moreover, we excluded participants with 
 negative stop-signal reaction time (SSRT). Prior to scanning, all 
articipants were given clear instructions. Total scanning time was 
 min 37 s. 

.5. Functional mri data acquisition and preprocessing 

unctional MRI data collection consisted of a localizer scan followed 
y a blood oxygen level-dependent (BOLD)-sensitive T2 ∗-weighted 
cho-planar imaging (EPI) sequence and structural T1-weighted se- 
uence using a 3T-scanner (PrismaFit; Siemens) with a standard 
2-channel head coil. For functional imaging, a total of 186 vol 
ith 36 slices covering the whole brain (matrix 64 ×64, resolution 
.0 × 3.0 × 3.0 mm with 1 mm gap, repetition time = 2100 ms,
cho time = 35 ms, flip angle = 90 °) were acquired for each task.
he slices were inclined 20 ° from the anterior/posterior commis- 
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Table 1 Results of the ROI analyses for the emotion regulation task and the stop-signal task. 

MNI Coordinates 

ROI k P FWE-corr T X Y Z 

Emotion Regulation Task 
Left IFG 509 < .001 10.46 −36 26 −1 
Right IFG 338 < .001 9.91 51 26 −1 
Left MFG 406 < .001 10.54 −42 2 53 
Right MFG 174 < .001 8.03 51 11 44 
Stop-Signal Task 
Left IFG 50 .001 4.76 −48 41 8 
Right IFG 34 < .001 5.23 51 38 14 
Left MFG 200 < .001 7.57 −27 29 50 
Right MFG 200 < .001 7.48 30 20 50 

Note: FWE-corr = family-wise error corrected; IFG = Inferior frontal gyrus; k = Cluster size; MFG = Middle frontal gyrus; MNI = Montreal 
Neurological Institute. 
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ure level. The first 11 vol of the emotion regulation task and the
rst six volumes of the SST were discarded to allow longitudinal 
agnetization to reach equilibrium. 

.6. Functional MRI data analyses and statistical 
nalyses 

tatistical parametric mapping version 12 (SPM12) implemented 
n MATLAB R2017b was used to analyze functional MRI data. Pre- 
rocessing included slice time correction of the volumes to the 
rst slice, realignment to correct for movement artifacts, co- 
egistration of functional and anatomical data, spatial normaliza- 
ion to standard Montreal Neurological Institute (MNI) space, and 
patial smoothing with a Gaussian filter of 8 mm full-width at half 
aximum. Motion parameters were examined to ensure head move- 
ent did not exceed 3 mm. 
For the emotion regulation task, individual first-level contrasts 

ased on onsets and durations of each condition were convolved 
ith the canonical hemodynamic response function (HRF) in order 
o model the BOLD time course by using general linear models. Six 
otion parameters were included as regressors of no interest. For 
he group-level analysis, individual contrast images of the Reap- 
raisal > Look neutral condition were entered into a random-effects 
nalysis to assess emotion regulation. 
Similarly, for the SST, individual first-level contrasts for the on- 

ets of the four event types (correct go-trials, incorrect go-trials, 
uccessful inhibition, and unsuccessful inhibition) were modeled us- 
ng delta functions convolved with the canonical HRF. Again, six 
otion estimation parameters were included as regressors of no in- 
erest. Second-level random effects analyses were modeled for the 
ontrast of interest, i.e. successful inhibition was determined by 
ontrasting successful stop-trials with unsuccessful inhibition and 
orrect go-trials [successful inhibition > (unsuccessful inhibition 
correct go-trials)]. Whole-brain differences in activation for the 
ontrasts of interest for both tasks were estimated using t-tests at 
 family-wise error (FWE) corrected p-value of 0.05. 
The IFG and the MFG were defined as regions of interest (ROIs) 

ased on previous studies reporting a strong involvement in emo- 
ion regulation and inhibitory control, and their potential relevance 
n coping under stress ( Berretz et al., 2021 ; Gavazzi et al., 2020 ;
olde et al., 2020 ; Rosenbaum et al., 2018 ). To extract predefined 
OIs, anatomical masks implemented in the Wake Forest Univer- 
ity (WFU) PickAtlas v2.4( Maldjian et al., 2003 ) were used, where 
 p < .05 FWE correction (minimum of 10 adjacent voxels) was 
pplied. Mean contrast values of each participant were extracted 
16 
rom the FWE-corrected significant clusters in the contrasts of in- 
erest ( Table 1 ) and exported to SPSS Statistics 25. The predictive
ower of IFG and MFG activity during affective and inhibitory con- 
rol for the impact of COVID-19 on mental and physical health was
nvestigated using linear regression models controlling for all co- 
ariates (see below). Moreover, a conservative Bonferroni correc- 
ion was applied for the hemispheres, two regions of interest (MFG 

nd IFG), and for affective and cognitive control ( α of 0.05 divided 
y 8 tests, resulting in αadj = 0.0063). Additional sensitivity analyses 
ere performed to control for the robustness of significant effects. 

.7. Covariates 

everal important covariates were added to the main analyses, in- 
luding gender, psychosocial adversity and obstetric risk at birth, 
urrent diagnoses of a mental disorder (assessed prior to the pan- 
emic), as well as current life events prior to and during the COVID-
9 pandemic. 

.7.1. Psychosocial adversity 
sychosocial adversity was assessed using a standardized parent in- 
erview according to an enriched family adversity index ( Rutter and 
uinton, 1977 ) at the participants’ age of 3 months. The interview
omprised 11 items covering characteristics of the family environ- 
ent, the parents, and the parents’ partnership (e.g., presence of 
arental psychiatric disorders, overcrowding in the home, ongoing 
arental conflicts, or unwanted pregnancy) during a period of one 
ear prior to the assessment. A sum score of psychosocial adversi- 
ies was calculated by adding up the presence of all items. 

.7.2. Obstetric risk at birth 
bstetric adversity was assessed using a standardized parent inter- 
iew conducted at the participants’ age of 3 months. A sum score
f obstetric risk factors was computed by adding up the presence 
f nine adverse conditions during pregnancy, delivery, and in the 
arly postnatal phase, such as preterm birth or low birth weight 
 Laucht et al., 2000 ). 

.7.3. Life events 
ife events were recorded using a modified version of the Munich 
vents List (MEL) ( Maier-Diewald, 1983 ) within the online question- 
aire at all three time points. The MEL covers several areas of acute
nd chronic, positive and negative stressors, including marriage, 
elivery of a child, but also negative health outcomes, illness of a
elative or job loss. We adjusted the items depending on the time
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Table 2 Sample description and descriptive data. 

Total n = 104 
N % 

Sex (female) 58 55.8 
Critical worker status 39 37.5 
Full-time 
employment 

64 61.5 

Workplace changes 
due to COVID-19 

69 66.3 

Parenthood 45 43.3 
Current mental 
disorder 

28 26.9 

Mean SD range 
Age 33.31 0.54 32.25 - 34.25 
COVID-19 impact 
(baseline) 

12.13 5.92 4 - 25 

COVID-19 impact (1st 
follow-up) 

12.22 6.09 4 - 27 

COVID-19 impact (2nd 
follow-up) A 

14.39 5.68 4–26 

Psychosocial risk 
factors at birth 

1.80 1.90 0 - 7 

Obstetric risk factors 
at birth 

0.83 0.90 0 - 4 

Income (in €) 4110 1816 450 - 8789 
Life events prior to 
COVID-19 B 

4.41 4.79 0 - 26 

Life events during 
COVID-19 B 

(1st follow-up) 

1.37 1.86 0 - 7 

Life events during 
COVID-19 A,B 

(2nd follow-up) 

1.76 1.75 0 - 8 

Note: A. Sample size comprises participants who took part in 
the fMRI assessments and all follow-up questionnaires ( n = 95). 
B. Higher scores of life events prior to COVID-19 resulted from 

retrospective assessment of a longer time period (i.e., time be- 
tween regular assessment wave and baseline COVID-19 assess- 
ment) compared to life events during COVID-19 (time between 
baseline COVID-19 assessment and follow-up assessments). 

t
f
o
i
C
e
(
=  

a
n
i
P
t

3
s

H
was associated with a lower stress burden at the second 
oint, i.e., presence of life events between the regular assessment 
ave and prior to the COVID-19 crisis for the COVID-19 baseline 
ssessment, and life events between baseline assessment and first 
ollow-up as well as between the first and second follow-up for both 
OVID-19 follow-up assessments, respectively. 

.8. Sensitivity analyses 

urther sensitivity analyses were calculated to control for the ro- 
ustness of the predictive value of the neural activity, including 
arenthood, household income, current work status, workplace 
hanges, and whether the participants were critical workers for the 
OVID-19 response as additional covariates. To control for a con- 
ounding impact of a COVID-19 infection, participants were asked 
n a separate question whether they have been infected by the virus 
 n = 1). 

. Results 

.1. Descriptive data and changes of COVID-19 

mpact 

escriptive data are depicted in Table 2 . There were sig- 
ificant differences for the reported physical and mental 
mpact of the COVID-19 pandemic between the baseline as- 
essment and the follow-up assessments ( F = 11.812, P < 

001). Post-hoc analyses revealed no significant differences 
etween the baseline assessment and the first follow-up 
 P = .894), but significant differences emerged between the 
aseline and the second follow-up ( T = - 4.306, P < .001), 
nd between the first and second follow-up ( T = −3.912, 
 < 0.001), suggesting a continuous burden on mental and 
hysical health since the beginning of the COVID-19 out- 
reak, with a further increased stress burden at the begin- 
ing of the second wave of the pandemic. 

.2. COVID-19-related stress burden at the 

aseline assessment 

igher right IFG activity during the emotion regulation task 
as associated with a lower stress burden at the baseline as- 
essment ( β = −.281, T = −3.023, P = .003, Fig. 1 a), after
ontrolling for gender and psychosocial and obstetric risk 
actors at birth, current mental disorder prior to the COVID- 
9 pandemic, and current life events. In contrast, left IFG 

nd bilateral MFG activity during emotion regulation were 
ot related to stress burden at the beginning of the COVID- 
9 crisis ( P > 0.121). In addition, inhibition-related right 
FG activity was negatively associated with the COVID-19 
urden at the baseline assessment ( β = −.215, T = −2.220, 
 = .029), although this was not significant after correction 
or multiple testing. No significant relationships emerged 
ith regard to left MFG and IFG activity during inhibition. 

.3. COVID-19-related stress burden at the first 
ollow-up assessment 

uring the first follow-up assessment in the summer, nei- 
her IFG nor MFG during emotion regulation was related to 
17 
he COVID-19 impact (all Ps > 0.61), suggesting that af- 
ective control did not predict stress burden at this point 
f time. In contrast, lower right IFG and right MFG activ- 
ty during inhibitory control was associated with a higher 
OVID-19 stress burden at the first follow-up assessment, 
ven when controlling for the above-mentioned covariates 
right IFG: β = −.348, T = −3.638, P < .001; right MFG: β

 −.375, T = −3.884, P < .001, Fig. 1 b&c). Moreover, a neg-
tive association for left MFG activity emerged, which did 
ot survive correction for multiple comparisons after includ- 
ng the above-mentioned covariates ( β = −.250, T = −2.582, 
 = .011). Inhibition-related left IFG activity was not related 
o stress burden at the first follow-up ( P = .093). 

.4. COVID-19-related stress burden at the 

econd follow-up assessment 

igher right IFG activity during the emotion regulation task 



M. Monninger, T.M. Pollok, Pascal-M. Aggensteiner et al. 

Fig. 1 A. Association of right IFG activity and COVID-19 impairments at the baseline assessment. Higher affective control was 
related to decreased stress burden during the first wave of the COVID-19 pandemic. B. and C. Association of right IFG activity and 
right MFG activity and COVID-19 impairments at the first follow-up assessment during the summer. Higher cognitive activity was 
related to decreased stress burden caused by the COVID-19 pandemic. 
D. Association of right IFG activity and COVID-19 impairments at the second follow-up assessment. Higher affective control was 
related to decreased stress burden at the beginning of the second wave of the pandemic. 
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ollow-up assessment ( β = −.327, T = −3.246, P = .002, 
ig. 1 d), after controlling for the above-mentioned covari- 
tes. In contrast, left IFG and MFG activity during emotion 
egulation were not related to stress burden during the sec- 
nd wave of the COVID-19 pandemic (all Ps > 0.086). Like- 
ise, inhibition-related activity was not related to COVID-19 
urden at the second follow-up (all Ps > 0.105). 

.5. Sensitivity analyses 

eparate subsequent sensitivity analyses were calculated 
ncluding additional control variables such as parenthood, 
ncome, current work status, critical worker status, and 
orkplace changes due to the COVID-19 pandemic. To con- 
rol for a confounding impact of a COVID-19 infection, we 
erformed an additional sensitivity analysis after excluding 
ne participant, who reported a COVID-19 infection. None 
f the sensitivity analyses changed the results ( Tables 3 and 
 ). 

. Discussion 

o the best of our knowledge, this is the first study to report 
 differential predictive value of emotion- and inhibition- 
elated prefrontal control for stress burden at the beginning 
f and during the COVID-19 crisis, respectively ( Fig. 2 ). 
Specifically, we found a significant negative relationship 

etween right IFG activity during emotion regulation as- 
18 
essed prior to the COVID-19 pandemic and stress bur- 
en approximately four weeks after the lockdown in Ger- 
any. In light of unforeseen first-level threat entailing im- 
ediate danger to health and emotional challenges due 
o the dramatic, unprecedented social contact restrictions 
t the beginning of the crisis with high levels of emo- 
ional arousal, fear and the imminent feeling of loneliness 
 Bauerle et al., 2020 ; Brooks et al., 2020 ; Dubey et al.,
020 ; Odriozola-Gonzalez et al., 2020 ), affective coping was 
articularly needed ( Groarke et al., 2020 ; Restubog et al., 
020 ; Weissman et al., 2021 ). Our results support this as- 
umption, indicating that participants who are character- 
zed by higher affective control were able to cope better 
ith these initial threats and uncertainties of an unprece- 
ented stressor like the COVID-19 pandemic. At the first 
ollow-up assessment, which occurred during the summer, 
he first-level threat decreased due to loosened restrictions 
nd lower infection rates. Also, emotional habituation may 
ccur if participants are confronted with the same stressor 
or a longer amount of time ( Grissom and Bhatnagar, 2009 ). 
hese reasons both may contribute to a decreased neces- 
ity for affective coping. Notably, towards the second wave 
f the pandemic, when infection rates increased dramati- 
ally even above those during the first wave and a second 
ockdown was imposed, affective coping was again required 
o face this immediate, even more intense, threat. 
In contrast, we found an increased need for cognitive 

ontrol strategies when facing second-level threat, i.e. 
ocioeconomic uncertainties. Specifically, higher cognitive 
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Table 3 Results of further sensitivity analyses using brain activity as main predictor to explain stress burden. 

covariate ROI Task / Assessment Beta T p -value 

Parenthood Right IFG Emotion Regulation / Baseline -0.259 −2.681 .009 

Right MFG Stop-Signal Task / Follow-Up -0.333 −3.428 .001 

Right IFG Stop-Signal Task / Follow-Up -0.313 −3.288 .001 

Right IFG Emotion Regulation / 2nd Follow-Up -0.325 −3.203 .002 

Income Right IFG Emotion Regulation / Baseline -0.288 −2.997 .003 

Right MFG Stop-Signal Task / Follow-Up -0.351 −3.574 .001 

Right IFG Stop-Signal Task / Follow-Up -0.294 −2.973 .004 

Right IFG Emotion Regulation / 2nd Follow-Up -0.339 −3.404 .001 

Current 
work 
status 

Right IFG Emotion Regulation / Baseline -0.275 −2.853 .005 

Right MFG Stop-Signal Task / Follow-Up -0.375 −3.866 < .001 

Right IFG Stop-Signal Task / Follow-Up -0.319 −3.268 .001 

Right IFG Emotion Regulation / 2nd Follow-Up -0.311 −3.182 .002 

Critical 
worker 
status 

Right IFG Emotion Regulation / Baseline -0.271 −2.858 .005 

Right MFG Stop-Signal Task / Follow-Up -0.367 −3.765 < .001 

Right IFG Stop-Signal Task / Follow-Up -0.306 −3.113 .002 

Right IFG Emotion Regulation / 2nd Follow-Up -0.324 −3.221 .002 

Workplace 

changes 
Right IFG Emotion Regulation / Baseline -0.271 2.803 .006 

Right MFG Stop-Signal Task / Follow-Up -0.363 −3.702 < .001 

Right IFG Stop-Signal Task / Follow-Up -0.311 −3.148 .002 

Right IFG Emotion Regulation / 2nd Follow-Up -0.323 −3.225 .002 

Table 4 Additional sensitivity analyses after excluding one participant with COVID-19 infection. 

ROI Task / Assessment Beta T p -value 

Right IFG Emotion Regulation / Baseline -0.274 −2.916 .004 

Right MFG Stop-Signal Task / Follow-Up -0.373 −3.833 < .001 

Right IFG Stop-Signal Task / Follow-Up -0.343 −3.542 .001 

Right IFG Emotion Regulation / 2nd Follow-Up -0.318 −3.120 .002 
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nhibition-related activity in the right MFG and IFG pre- 
icted lower COVID-19 distress only at the first follow-up 
when restrictions had eased), but was unrelated to stress 
urden at the beginning of the first wave (baseline) and the 
econd wave (second follow-up). While there was an imme- 
iate threat at the beginning of both the first and the sec- 
nd wave, the progression of the pandemic is characterized 
y ongoing socioeconomic challenges, uncertainties about 
ne’s own future financial and work capabilities, reduced 
orking hours, and the length of the crisis ( Cutler and Sum- 
ers, 2020 ; Fegert et al., 2020 ). These sustained and sec- 
ndary challenges ( Pedrosa et al., 2020 ) require increased 
ognitive coping and flexibility over time, thus explaining 
he negative association of the MFG and IFG activity with 
tress burden at the first follow-up. 
Given the unique prospective design of our study, we 
ere able to demonstrate the strong predictive value of 
eural activity for stress coping during the pandemic, ir- 
espective of the presence of several important factors 
hich have previously been reported to affect stress coping. 
pecifically, the findings were robust against control for the 
resence of other current stressful life events ( Undheim and 
und, 2017 ), socioeconomic disadvantages ( McEwen and Gi- 
naros, 2010 ), the occurrence of early life psychosocial 
dversities ( Quinlan et al., 2017 ; Sheffler et al., 2019 ), 
r the presence of a mental disorder before the crisis 
S

19 
 Joormann and Gotlib, 2010 ), thus highlighting the superior 
ole of neural self-regulation for coping under stress. 
Coping under stress has become a growing research field 

f interest, and is specifically important for promoting re- 
ilience ( Feder et al., 2019 ; Feder et al., 2009 ),Broadly de-
ned, resilience means staying healthy despite the exposure 
o stressful events, chronic adversities or traumatic expe- 
iences ( Fletcher and Sarkar, 2013 ; Vinkers et al., 2020 ). 
mportant personal factors promoting resilience encompass 
n individual’s adaptive abilities, such as appropriate emo- 
ion regulation, inhibitory control, or cognitive flexibility, 
ut also include an individual’s social integration, a person’s 
enetic make-up, or the individual neurobiological constitu- 
ion ( Campbell-Sills et al., 2006 ; Feder et al., 2019 ). While a
ariety of studies investigated the beneficial impact of ade- 
uate coping during stress and resilience either after a trau- 
atic event or in response to an artificially induced acute 
tressor ( Caston and Mauss, 2011 ; Cavanagh et al., 2014 ; 
loria and Steinhardt, 2016 ; Min et al., 2013 ; Roos et al.,
017 ; Shapero et al., 2019 ), predictive assertions on future 
oping with a naturally occurring stressor are lacking. Our 
esults provide first hints that bridge this gap and provide 
mportant implications not only for affective and cognitive 
oping with potential further waves of increasing COVID-19 
ases, for instance due to virus mutations around the world, 
ut also with unprecedented stressful events in general. 
pecifically, we argue that there is a particular need for 
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Fig. 2 Timeline and proposed stress model at different stages during the COVID-19 pandemic. An initial high load of emotional 
distress requires adequate affective coping of the IFG at the beginning of the first and the second wave of the COVID-19 pandemic. 
Prolonged socioeconomic uncertainties involve cognitive control of the IFG and MFG to overcome these challenges during the 
ongoing crisis. 
Note: Weekly statistics on COVID-19 cases are freely available from the Robert Koch Institute, Berlin, Germany. 
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revention strategies which aim at improving the individ- 
al’s affective and cognitive coping capacities in response 
o unforeseen events with a high stress load. As such, we 
uggest that stepped care neuromodulation might mitigate 
tress burden via gaining self-control over neural affective 
nd cognitive regulation. Therefore, enhancing neuroplas- 
icity through different methods, such as mindfulness or 
ven neurofeedback in emotion regulation areas might of- 
er the potential to acquire and foster primary preventive 
elf-regulation skills when initially encountering stressful 
vents, whereas learning self-control over cognitive regu- 
ation activity might rather serve as a secondary prevention 
ool during ongoing stressful events. In addition, ecological 
omentary assessment (EMA) might be a promising, afford- 
ble tool to further foster affective and cognitive control 
trategies in response to real-time, real-life stressors on an 
ndividual’s own smartphone; this could be addressed by fu- 
ure intervention studies. 
Some limitations of our findings need to be addressed. 
nly a third of our initial sample was able to take part 
n all COVID-19 assessments. Moreover, despite the quick 
tart, we were unable to include the first days of the lock- 
own, which might have exerted the greatest effects on 
erceived stress. However, since we were particularly inter- 
sted in coping with stress burden caused by the crisis, this 
ime period appears to be appropriate to capture stress bur- 
en given that previous studies found no differences when 
20 
omparing well-being, anxiety and depression in the initial 
hase of the pandemic to four weeks later ( Vindegaard and 
enros, 2020 ). Finally, we concentrated on a more unspe- 
ific contrast of affective control, which not only captures 
rain activity related to emotion regulation, but also to neg- 
tive emotion processing. While this is not a standard ap- 
roach, the contrast applied here might be more reflective 
f the affective challenges provided by the COVID-19 pan- 
emic. 
In the framework of an ongoing longitudinal study follow- 

ng at-risk participants since birth, we thus provide first ev- 
dence for the predictive value of neural underpinnings of 
motion regulation during the first and second lockdown and 
ognitive regulation during the COVID-19 pandemic between 
oth waves. These findings may inform future prevention 
trategies seeking to foster stress coping in unforeseen sit- 
ations. 

ontributors 

.M. conducted the MRI data collection, analyzed all data 
nd wrote the paper. T.M.P. collected and analyzed the data 
nd reviewed the paper. P.-M.A. collected the data and re- 
iewed the paper. A.K. reviewed the paper. I.R. supervised 
ll data analyses and reviewed the paper. A.H. contributed 
o the design of the study and reviewed the paper. A.M.-L. 



European Neuropsychopharmacology 56 (2022) 13–23 

a
d
i
p
s

D

T
t
t
c
H
d
l
e
r
s
v
n
E
G
n
S
s
A
f
I
(
g
D
s
c
a
t

R

N
t
5
a
(
f
y
a

A

T
w
d
s
p
t
a
S
P

R

A

A

A

A

B

B  

B

B

B

B

B

B

C

C  

C

C

2020.19759 . 
nd D.B. contributed to the design of the study, supervised 
ata analyses and reviewed the paper. T.B. obtained fund- 
ng for the study, supervised data analyses and reviewed the 
aper. N.E.H. obtained funding for the study, designed the 
tudy, supervised all data analyses and wrote the paper. 

eclaration of Competing Interest 

.B. served in an advisory or consultancy role for ADHS digi- 
al, Infectopharm, Lundbeck, Medice, Neurim Pharmaceu- 
icals, Oberberg GmbH, Roche, and Takeda. He received 
onference support or speaker’s fee by Medice and Takeda. 
e received royalities from Hogrefe, Kohlhammer, CIP Me- 
ien, Oxford University Press; the present work is unre- 
ated to these relationships. D.B. serves as an unpaid sci- 
ntific consultant for an EU-funded neurofeedback trial un- 
elated to the present work. A.M.-L. has received con- 
ultant fees from the American Association for the Ad- 
ancement of Science, Atheneum Partners, Blueprint Part- 
ership, Boehringer Ingelheim, Daimler und Benz Stiftung, 
lsevier, F. Hoffmann-La Roche, ICARE Schizophrenia, K. 
. Jebsen Foundation, L.E.K Consulting, Lundbeck Inter- 
ational Foundation (LINF), R. Adamczak, Roche Pharma, 
cience Foundation, Sumitomo Dainippon Pharma, Synap- 
is Foundation – Alzheimer Research Switzerland, System 

nalytics, and has received lectures fees including travel 
ees from Boehringer Ingelheim, Fama Public Relations, 
nstitut d’investigacions Biomèdiques August Pi i Sunyer 
IDIBAPS), Janssen-Cilag, Klinikum Christophsbad, Göppin- 
en, Lilly Deutschland, Luzerner Psychiatrie, LVR Klinikum 

üsseldorf, LWL Psychiatrie Verbund Westfalen-Lippe, Ot- 
uka Pharmaceuticals, Reunions i Ciencia S. L., Spanish So- 
iety of Psychiatry, Südwestrundfunk Fernsehen, Stern TV, 
nd Vitos Klinikum Kurhessen. All other authors declare that 
hey have no conflicts of interest. 

ole of Funding Source 

H and TB gratefully acknowledge grant support from 

he German Research Foundation (grant numbers DFG HO 

674/2-1, GRK2350/1) and the Ministry of Science, Research 
nd the Arts of the State of Baden-Württemberg, Germany 
Sonderfördermaßnahme SARS CoV-2 pandemic to NH). The 
unding source had no role in study design, collection, anal- 
sis, and interpretation of data, in the writing of the report, 
nd in the decision to submit the article for publication. 

cknowledgements 

he authors gratefully thank Manfred Laucht (1946–2020), 
ho was one of the founders of the Mannheim Study of Chil- 
ren at Risk and who continuously acted as an inspiring and 
upporting mentor giving impulses for innovative research 
rojects. M.M. and N.H. had full access to all of the data in 
he study and take responsibility for the integrity of the data 
nd the accuracy of the data analysis. The authors thank 
ibylle Heinzel, Rafaela Gehr, Christin Loebel and Cäcilia 
racht for conducting and supporting the assessments. 
21 
eferences 

ppelhans, B.M., Thomas, A.S., Roisman, G.I., Booth-LaForce, C., 
Bleil, M.E., 2021. Preexisting executive function deficits and 
change in health behaviors during the COVID-19 pandemic. Int. 
J. Behav. Med. doi: 10.1007/s12529- 021- 09974- 0 . 

ron, A.R., 2007. The neural basis of inhibition in cognitive control. 
Neuroscientist 13 (3), 214–228. doi: 10.1177/1073858407299288 . 

ron, A.R., Fletcher, P.C., Bullmore, E.T., Sahakian, B.J., Rob- 
bins, T.W., 2003. Stop-signal inhibition disrupted by damage to 
right inferior frontal gyrus in humans. Nat. Neurosci. 6 (2), 115–
116. doi: 10.1038/nn1003 . 

ron, A.R., Robbins, T.W., Poldrack, R.A., 2004. Inhibition and the 
right inferior frontal cortex. Trends Cogn. Sci. 8 (4), 170–177. 
doi: 10.1016/j.tics.2004.02.010 . 

auerle, A., Teufel, M., Musche, V., Weismuller, B., Kohler, H., Het- 
kamp, M., … Skoda, E.M., 2020. Increased generalized anxiety, 
depression and distress during the COVID-19 pandemic: a cross- 
sectional study in Germany. J. Public Health 42 (4), 672–678. 
doi: 10.1093/pubmed/fdaa106 . 

eesdo-Baum, K. , Zaudig, M. , Wittchen, H.-.U. , 2019. SCID-5-CV :
Strukturiertes Klinisches Interview für DSM-5-Störungen - Klinis- 
che Version. Hogrefe, Göttingen In (1. Auflage ed. . 

enke, C., Autenrieth, L.K., Asselmann, E., Pané-Farré, C.A., 
2020a. Lockdown, quarantine measures, and social distancing: 
associations with depression, anxiety and distress at the begin- 
ning of the COVID-19 pandemic among adults from Germany. 
Psychiatry Res. 293. doi: 10.1016/j.psychres.2020.113462 . 

enke, C., Autenrieth, L.K., Asselmann, E., Pané-Farré, C.A., 
2020b. Stay-at-home orders due to the COVID-19 pandemic are 
associated with elevated depression and anxiety in younger, but 
not older adults: results from a nationwide community sam- 
ple of adults from Germany. Psychol. Med. 1–2. doi: 10.1017/ 
S0033291720003438 . 

erretz, G., Packheiser, J., Kumsta, R., Wolf, O.T., Ocklenburg, S., 
2021. The brain under stress—a systematic review and activation 
likelihood estimation meta-analysis of changes in BOLD signal 
associated with acute stress exposure. Neurosci. Biobehav. Rev. 
124, 89–99. doi: 10.1016/j.neubiorev.2021.01.001 . 

reaux, R., Dvorsky, M.R., Marsh, N.P., Green, C.D., Cash, A.R., 
Shroff, D.M., … Becker, S.P., 2021. Prospective impact of COVID- 
19 on mental health functioning in adolescents with and without 
ADHD: protective role of emotion regulation abilities. J. Child 
Psychol. Psychiatry doi: 10.1111/jcpp.13382 . 

rehl, A.-.K., Schene, A., Kohn, N., Fernández, G., 2021. Mal- 
adaptive emotion regulation strategies in a vulnerable popula- 
tion predict increased anxiety during the Covid-19 pandemic: 
a pseudo-prospective study. J. Affect. Disord. Rep. 4. doi: 10. 
1016/j.jadr.2021.100113 . 

rooks, S.K., Webster, R.K., Smith, L.E., Woodland, L., Wes- 
sely, S., Greenberg, N., Rubin, G.J., 2020. The psychologi- 
cal impact of quarantine and how to reduce it: rapid review 

of the evidence. Lancet 395 (10227), 912–920. doi: 10.1016/ 
s0140- 6736(20)30460- 8 . 

ampbell-Sills, L., Cohan, S.L., Stein, M.B., 2006. Relationship of 
resilience to personality, coping, and psychiatric symptoms in 
young adults. Behav. Res. Ther. 44 (4), 585–599. doi: 10.1016/j. 
brat.2005.05.001 . 

aston, A., Mauss, I., 2011. Resilience in the face of stress: emo-
tion regulation as a protective factor. Resil. Ment. Health doi: 10. 
1017/CBO9780511994791.004 . 

avanagh, S.R., Fitzgerald, E.J., Urry, H.L., 2014. Emotion reactiv- 
ity and regulation are associated with psychological functioning 
following the 2011 earthquake, tsunami, and nuclear crisis in 
Japan. Emotion 14 (2), 235–240. doi: 10.1037/a0035422 . 

utler, D.M., Summers, L.H., 2020. The COVID-19 Pandemic and the 
$16 Trillion Virus. JAMA 324 (15), 1495–1496. doi: 10.1001/jama. 

http://dx.doi.org/10.13039/501100001659
https://doi.org/10.1007/s12529-021-09974-0
https://doi.org/10.1177/1073858407299288
https://doi.org/10.1038/nn1003
https://doi.org/10.1016/j.tics.2004.02.010
https://doi.org/10.1093/pubmed/fdaa106
http://refhub.elsevier.com/S0924-977X(21)01651-5/sbref0006
http://refhub.elsevier.com/S0924-977X(21)01651-5/sbref0006
http://refhub.elsevier.com/S0924-977X(21)01651-5/sbref0006
http://refhub.elsevier.com/S0924-977X(21)01651-5/sbref0006
https://doi.org/10.1016/j.psychres.2020.113462
https://doi.org/10.1017/S0033291720003438
https://doi.org/10.1016/j.neubiorev.2021.01.001
https://doi.org/10.1111/jcpp.13382
https://doi.org/10.1016/j.jadr.2021.100113
https://doi.org/10.1016/s0140-6736(20)30460-8
https://doi.org/10.1016/j.brat.2005.05.001
https://doi.org/10.1017/CBO9780511994791.004
https://doi.org/10.1037/a0035422
https://doi.org/10.1001/jama.2020.19759


M. Monninger, T.M. Pollok, Pascal-M. Aggensteiner et al. 

D

D

F

F

F

F

G

G

G

G

G

G

H

H

J

K

L

L  

 

L  

M

M

M

M

N

O

O

P

P

Q

R

R

R

R

R

avidson, R.J., Putnam, K.M., Larson, C.L., 2000. Dysfunction in 
the neural circuitry of emotion regulation–a possible prelude to 
violence. Science 289, 591–594. doi: 10.1126/science.289.5479. 
591 . 

ubey, S., Biswas, P., Ghosh, R., Chatterjee, S., Dubey, M.J., Chat- 
terjee, S., … Lavie, C.J., 2020. Psychosocial impact of COVID- 
19. Diabetes Metab. Syndr. 14 (5), 779–788. doi: 10.1016/j.dsx. 
2020.05.035 . 

eder, A., Fred-Torres, S., Southwick, S.M., Charney, D.S., 2019. 
The biology of human resilience: opportunities for enhancing 
resilience across the life span. Biol. Psychiatry 86 (6), 443–453. 
doi: 10.1016/j.biopsych.2019.07.012 . 

eder, A., Nestler, E.J., Charney, D.S., 2009. Psychobiology and 
molecular genetics of resilience. Nat. Rev. Neurosci. 10 (6), 446–
457. doi: 10.1038/nrn2649 . 

egert, J.M., Vitiello, B., Plener, P.L., Clemens, V., 2020. Chal- 
lenges and burden of the Coronavirus 2019 (COVID-19) pandemic 
for child and adolescent mental health: a narrative review to 
highlight clinical and research needs in the acute phase and the 
long return to normality. Child Adolesc. Psychiatry Ment. Health 
14, 20. doi: 10.1186/s13034- 020- 00329- 3 . 

letcher, D., Sarkar, M., 2013. Psychological resilience: a review 

and critique of definitions, concepts, and theory. Eur Psychol 18 
(1), 12–23. doi: 10.1027/1016-9040/a000124 . 

avazzi, G., Giovannelli, F., Curro, T., Mascalchi, M., Vig- 
giano, M.P., 2020. Contiguity of proactive and reactive inhibitory 
brain areas: a cognitive model based on ALE meta-analyses. 
Brain Imaging Behav. doi: 10.1007/s11682- 020- 00369- 5 . 

loria, C.T., Steinhardt, M.A., 2016. Relationships among positive 
emotions, coping, resilience and mental health. Stress Health 
32 (2), 145–156. doi: 10.1002/smi.2589 . 

olde, S., Wingenfeld, K., Riepenhausen, A., Schroter, N., Fleis- 
cher, J., Prussner, J., … Otte, C., 2020. Healthy women with 
severe early life trauma show altered neural facilitation of emo- 
tion inhibition under acute stress. Psychol. Med. 50 (12), 2075–
2084. doi: 10.1017/S0033291719002198 . 

rissom, N., Bhatnagar, S., 2009. Habituation to repeated stress: 
get used to it. Neurobiol. Learn. Mem. 92 (2), 215–224. doi: 10. 
1016/j.nlm.2008.07.001 . 

roarke, J.M., Berry, E., Graham-Wisener, L., McKenna- 
Plumley, P.E., McGlinchey, E., Armour, C., 2020. Loneliness 
in the UK during the COVID-19 pandemic: cross-sectional results 
from the COVID-19 psychological wellbeing study. PLoS One 15 
(9), e0239698. doi: 10.1371/journal.pone.0239698 . 

ross, J.J., 2015. Emotion Regulation: current Status and Future 
Prospects. Psychol. Inq. 26, 1–26. doi: 10.1080/1047840x.2014. 
940781 . 

ermann, A., Kress, L., Stark, R., 2017. Neural correlates of im- 
mediate and prolonged effects of cognitive reappraisal and dis- 
traction on emotional experience. Brain Imaging Behav. 11 (5), 
1227–1237. doi: 10.1007/s11682- 016- 9603- 9 . 

olley, S.R., Ewing, S.T., Stiver, J.T., Bloch, L., 2017. The relation- 
ship between emotion regulation, executive functioning, and 
aggressive behaviors. J. Interpers. Violence 32 (11), 1692–1707. 
doi: 10.1177/0886260515592619 . 

oormann, J., Gotlib, I.H., 2010. Emotion regulation in depression: 
relation to cognitive inhibition. Cogn. Emot. 24 (2), 281–298. 
doi: 10.1080/02699930903407948 . 

anske, P., Heissler, J., Schonfelder, S., Bongers, A., Wessa, M., 
2011. How to regulate emotion? Neural networks for reappraisal 
and distraction. Cereb. Cortex 21 (6), 1379–1388. doi: 10.1093/ 
cercor/bhq216 . 

ang, P.J. , Bradley, M.M. , Cuthbert, B.N. , 1999. International af- 
fective picture system (IAPS): instruction manual and affective 
ratings. The Center For Research in Psychophysiology. University 
of Florida . 

aucht, M. , Esser, G. , Baving, L. , Gerhold, M. , Hoesch, I. , Ihle, W. ,
… Schmidt, M.H. , 2000. Behavioral sequelae of perinatal insults 
22 
and early family adversity at 8 years of age. J. Am. Acad. Child
Adolesc. Psychiatry 39 (10), 1229–1237 . 

ow, R. , Overall, N. , Chang, V. , Henderson, A. , 2020. Emotion Regu-
lation and Psychological and Physical Health during a Nationwide 
COVID-19 Lockdown . 

aier-Diewald, W. , 1983. Die Münchner Ereignisliste: MEL Max–
Planck-Institut für Psychiatrie . 

aldjian, J.A., Laurienti, P.J., Kraft, R.A., Burdette, J.H., 2003. 
An automated method for neuroanatomic and cytoarchitectonic 
atlas-based interrogation of fMRI data sets. Neuroimage 19 (3), 
1233–1239. doi: 10.1016/s1053- 8119(03)00169- 1 . 

cEwen, B.S., Gianaros, P.J., 2010. Central role of the brain in 
stress and adaptation: links to socioeconomic status, health, 
and disease. Ann. N. Y. Acad. Sci. 1186, 190–222. doi: 10.1111/j. 
1749-6632.2009.05331.x . 

in, J.A., Yu, J.J., Lee, C.U., Chae, J.H., 2013. Cognitive emotion 
regulation strategies contributing to resilience in patients with 
depression and/or anxiety disorders. Compr. Psychiatry 54 (8), 
1190–1197. doi: 10.1016/j.comppsych.2013.05.008 . 

ikolaidis, A., Paksarian, D., Alexander, L., DeRosa, J., Dunn, 
J., Nielson, D.M., … Merikangas, K.R. (2020). The Coronavirus 
Health and Impact Survey (CRISIS) reveals reproducible cor- 
relates of pandemic-related mood states across the Atlantic. 
medRxiv . doi:10.1101/2020.08.24.20181123 

chsner, K.N., Bunge, S.A., Gross, J.J., Gabrieli, J.D.E., 2002. Re- 
thinking feelings: an fMRI study of the cognitive regulation of 
emotion. J. Cogn. Neurosci. 14 (8), 1215–1229. doi: 10.4324/ 
9780203496190 . 

driozola-Gonzalez, P., Planchuelo-Gomez, A., Irurtia, M.J., de 
Luis-Garcia, R., 2020. Psychological effects of the COVID-19 out- 
break and lockdown among students and workers of a Spanish 
university. Psychiatry Res. 290, 113108. doi: 10.1016/j.psychres. 
2020.113108 . 

anayiotou, G., Panteli, M., Leonidou, C., 2021. Coping with the 
invisible enemy: the role of emotion regulation and awareness 
in quality of life during the COVID-19 pandemic. J. Contextual. 
Behav. Sci. 19, 17–27. doi: 10.1016/j.jcbs.2020.11.002 . 

edrosa, A.L., Bitencourt, L., Froes, A.C.F., Cazumba, M.L.B., Cam- 
pos, R.G.B., de Brito, S., Simoes, E.S.A.C., 2020. Emotional, Be- 
havioral, and Psychological Impact of the COVID-19 Pandemic. 
Front. Psychol. 11, 566212. doi: 10.3389/fpsyg.2020.566212 . 

uinlan, E.B., Cattrell, A., Jia, T., Artiges, E., Banaschewski, T., 
Barker, G., … Consortium, I., 2017. Psychosocial stress and brain 
function in adolescent psychopathology. Am. J. Psychiatry 174 
(8), 785–794. doi: 10.1176/appi.ajp.2017.16040464 . 

estubog, S.L.D., Ocampo, A.C.G., Wang, L., 2020. Taking control 
amidst the chaos: emotion regulation during the COVID-19 pan- 
demic. J. Vocat. Behav. 119. doi: 10.1016/j.jvb.2020.103440 , 
103440-103440 . 

oos, L.E., Knight, E.L., Beauchamp, K.G., Berkman, E.T., Fara- 
day, K., Hyslop, K., Fisher, P.A., 2017. Acute stress impairs 
inhibitory control based on individual differences in parasym- 
pathetic nervous system activity. Biol. Psychol. 125, 58–63. 
doi: 10.1016/j.biopsycho.2017.03.004 . 

osenbaum, D., Thomas, M., Hilsendegen, P., Metzger, F., 
Häußinger, F., Nuerk, H.-.C., … Ehlis, A.-.C., 2018. Stress- 
related dysfunction of the right inferior frontal cortex in high 
ruminators: an fNIRS study. NeuroImage: Clin. 18. doi: 10.1016/ 
j.nicl.2018.02.022 . 

ubia, K., Smith, A.B., Brammer, M.J., Taylor, E., 2003. Right infe- 
rior prefrontal cortex mediates response inhibition while mesial 
prefrontal cortex is responsible for error detection. Neuroimage 
20 (1), 351–358. doi: 10.1016/s1053- 8119(03)00275- 1 . 

utter, M. , Quinton, D. , 1977. Psychiatric disorder: ecological fac- 
tors and concepts of causation. In: McGurk, M. (Ed.), Ecologi- 
cal Factors in Human Development. Noord-Holland, Amsterdam, 
pp. 173–187 . 

https://doi.org/10.1126/science.289.5479.591
https://doi.org/10.1016/j.dsx.2020.05.035
https://doi.org/10.1016/j.biopsych.2019.07.012
https://doi.org/10.1038/nrn2649
https://doi.org/10.1186/s13034-020-00329-3
https://doi.org/10.1027/1016-9040/a000124
https://doi.org/10.1007/s11682-020-00369-5
https://doi.org/10.1002/smi.2589
https://doi.org/10.1017/S0033291719002198
https://doi.org/10.1016/j.nlm.2008.07.001
https://doi.org/10.1371/journal.pone.0239698
https://doi.org/10.1080/1047840x.2014.940781
https://doi.org/10.1007/s11682-016-9603-9
https://doi.org/10.1177/0886260515592619
https://doi.org/10.1080/02699930903407948
https://doi.org/10.1093/cercor/bhq216
http://refhub.elsevier.com/S0924-977X(21)01651-5/sbref0033
http://refhub.elsevier.com/S0924-977X(21)01651-5/sbref0033
http://refhub.elsevier.com/S0924-977X(21)01651-5/sbref0033
http://refhub.elsevier.com/S0924-977X(21)01651-5/sbref0033
http://refhub.elsevier.com/S0924-977X(21)01651-5/sbref0034
http://refhub.elsevier.com/S0924-977X(21)01651-5/sbref0034
http://refhub.elsevier.com/S0924-977X(21)01651-5/sbref0034
http://refhub.elsevier.com/S0924-977X(21)01651-5/sbref0034
http://refhub.elsevier.com/S0924-977X(21)01651-5/sbref0034
http://refhub.elsevier.com/S0924-977X(21)01651-5/sbref0034
http://refhub.elsevier.com/S0924-977X(21)01651-5/sbref0034
http://refhub.elsevier.com/S0924-977X(21)01651-5/sbref0034
http://refhub.elsevier.com/S0924-977X(21)01651-5/sbref0034
http://refhub.elsevier.com/S0924-977X(21)01651-5/sbref0034
http://refhub.elsevier.com/S0924-977X(21)01651-5/sbref0035
http://refhub.elsevier.com/S0924-977X(21)01651-5/sbref0035
http://refhub.elsevier.com/S0924-977X(21)01651-5/sbref0035
http://refhub.elsevier.com/S0924-977X(21)01651-5/sbref0035
http://refhub.elsevier.com/S0924-977X(21)01651-5/sbref0035
http://refhub.elsevier.com/S0924-977X(21)01651-5/sbref0036
http://refhub.elsevier.com/S0924-977X(21)01651-5/sbref0036
https://doi.org/10.1016/s1053-8119(03)00169-1
https://doi.org/10.1111/j.1749-6632.2009.05331.x
https://doi.org/10.1016/j.comppsych.2013.05.008
https://doi.org/10.4324/9780203496190
https://doi.org/10.1016/j.psychres.2020.113108
https://doi.org/10.1016/j.jcbs.2020.11.002
https://doi.org/10.3389/fpsyg.2020.566212
https://doi.org/10.1176/appi.ajp.2017.16040464
https://doi.org/10.1016/j.jvb.2020.103440
https://doi.org/10.1016/j.biopsycho.2017.03.004
https://doi.org/10.1016/j.nicl.2018.02.022
https://doi.org/10.1016/s1053-8119(03)00275-1
http://refhub.elsevier.com/S0924-977X(21)01651-5/sbref0050
http://refhub.elsevier.com/S0924-977X(21)01651-5/sbref0050
http://refhub.elsevier.com/S0924-977X(21)01651-5/sbref0050


European Neuropsychopharmacology 56 (2022) 13–23 

S

S

U

V

V

V

W

Y  
hapero, B.G., Stange, J.P., McArthur, B.A., Abramson, L.Y., Al- 
loy, L.B., 2019. Cognitive reappraisal attenuates the associ- 
ation between depressive symptoms and emotional response 
to stress during adolescence. Cogn. Emot. 33 (3), 524–535. 
doi: 10.1080/02699931.2018.1462148 . 

heffler, J.L., Piazza, J.R., Quinn, J.M., Sachs-Ericsson, N.J., 
Stanley, I.H., 2019. Adverse childhood experiences and coping 
strategies: identifying pathways to resiliency in adulthood. Anx- 
iety Stress Coping 32 (5), 594–609. doi: 10.1080/10615806.2019. 
1638699 . 

ndheim, A.M., Sund, A.M., 2017. Associations of stressful life 
events with coping strategies of 12-15-year-old Norwegian ado- 
lescents. Eur. Child Adolesc. Psychiatry 26 (8), 993–1003. doi: 10. 
1007/s00787- 017- 0979- x . 

erbruggen, F., Logan, G.D., 2008. Response inhibition in the stop- 
signal paradigm. Trends Cogn. Sci. 12 (11), 418–424. doi: 10. 
1016/j.tics.2008.07.005 . 

indegaard, N., Benros, M.E., 2020. COVID-19 pandemic and men- 
tal health consequences: systematic review of the current ev- 
23 
idence. Brain Behav. Immun. 89, 531–542. doi: 10.1016/j.bbi. 
2020.05.048 . 

inkers, C.H., van Amelsvoort, T., Bisson, J.I., Branchi, I., 
Cryan, J.F., Domschke, K., … van der Wee, N.J.A., 2020. 
Stress resilience during the coronavirus pandemic. Eur. Neu- 
ropsychopharmacol. 35, 12–16. doi: 10.1016/j.euroneuro.2020. 
05.003 . 

eissman, D., Rodman, A., Rosen, M., Kasparek, S., Mayes, M., 
Sheridan, M., … Meltzoff, A., 2021. Contributions of emotion 
regulation and brain structure and function to adolescent inter- 
nalizing problems and stress vulnerability during the COVID-19 
pandemic: a longitudinal study. Biol. Psychiatry Glob. Open Sci. 
doi: 10.1016/j.bpsgos.2021.06.001 . 

ang, Y., Liu, K., Li, S., Shu, M., 2020. Social media activities, emo-
tion regulation strategies, and their interactions on people’s 
mental health in COVID-19 pandemic. Int. J. Environ. Res. Public 
Health (23) 17. doi: 10.3390/ijerph17238931 . 

https://doi.org/10.1080/02699931.2018.1462148
https://doi.org/10.1080/10615806.2019.1638699
https://doi.org/10.1007/s00787-017-0979-x
https://doi.org/10.1016/j.tics.2008.07.005
https://doi.org/10.1016/j.bbi.2020.05.048
https://doi.org/10.1016/j.euroneuro.2020.05.003
https://doi.org/10.1016/j.bpsgos.2021.06.001
https://doi.org/10.3390/ijerph17238931

	Coping under stress: Prefrontal control predicts stress burden during the COVID-19 crisis
	1 Introduction
	2 Experimental procedures
	2.1 Sample
	2.2 Stress burden during COVID-19
	2.3 Emotion regulation
	2.3.1 Emotion regulation task

	2.4 Inhibitory control
	2.4.1 Inhibitory control task

	2.5 Functional mri data acquisition and preprocessing
	2.6 Functional MRI data analyses and statistical analyses
	2.7 Covariates
	2.7.1 Psychosocial adversity
	2.7.2 Obstetric risk at birth
	2.7.3 Life events

	2.8 Sensitivity analyses

	3 Results
	3.1 Descriptive data and changes of COVID-19 impact
	3.2 COVID-19-related stress burden at the baseline assessment
	3.3 COVID-19-related stress burden at the first follow-up assessment
	3.4 COVID-19-related stress burden at the second follow-up assessment
	3.5 Sensitivity analyses

	4 Discussion
	Contributors
	Declaration of Competing Interest
	Role of Funding Source
	Acknowledgements
	References


