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Abstract

Stress may impact the ability to effectively regulate emotions. To study the impact of stressful experiences in early and recent
life on emotion regulation, we examined the relationship between early life stress, recent stress, and brain activation during
cognitive reappraisal. We investigated two regulation goals: the decrease and increase of emotional response to both negative
and positive stimuli. Furthermore, two models of stress consequences were examined: the cumulative and match/mismatch
models. A total of 83 participants (M, =21.66) took part in the study. There was an interaction between cumulative stress
and stimuli valence in the cuneus, superior lateral occipital cortex, superior parietal lobule, supramarginal gyrus extending
to superior temporal gyrus, and precentral gyrus extending to supplementary motor area. Interaction between mismatched
stress index and stimuli valence was found in the left hippocampus, left insula extending to the orbitofrontal cortex and
amygdala, and in a cluster including the anterior cingulate cortex, superior frontal gyrus, and frontal pole. Furthermore, there
were differences between the effects of cumulative and mismatched stress indices on brain activation during reappraisal of
positive but not negative stimuli. Results indicate that camulative stress and match/mismatch approaches are both useful for
explaining brain activation during reappraisal. This finding is important for our understanding of the multifaceted impact
of stress on emotion regulation.
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Introduction

Emotion regulation is the process of influencing the emo-
tions one has, when one has them, and how one experiences
and expresses them (Gross 1998). The process model of
Handling Editor: Micah M. Murray. emotion regulation is based on cognitive theories of emo-
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studies (for reviews see Morawetz et al. 2017). Reappraisal,
as an effortful emotion regulation strategy, mainly engages
the prefrontal cortex (PFC) which plays a crucial role in reg-
ulatory processes (Dixon et al. 2017)—as per recent meta-
analyses, the ventrolateral prefrontal cortex/inferior frontal
gyrus (VIPFC/IFG) and dorsolateral prefrontal cortex/middle
frontal gyrus (dIPFC/MFG) in particular (Frank et al. 2014;
Kohn et al. 2014; Morawetz et al. 2017). These structures
receive input from and regulate the activity of the amygdala,
which is the central structure which reacts to and is involved
in the processing of emotional stimuli (Kohn et al. 2014).

Reappraisal can have one of two goals: downregulation
(i.e., decreasing an emotional response and returning to
baseline) or upregulation (i.e., increasing the magnitude of
an emotional response). While these are both forms of reap-
praisal, they are two relatively distinct processes and may
have partially distinct neural bases (Morawetz et al. 2017).
Direct comparison of these goals of regulation shows that
decrease of negative emotions is associated with enhanced
activation in the right IFG, MFG, and superior frontal gyrus
(SFG; Ochsner et al. 2004), while, in contrast, increase of
negative emotions involves greater activation in the left
SFG, orbitofrontal cortex (OFC), posterior cingulate cor-
tex (PCC), thalamus, and cerebellum. The meta-analysis of
Morawetz et al. (2017) examined these different goals sepa-
rately. Both downregulation and upregulation were found
to be associated with activation in the bilateral vIPFC and
dIPFC. Direct comparison revealed that downregulation
involved greater activation in the right dIPFC and right IPL,
while upregulation involved greater activation in the sup-
plementary motor area (SMA) and left insula (Morawetz
et al. 2017).

There is a body of literature dealing with the impact of
early life stress on emotional regulation. McLaughlin et al.
(2015) examined the relationship between the occurrence
of physical or sexual abuse in childhood and brain activ-
ity during emotion regulation in adolescents. They found
that early life stress was associated with increased bilateral
activity of the SFG, frontal pole (FP), and anterior cingulate
cortex (ACC) during the decrease of emotional response
to negative stimuli. These results indicate that adolescents
who had experienced early life stress engage the PFC to a
greater extent during reappraisal. On the other hand, Kim
et al. (2013) showed that childhood poverty was associated
with decreased activation in the dIPFC, vIPFC, insula, and
temporopolar area as well as enhanced amygdala activation
during the downregulation of negative emotional responses.
Moreover, functional connectivity analysis indicated that the
left amygdala—left vIPFC coupling was positively related
to childhood poverty. A longitudinal study by Schweizer
et al. (2016) examined the relationship between moderate
childhood adversity and brain activation during reappraisal.
Individuals who had experienced moderate early life stress
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showed a greater ability to regulate their negative and posi-
tive emotions compared to those who had experienced low
stress levels. Participants who had experienced moderate
levels of stress exhibited reduced activity in the left amyg-
dala, bilateral MFG, and left middle temporal gyrus (MTG)
during negative emotion downregulation as compared to
the low stress group. There were no group differences when
decreasing positive emotional responses. These results lead
to the conclusion that a moderate level of stress in child-
hood may be beneficial and lead to more effective emotional
regulation.

The severity and the timing of stress are both important
factors influencing the impact of stress on the brain (McE-
wen et al. 2015). Childhood is a sensitive time in one’s life
as the brain is still in development, and thus early life stress
can have serious and lasting consequences, including both
cognitive and affective deficits (Pechtel and Pizzagalli 2011).
This is why most studies focus on early life stress. However,
there is little evidence for persistent effects of stress experi-
enced later in life or the interaction of such stress with early
life stress.

To our knowledge, there have been no studies on the
impact of the interaction between early and recent life
stress on brain functioning during emotion regulation. There
are two main approaches used to characterize the conse-
quences of stress: the theory of cumulative stress and the
match/mismatch hypothesis (Levine 2005; Nederhof and
Schmidt 2012). The first approach relates to the additive
effects of stress. One of the potential mechanisms under-
lying such effects is described by the stress sensitization
hypothesis. This says that prior adverse experiences lead to
a lower threshold for reactivity to subsequent stressors so
that even minor stressors can trigger an emotional response,
thus enhancing the risk of psychopathology (Hammen et al.
2000; Szabo et al. 2019). According to this approach, early
life stress may negatively affect the development of resil-
ience (Daskalakis et al. 2013). On the other hand, the match/
mismatch hypothesis assumes that early life stress promotes
the development of coping mechanisms which facilitate
effective coping with future adverse events, and thus fosters
resilience (Santarelli et al. 2014). According to this model,
individuals who experience matched environments (i.e.,
similar levels of early and recent life stress) should have
an advantage in comparison to individuals who experience
mismatched environments (i.e., different levels of early and
recent life stress; Nederhof and Schmidt 2012). The match/
mismatch model has mainly been examined in animal stud-
ies, which have suggested that moderate levels of stress in
early life can prepare the brain for better functioning under
stress (e.g., Oomen et al. 2010). However, recent research on
humans has also suggested that the match/mismatch model
can shed some light on the mechanisms behind the con-
sequences of stress, linking the match/mismatch model to
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stress-related psychopathology (Nederhof et al. 2014; Pag-
uola et al. 2017).

Thus, in the current study we examined both the cumula-
tive effects of stress and the effects of mismatched levels of
early and recent life stress on cognitive reappraisal in young
adults. Note that adults can still be treated as adolescents
in developmental terms until the age of 25 (Sawyer et al.
2018). To date, only two human MRI studies have tested
both of these approaches simultaneously. Paquola et al.
(2017) reported alterations in brain structure and functioning
in resting state that were explained by the match/mismatch
model, but not the cumulative stress model. However, the
cumulative stress model explained the severity of psycho-
pathological symptoms, while the match/mismatch model
did not. In our previous study, both cumulative stress and the
interaction between early and recent life stress were related
to functional connectivity during the processing of facial
emotional expressions (Sokotowski et al. 2020), which sug-
gests that the two stress models are not mutually exclusive.
So far, no study has looked into these two models in the
context of neural activation during cognitive reappraisal.
Thus, the aim of this study was to examine brain activa-
tion during reappraisal while viewing emotional pictures in
non-clinical groups of individuals characterized by different
levels of stress experienced in early life and in adulthood.
The primary goal of this study was to explore the interaction
between life stress, different regulation goals, and stimu-
lus valence on neural activity during cognitive reappraisal
of emotional stimuli. The secondary goal was to compare
the effects of cumulative life stress and mismatched stress
between early and recent life stress on neural activity.

Methods
Participants

Out of 90 recruited participants, 83 (41 women) young
adults (aged 19-25, M=21.66; SD =1.83) took part in the
study. One participant was rejected due to MRI contraindica-
tion, two did not finish the task, and data from an additional
four subjects were discarded due to insufficient coverage of
the amygdala in fMRI scanning. Participants were selected
from a community sample (N=1503) based on Early Life
Stress Questionnaire (ELSQ) and Recent Life Changes
Questionnaire (RLCQ) outcomes, as measures of early (ES)
and recent (RS) life stress. The selection was based on the
quartiles of the variables' distributions in the community
sample. Random sampling was used to select participants
with the lowest and highest scores on both scales. Low levels
of stress in childhood and adulthood were operationalized
as low scores on the ELSQ and RLCQ, respectively; high
levels of stress were operationalized as high scores on these

questionnaires. Exclusion criteria were the declared presence
of any neurological or psychiatric disorders, traumatic brain
injury, addictions to alcohol, drugs, or any other psychoac-
tive substances, as well as any MRI contraindications.

To explore the matched/mismatched model in terms of
neural activation, a mismatched stress index was defined as
the standardized absolute difference between standardized
early and recent life stress scores (where zero indicates a
perfect match and the index increases linearly with the level
of mismatch). To explore the cumulative stress model, a
cumulative stress index was created by adding the standard-
ized scores for the total amount of stress in both life periods.

All participants provided written informed consent and
were paid the equivalent of 60 euro in local currency for par-
ticipating in the study. The procedure was approved by the
Ethics Committee at the University of Warsaw. The study
was conducted in accordance with the guidelines of the Dec-
laration of Helsinki.

Assessment

The Early Life Stress Questionnaire (ELSQ; Cohen et al.
2006; Sokotowski and Dragan 2017) was used to assess early
life stress. It measures exposure to 19 stressful events such
as emotional, sexual, physical abuse, violence, negligence,
parental divorce, surgery, parental death, separation, etc.
Participants indicate whether they experienced any of these
events before the age of 12, with a maximum score of 19.
Reliability was assessed by estimating internal consistency
using Cronbach’s a. Cronbach’s o in our sample was .85.

The Recent Life Changes Questionnaire (RLCQ; Rahe
1975; Sobolewski et al. 1999) was used to measure the level
of stress in adulthood. It covers events such as the death of a
loved one, divorce, injury, loss of income, etc. Participants
were asked whether they had experienced any such stressful
events in the previous 24 months, with a maximum score of
73. Cronbach’s o in our sample was .94.

Experimental Task

Three fMRI tasks were undertaken as part of a larger project,
and the data from the reappraisal task is presented here. A
set of 112 color emotional images was used in the task: 48
positive, 48 negative, and 16 neutral pictures (see Supple-
mentary Material). The stimuli were taken from the Nencki
Affective Picture System (NAPS; Marchewka et al. 2014).
Pictures showed social situations, people, and faces. Stimuli
were presented against a grey background using the Presen-
tation software (Neurobehavioral Systems, Inc., Berkeley,
CA). Instructions and training regarding regulation strate-
gies were given prior to the scan. Participants were familiar-
ized with the scanner and the experimental procedure in a
mock scanner. Participants verbalized their understanding
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of the task to a researcher and practiced the strategies using
different stimuli. Feedback was given until they established
effective strategy usage.

The cognitive reappraisal task was adapted from previous
studies (Kim et al. 2013; McLaughlin et al. 2015; Ochsner
et al. 2004). Two emotion regulation goals (decrease and
increase of emotions) and a control condition (passive view-
ing) were used in a block design. In the decreasing con-
dition, participants were instructed to downregulate their
emotional response by reinterpreting the situation in a less
negative/positive way, rationalizing (perceiving the situa-
tion in a more objective way), or self-distancing (becom-
ing a detached observer, making the situation psychologi-
cally distant). In the increasing condition, participants
were instructed to upregulate their emotional response by
reinterpreting the situation in a more negative/positive way,
engaging with the situation, increasing subjective closeness,
or perceiving the situation as real. The regulation instruc-
tions were applied only to emotional conditions (positive
and negative). In the look condition (applied to emotional
and neutral stimuli), participants were asked not to modu-
late their emotional response and to look at the presented
pictures without engaging any regulation strategy. Partic-
ipants were instructed to use the strategies that are most
suitable, they feel the most familiar with, and would be the
most effective in the particular situation. The strategies the
participants actually used were not controlled. Affect rating
was registered as a behavioural measure after each block
using a visual scale. See Supplementary Material for task
design details.

Behavioural Data Analysis

In order to examine whether affect rating differed between
regulation goals, repeated measures ANOVAs were per-
formed. To test whether cumulative stress or mismatched
stress predicted affect rating, a regression analysis was per-
formed with stress as predictor and affect rating as depend-
ent variable.

MRI Data Acquisition and Preprocessing

Whole—brain functional and structural images were acquired
using a 3T MRI scanner (Trio TIM, Siemens, Germany)
equipped with a 32-channel head coil. First, a localizer and
high-resolution T1-weighted images were obtained with
the following parameters: TR/TI/TE=2530/1100/3.32 ms;
flip angle =7°; PAT factor=2; FoV =256 mm; voxel
dimensions = 1 mm isotropic; 256 X 256 voxel resolution.
Functional images were acquired using a T2-weighted,
gradient-echo echo planar imaging (EPI) pulse sequence
during a single functional run. A total of 570 whole—brain
volumes were recorded with the following parameters: TR/
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TE =2000/30 ms; flip angle =90°; 64 X 64 matrix size;
FoV =224 mm; 3.5 X 3.5 mm vox size; 35 slices (interleaved
ascending); 3.5 mm slice thickness.

Preprocessing was performed using Statistical Parametric
Mapping (SPM12, Wellcome Department of Cognitive Neu-
rology, London, UK), implemented in MATLAB (2018, The
Math-Works Inc. Narick, MA, USA). Field map scans were
used to minimize geometrical distortions in images caused
by field inhomogeneities. During preprocessing, functional
images were spatially realigned, slice-time corrected (to the
middle slice), coregistered to the first functional image, nor-
malized to the standard MNI template (based on anatomi-
cal image), and spatially smoothed with an 8 mm isotropic
Gaussian kernel.

First-Level Analysis

Data from a single experimental run were modeled with
a general linear model (GLM) for each participant using
SPM12. The following regressors of interest were added
to the model (as blocks in a block design): (a) decrease
negative; (b) decrease positive; (c) increase negative; (d)
increase positive; (e) look negative; (f) look positive; and
(g) look neutral. The following regressors of no interest were
put into the model: (h) instructions; (i) affect rating, and
(j) fixation crosses. Each regressor was convolved with a
canonical hemodynamic response function. The model also
included an additional 6 regressors of no interest to account
for head motion. The Artifact Detection Tool (ART) tool-
box was used to determine extended head movements, and
volumes exceeding 2 mm or .05 rad movement thresholds
were regressed-out from analyses (mean number of excluded
volumes was .169).

Second-Level Analysis

Single-participant contrasts for the four reappraisal task con-
ditions were submitted to second-level analyses in SPM12:
(1) decrease negative > look negative; (2) increase nega-
tive > look negative; (3) decrease positive > look positive;
and (4) increase positive > look positive. To test the match/
mismatch hypothesis, the mismatched stress index was
used (as an absolute difference between early and recent
life stress). To test the cumulative stress hypothesis, the
cumulative stress index was used as the sum of standardized
early and recent life stress scores. A 22 flexible factorial
model was used with stimuli valence (negative, positive) and
regulation goals (increase, decrease) and their interactions
with the two stress indices. To compare the cumulative and
mismatch models, the two stress regressors were directly
compared for each of four reappraisal task conditions.
Family-wise error (FWE) correction was used to control for
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multiple comparisons in whole—brain analysis (p <0.001
height-threshold; FWE < .05 extent-threshold).

Results
Behavioural Results

Across all participants, a repeated measures ANOVA deter-
mined that affect rating differed between task conditions
(Fy, 164=77.88; p<.001; np2=.49). Post-hoc tests with
Bonferroni correction revealed higher affect ratings in the
increasing condition (M =40.51; SD=17.03) compared to
the look condition (M =31.64; SD=14.50; p <.001), while
ratings in the decrease condition (M =23.57; SD=11.51)
were lower than in the look condition (p <.001).

In order to examine the effects of stress on affect rating,
regression analysis was performed. Cumulative stress and
mismatched stress did not predict affect ratings across condi-
tions (all p’s >.05).

Interaction Between Stress and Stimuli Valence

Across all participants, whole—brain analysis of the main
effect of task (decrease + increase > look) revealed robust
activation mainly in the bilateral prefrontal cortex (VIPFC,
dIPFC, SFG, OFC, insula), temporal lobe (MTG, temporal
pole, TP), and bilateral subcortical structures (thalamus,
putamen, caudate). There was deactivation in the medial
cortex (SMA, PCC), parieto-occipital cortex (precuneus,
cuneus), and somatomotor cortex (see Supplementary
Table S2 and Fig. S2).

There was a significant interaction between cumulative
stress and stimulus valence in four brain regions: cuneus,
SMG extending to STG, sLOC and SPL, and precentral
gyrus extending to SMA. For participants with higher cumu-
lative stress, activation in these regions was higher during

reappraisal of negative stimuli and lower during reappraisal
of positive stimuli. Inversely, activation was higher during
reappraisal of positive stimuli and lower during reappraisal
of negative stimuli in those with lower cumulative stress.
The results are reported in Table 1 and illustrated in Figs. 1
and 2.

Analysis of the interaction between mismatched stress
and stimulus valence yielded significant results in three brain
areas. The first cluster involved the left hippocampus, the
second cluster involved the left insula extending to the OFC
and amygdala, and the last cluster included ACC, SFG, and
frontal pole. In contrast to the effect of cumulative stress,
higher levels of mismatched stress were positively related to
brain activation during reappraisal of positive emotions and
negatively during reappraisal of negative emotions. Acti-
vation in those participants with low levels of mismatched
stress (thus, levels of early and recent life stress were
matched) was somewhat similar regardless of the stimulus
valence. Results are reported in Table 1 and illustrated in
Figs. 1 and 3.

There was no significant interaction between cumulative
stress or mismatched stress and regulation goal related to
whole-brain activation (p >.05). Additional analyses for the
effects of early and recent life stress are reported in the Sup-
plementary Material.

Effects of Cumulative and Mismatched Stress
on Whole-Brain Activation in the Four Task
Conditions

There was a significant difference between the effects of
cumulative and mismatched stress on brain activation dur-
ing increasing and decreasing positive emotions (Tables 2,
3, Fig. 4). The cuneus showed stronger positive relation to
mismatched stress than cumulative stress during the process-
ing of positive stimuli regardless of the regulation goal. This
difference was driven by a significant negative relationship

Table 1 Interaction between

. . Contrast and brain region(s) Cluster Size  p value for clus- F X y z

stress and §t1mu!us \'/alence.m (voxels) ter (FWE)

whole—brain activation during

reappraisal Cumulative stress x valence
Cuneus 1223 <.001 25.36 10 - 78 24
SMG/STG 431 .011 25.13 62 - 38 14
SPL/sLOC 314 .037 22.19 -20 - 62 48
Precentral gyrus/SMA 622 .002 20.61 -32 - 12 42

Mismatched stress x valence

Hippocampus 303 .042 26.84 - 16 - 16 - 18
Insula/OFC/Amyg 804 <.001 26.1 - 28 18 16
SFG/ACC/FP 1757 <.001 21.55 -12 58 16

ACC anterior cingulate cortex, Amyg amygdala, FP frontal pole, OFC orbitofrontal cortex, SFG superior
frontal gyrus, sLOC superior lateral occipital cortex, SMA supplementary motor area, SMG supramarginal

gyrus, SPL superior parietal lobule, STG superior temporal gyrus
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Fig. 1 Interaction effects
between stress and stimulus
valence on brain activation.
Regions with significant
interaction between cumulative
stress and valence are shown

in warm colors, regions with
significant interaction between
mismatched stress and valence
are shown in cold colors. sSLOC
superior lateral occipital cortex,
SMG supramarginal gyrus, SPL
superior parietal lobule, STG
superior temporal gyrus

Cumulative stress x valence

interaction

|
FWE corrected

p<.05

between cumulative stress and cuneus activation. The effect
of mismatched stress was also stronger than cumulative
stress in a region consisting of ACC and MFG. This dif-
ference was driven by a significant positive relationship
between mismatched stress and activation in these regions.
There was no effect of cumulative or mismatched stress on
reappraisal-related brain activation for the decrease nega-
tive > look negative and the increase negative > look nega-
tive conditions.

Discussion

The present study examined the relationship between stress
accumulated during one’s lifetime and brain activity dur-
ing cognitive reappraisal using two models of stress con-
sequences: one based on the match/mismatch hypothesis
and the other based on the cumulative stress hypothesis.
The first model examined the effect of mismatch between
stress in early and recent life. The second model investigated
the additive effect of stress experienced over both periods.
The main aim of this study was to examine the interac-
tion between stress and different regulation goals as well
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Mismatch stress x valence
interaction

p<.001 p<.05 FWE corrected p<.001

as stimulus valence during cognitive reappraisal. We also
compared the effects of cumulative and mismatched stress
on neural activity.

To our knowledge, no previous attempt has been made
to investigate the cumulative and match/mismatch models
of stress exposure in the context of cognitive reappraisal. It
is also worth noting that our study included two reappraisal
goals—upregulation and downregulation—as well as both
positive and negative valence stimuli. Many previous studies
only used one type of reappraisal and one type of stimulus.

There was an interaction between cumulative stress and
stimulus valence in brain activation during reappraisal. Acti-
vation in regions including the bilateral cuneus, right SMG,
left SPL, and left precentral gyrus were different during
reappraisal of positive and negative stimuli depending on the
level of cumulative stress. The cumulative effect was strong-
est for the cuneus, where the main effect of cumulative stress
was also significant. The cuneus has previously been shown
to be involved in cognitive reappraisal (Goldin et al. 2008)
and the processing of emotional expressions during mim-
icking and suppressing one’s own reactions (Vrticka et al.
2013). SPL has also been described as a region supporting
reappraisal (Buhle et al. 2014). The activation observed in
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Fig.2 Interaction effects between cumulative stress and stimulus
valence on brain activation. Regression slopes for all task conditions
are presented. Standardized cumulative stress scores are shown on the

the cuneus and SPL could be partially driven by the effect
of early life stress. The activity of the occipital and parietal
cortices may be related to both the processing of complex
visual stimuli (here photos depicting social situations) and
the use of emotion regulation strategies. This might suggest
that cumulative stress impacts the processing of the valence
aspect of emotional social stimuli. The SMG is a structure
engaged in directing attention to the emotional aspects of a
stimulus (Ochsner et al. 2012) and the processing of emo-
tionally salient stimuli (Santos et al. 2011). Loeffler et al.
(2019) studied a sample of healthy participants and patients
with depression and reported that the SMG was involved in
the attentional control of emotions and cognitive reappraisal.
Interestingly, the common activation was significant for pos-
itive but not negative emotions. It suggests that cuamulative
stress in our sample could have altered the processing of pos-
itive stimuli and could potentially lead to decreased attention
to positive stimuli. Wadden et al. (2018) indicated that indi-
viduals who practice yoga or meditation (known to decrease
stress and increase attention) have increased SMG and SPL
reactivity to emotional stimuli. The higher cumulative stress
in our sample may be related to decreased attention to posi-
tive stimuli. It is unclear whether the altered activation of the
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x axis. sLOC superior lateral occipital cortex, SMG supramarginal
gyrus, SPL superior parietal lobule, STG superior temporal gyrus

precentral gyrus and SMA is related to cumulative stress, but
it may be related to less self-involvement in positive stimuli
(Frank et al. 2014). SMA has been consistently shown to be
activated during the reappraisal process, both increasing and
decreasing emotions, independently of the emotion regula-
tion strategies used (Morawetz et al. 2017).

The dependence of the effect of cumulative stress on brain
activation on stimulus valence can be interpreted in the con-
text of reward processing. Morelli et al. (2021) reported that
children with higher levels of early life stress (controlled for
the presence of recent stress) display decreased brain activa-
tion in response to reward anticipation and increased acti-
vation when a reward is not expected. The authors suggest
that adverse events early in life may lead to altered neuronal
response in individuals who experienced an unpredictable
environment and lack of rewards. Hence, the difference in
activation while processing positive and negative stimuli in
our study may be related to a lower recurrence of rewards
and more frequent punishments in participants with higher
levels of cumulative stress.

The interaction between mismatched stress and stimulus
valence revealed that a greater mismatch between early and
recent stress is related to deactivation during reappraisal of
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Fig.3 Interaction effect between mismatched stress and stimulus
valence on brain activation. Regression slopes for all task conditions
are presented. Standardized mismatched stress scores are shown on
the x axis. ACC anterior cingulate cortex, Amyg amygdala, FP frontal
pole, MFG middle frontal gyrus, OC opercular cortex, OFC orbito-
frontal cortex

negative stimuli but activation during reappraisal of positive
stimuli in various brain structures. This effect was present
in subcortical structures (the hippocampus and amygdala).
The amygdala is a structure highly involved in emotional
reactivity while the hippocampus provides episodic context
related to previous experience (Etkin et al. 2015). Their acti-
vation depended on the mismatched stress interaction with
stimulus valence but not the regulation goal, being more
engaged in processing positive stimuli in participants with
higher mismatched stress. This may suggest that participants
with higher mismatched stress indices are more emotionally
reactive to positive than negative stimuli and perceive posi-
tive stimuli as being more emotionally salient. This stands
in contrast to the notion that the amygdala is more reac-
tive to negative stimuli (such as threats) than positive ones
(Ochsner et al. 2012). The amygdala is not only involved in
salience detection but also takes part in shifting from effort-
ful cognitive regulation to more rigid habitual coping (which
may be less effective) in response to stress (Schwabe and
Wolf 2013). This is in-line with the assumption underlying
the match/mismatch hypothesis that exposure to mismatched
stress is less adaptive (Nederhof and Schmidt 2012).

Furthermore, it has been previously shown that increased
activity of the amygdala is related to self-consciousness
during emotional suppression (Chen et al. 2017). The hip-
pocampus provides episodic context to self-referential
memories and its engagement in memory retrieval depends
on self-involvement (Muscatell et al. 2010). Self-conscious-
ness, along with vulnerability to stress, is considered to be
one of the subtraits of neuroticism (John et al. 2008). Self-
consciousness is associated with the processing of social
emotions and emotion regulation as well as being suscep-
tible to stress (Haga et al. 2009; Takishima-Lacasa et al.
2014). Haga et al. (2009) indicated that self-consciousness
is related to the habitual use of cognitive reappraisal. Inter-
estingly, both non-adaptive neuroticism in the study of Chen
et al. (2017) and unfavourable stress (i.e., mismatched stress
exposure) during the regulation of positive emotions in our
study were related to increased amygdala activity. Thus, we
propose that activity of the amygdala and hippocampus is
not solely associated with affective suppression but also with
the cognitive reappraisal of emotions, potentially undergird-
ing a more general mechanism of emotion regulation pro-
cesses that is sensitive to stress exposure.

Table 2 Reappraisal-related
brain activation for the decrease
positive >look positive contrast

Contrast and brain

region(s) (voxels)

Cluster size

Negative correlation with cumulative stress

Cuneus 2137
Mismatched > cumulative stress

Cuneus 414

Cuneus 334

p value for cluster ¢ X y z
(FWE)

0 5.47 - 16 - 80 24
0.007 431 14 - 80 32
0.018 4.18 - 16 -72 22
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Tab]e 3 Reappraisal—rel_ated i Contrast and brain region(s) Cluster size p value for clus- ¢ X y z
bral.n. activation for. the increase (voxels) ter (FWE)
positive >look positive contrast
Negative correlation with cumulative stress
Cuneus 1456 0 5.06 12 -76 24
Positive correlation with mismatched stress
ACC/FP/MFG 2279 0 5.36 - 26 54 10
MFG/FP 529 0.004 4.18 46 32 30
Mismatched > cumulative stress
Cuneus 840 0 4.64 20 -72 24
ACC/FP/MFG 1598 0 4.58 - 26 52 10
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Fig. 4 Differences between the effects of cumulative and mismatched
stress on brain activation during decreasing (top panels) and increas-
ing (bottom panels) positive emotions. Standardized stress scores for

An interaction effect was present in the anterior insula
and ACC. These structures are part of the salience network
which is responsible for the identification of salient infor-
mation and directing attention to affective stimuli (Uddin
et al. 2019; Yeo et al. 2011). Our results suggest that this
network may be more engaged in the processing of positive
stimuli than negative stimuli in individuals with mismatched
stress experience. They can either perceive positive stimuli
as more relevant or avoid focusing on negative stimuli. This
would suggest the presence of positivity bias when positive
stimuli are perceived as more salient, especially when this is
in-line with the current evaluative goal (Cunningham et al.

Stress

® Mismatch stress

cumulative and mismatched stress are presented on the x axis. ACC
anterior cingulate cortex, FP frontal pole, MFG middle frontal gyrus

2008; Mather et al. 2004). Mismatched stress may impact
attentional deployment even before effortful processes such
as cognitive reappraisal are implemented. Affect-based
attention, defined as a predisposition towards focusing on
particular features of emotional stimuli, is a relevant aspect
of emotion regulation (Todd et al. 2012). Insufficient atten-
tion to negative stimuli in individuals with mismatched
stress could result in inefficient emotion regulation.

An alternative interpretation of the results is that indi-
viduals who experienced mismatched stress have an advan-
tage. They may prioritize negative stimuli relevant in social
contexts based on their history of adverse experiences,
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which would explain the diminished amygdala activation
during reappraisal of negative stimuli, as is expected during
effective emotion regulation. Amygdala activation during
reappraisal is a correlate of successful emotion regulation
(Wager et al. 2008). If this interpretation were accurate, it
could mean that the mismatch hypothesis should be modified
to take into account that individuals who experienced mis-
matched stress are, in fact, more effective at regulating nega-
tive than positive stimuli, while individuals with matched
stress regulate positive and negative stimuli in the same way.

We investigated the difference between how cumulative
and mismatched stress are related to brain activation dur-
ing reappraisal. The effects of cumulative stress and mis-
matched stress were different in the cuneus as well as the
ACC and MFG during the processing of positive stimuli.
The differences were driven by significant main effects of
stress. Cuneus activation was negatively related to cumula-
tive stress regardless of the regulation goal. Corticosteroids
influence sustained attention by decreasing cuneus activity
which, in turn, may lead to altered stimulus-driven atten-
tional processing (Hahn and Stein 2006; Henckens et al.
2012). The cuneus is engaged in emotional attention to posi-
tive but not negative facial expressions (although this rela-
tionship decreases with age; Lindstrom et al. 2009). Given
that socioemotional images in our study often depicted faces,
it’s possible that cumulative stress may have impacted the
attention to positive stimuli. The cuneus is also engaged in
aesthetic appreciation, which may explain the presence of
increased aesthetic preference during the processing of posi-
tive images (Mizokami et al. 2014; Zhang et al. 2017).

The ACC and MFG are both highly involved in cognitive
reappraisal. The prefrontal cortex is crucial for top-down
processes and cognitive control over emotional arousal
(Kohn et al. 2014). The ACC has been found to be more
involved in the processing of positive than negative stimuli
(Vrticka et al. 2011). It also takes part in integrating cog-
nitive and emotional processes (Bush et al. 2000). Greater
involvement of these structures in individuals with mis-
matched stress can be seen as a compensation mechanism
that may attenuate potential deficits that could be a result of
mismatched stress.

It is important to note that stress-related alterations in
brain activity when performing tasks related to emotion reg-
ulation processes can be explained in two ways: as a sign of
a deficit or of compensation. The first explanation assumes
a lesser ability to effectively implement these processes,
reflected in the weaker or ineffective involvement of brain
structures (Etkin et al. 2010). The second possible mecha-
nism assumes the need for engagement of more cognitive
and neural resources to effectively regulate emotions (Etkin
and Schatzberg 2011).

Our results differ from those obtained by Paquola et al.
(2017), who only found a match/mismatch effect and no

@ Springer

impact of cumulative stress on resting state functional con-
nectivity. The implementation of a task-based approach
in our study allowed the detection of effects related to
both the cumulative stress and match/mismatch models.
The notion that both approaches are credible is in line
with our previous study that showed the effect of both
cumulative stress and an interaction between early and
recent life stress on the processing of emotionally salient
stimuli, namely emotional facial expressions (Sokotowski
et al. 2020). Moreover, the effects were independent of
regulation goals.

Our study has certain limitations. The first is the use
of an additive index to measure early life and recent
stress, without differentiation between the types of stress-
ors—it is known that distinct adverse events may have
at least partially different consequences (McLaughlin and
Sheridan 2016). While stressful events can be character-
ized as differing in the extent of deprivation and threat,
it is also possible to differentiate them on the basis of
situations directly concerning oneself and those affecting
people in one’s environment, and thus having an indirect
impact (Dragan 2018; Palgi et al. 2012), or to differenti-
ate between brief (acute) and chronic stressors (Frank-
lin et al. 2012). Combined measures of stressful events,
although commonly used in research, make it difficult to
analyse specific consequences of particular adverse events.
While participants were encouraged to implement vari-
ous cognitive strategies to regulate their emotions, we did
not control what strategies were actually used during task
performance within the scanner. It has been previously
shown that different regulation strategies may involve dif-
ferent neural activation (Goldin et al. 2019; Ochsner and
Gross 2005). Lastly, since individuals can be considered
as adolescents until the age of 25 (Sawyer et al. 2018),
our results should not be generalized to the entire adult
population. In this context, it is worth noting that McRae
et al. (2012) showed that involvement of cognitive control
during reappraisal increases linearly with age.

This study has demonstrated that models based on both
the cumulative stress and the match/mismatch hypotheses
can be useful in describing the effects of early life stress
and recent stress in adulthood on the brain, including its
functioning during cognitive reappraisal. Our results showed
that stress affected brain activation observed during emotion
reappraisal in areas linked to emotion processing. This could
be an indication of specific effects of stress levels in early
life and in adulthood on general mechanisms of emotion
regulation. The effects of cumulative stress and mismatched
stress depended on stimuli valence, suggesting that stress has
a different impact on brain activation during regulation of
positive and negative emotions. Future studies are needed
to explore the differences in the effects of early and recent
stress as well as their interaction with emotional processing.
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