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Abstract

Higher heart rate variability (HRV) at rest is associated with better emotion regulation ability.
While the neurovisceral integration model explains this by postulating that HRV can index how
the brain adaptively modulates responses to emotional stimuli, neuroimaging studies directly
supporting this idea are scarce. We examined the neural correlates of regulating negative and
positive emotion in relation to resting HRV based on the functional neuroimaging and heart rate
data of one hundred young adults. The results showed that those with higher HRV better recruit
the medial prefrontal cortex while intensifying positive compared to negative emotion. We also
examined how individual differences in resting HRV are associated with adjusting brain activity
to repeated emational stimuli. During repeated viewing of emotional images, subjects with higher
resting HRV better reduced activity in the medial prefrontal cortex, posterior cingulate gyrus,

and angular gyrus, most of which overlapped with the default mode network. This HRV-DMN
association was observed during passively viewing emotional images rather than during actively
regulating emotion. While the regulating trials can better detect task-induced changes, the viewing
trials might approximate resting state, better revealing individual differences. These findings
suggest two possibilities: people with higher resting HRV might have a tendency to spontaneously
engage with emotion regulation or possess a trait helping emotional arousal fade away.

Keywords

heart rate variability; emotion regulation; default mode network; neural adaptation; neurovisceral
integration model; functional neuroimaging

Introduction

Everyday life exposes us to events that require regulating emotions. Emaotion regulation (ER)
typically involves moderating feelings in the moment. However, amplifying emotion is often
necessary or even desirable in some social contexts (e.g., emphasizing positive aspects of
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an event to motivate oneself or exaggerating anger to appeal an unfair decision in sports)
(Gross, 2015). This effort of calming down or amping up emotional arousal might be easier
for some people than others and could often be automatically performed (Mauss et al.,
2007). Whether effortful or automatic, ER ability is consequential for social relationships
as well as psychological and somatic health (Lopes et al., 2005; Verkuil et al., 2010). On
the other hand, compromised ER capacity is one of the major characteristics of patients
with anxiety and depressive disorders (Joormann & Gotlib, 2009; Mennin et al., 2005).
Individuals with lower ER ability also show a stronger relationship between stress and
cardiovascular risk factors than those with higher ER ability (Roy et al., 2018).

Functional magnetic resonance imaging (fMRI) studies suggest an inverse relationship
between activities of the prefrontal cortex (PFC) and amygdala (e.g., greater PFC activity
associated with lower amygdala activity) during active emotion down-regulation (Goldin
et al., 2008; Kim & Hamann, 2007; Ochsner et al., 2004; Phan et al., 2005). In contrast,
the PFC-amygdala relationship during up-regulation seems synchronized as both PFC and
amygdala activities are increased (Eippert et al., 2007; Kim & Hamann, 2007). ER ability
is represented not only by the PFC-amygdala relationship but is also associated with
physiological regulation, which is reflected in cardiac activity (Mather & Thayer, 2018).

Heart rate variability (HRV) measures fluctuations in time intervals between adjacent heart
beats. Research suggests that higher HRV at rest is associated with better ER ability (Thayer
& Lane, 2009). People with higher resting HRV show better emotional health (Thayer et al.,
2012) and self-control (Zahn et al., 2016). In contrast, reduced HRV was observed in those
experiencing anxiety and depression (Chalmers et al., 2014; Koch et al., 2019; Koenig et

al., 2016). To explain this relationship, the neurovisceral integration model (Thayer & Lane,
2009) posits that HRV reflects the quality of ongoing interactions between the cortical and
subcortical regions (e.g., medial PFC and amygdala) responsible for autonomic balance. The
model views ER as an adapting process to situational demands which relies on the same
inhibitory cortico-subcortical neural circuits as HRV; thus individual differences in resting
HRV relate to individual differences in ER (Thayer & Lane, 2009).

While numerous behavioral studies reported associations between resting HRV and ER
ability (Chalmers et al., 2014; Koch et al., 2019; Koenig et al., 2016; Mather & Thayer,
2018; Thayer et al., 2012), neuroimaging findings that directly support those associations
are scarce (Sakaki et al., 2016; Steinfurth et al., 2018; Wei et al., 2018). Resting HRV,
measured as the root mean square of successive differences (RMSSD), was correlated with
the functional connectivity between the medial PFC (mPFC) and amygdala (Sakaki et al.,
2016). People with higher RMSSD showed a greater covarying relationship between the
gray matter volume of the amygdala and that of the dorsomedial PFC (Wei et al., 2018).
Finally, individuals with higher RMSSD better recruited the PFC to modulate amygdala
activity while regulating negative emotion via cognitive reappraisal (Steinfurth et al., 2018).
Together, these studies suggest that people with greater resting HRV can better regulate
emotion due to enhanced functional and structural connectivity between their PFC and
amygdala.
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While these three studies support the neurovisceral integration model, they largely focused
on the amygdala and mPFC. Even though these regions are core HRV-related structures
(Thayer & Lane, 2009), relying on the region of interest (ROI) analysis might neglect other
regions that also participate in ER and heart rate control. Furthermore, the task-based fMRI
study investigating the relationship between ER and resting HRV (Steinfurth et al., 2018)
was based on a small sample size (N=27) and focused on negative emotions. However,
modulating positive emotions is also necessary to achieve social goals (e.g., resisting
laughter during an interview or maximizing the excitement of a victory), and studies showed
associations between resting HRV and positive emotion (Duarte & Pinto-Gouveia, 2017;
Weiss et al., 2021). In addition, standard event-related techniques employing randomly
intermixed trials and contrasting different conditions of trials might not capture how brain
activity adjusts as participants repeat trials. This makes it hard to corroborate the idea
(Thayer & Lane, 2009) that enhanced HRV promotes better adaptation to environmental
demands. To address these limitations, we used a mixed block/event-related design (Petersen
& Dubis, 2012) where three same-condition trials repeat within each block of regulating
emotion or passively viewing emotional pictures.

Benefitting from a large sample of young adults (N=100), we aimed to investigate how
resting HRV is associated with neural activity during regulating emotions. The study
samples were pooled from the baseline pre-intervention data of a clinical trial study (Nashiro
et al., 2023; Yoo et al., 2023). The first goal was to replicate prior findings (Steinfurth et al.,
2018) while adding a positive emaotion condition and focusing on the whole brain activity.
The second goal was to examine how individual differences in resting HRV relates to
transient BOLD activity as participants are repeatedly exposed to emotional stimuli during
ER. To measure adjustment in brain activity, we employed a mixed block/event-related
design where three same-condition events are repeated in each block. While we mainly
relied on whole-brain analyses in the current study, we also examined how the amygdala
changes its response in repeated trials as the amygdala is sensitive to novel stimuli and quick
to adapt to repeated stimuli (Plichta et al., 2014).

Methods

Participants

The current study is based on data collected during the ER task during the pre-
intervention phase of a HRV biofeedback intervention study (ClinicalTrials.gov Identifier:
NCT03458910), approved by University of Southern California’s Institutional Review
Board (Nashiro et al., 2023; Yoo et al, 2023). We recruited participants without serious
medical or psychiatric illness via USC’s subject pool, USC’s online bulletin board,
Facebook, and flyers. Participants signed informed consent forms before starting and were
paid $15 per hour for their participation upon completion. The basic findings from the
pre-intervention ER task have been published (Min et al., 2022), and the current study
was initially based on the same pool of participants (N=105). Among the participants, we
excluded three participants who did not have RMSSD measures at pre-intervention and two
participants who had extreme RMSSD values (RMSSD > 200 ms) when considering their
relatively small mean heartbeat intervals. Thus, we analyzed the data of 100 participants,
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consisting of 51 males and 49 females and aged from 18 to 31 years (Mage = 22.81, SDjyge =
2.75).

Task and Procedure

The task was based on a previously published ER task design where participants used
cognitive reappraisal strategies to up- or down-regulate emotion for positive and negative
emotions (Kim & Hamann, 2007). The task lasted for 10 minutes with 42 trials. Each trial
consisted of three phases: instruction, regulation, and rating (Min et al., 2022). During the
1-second instruction, participants were presented with “intensify,” “diminish,” or “view”
on a black screen. During the 6-second regulation phase, they regulated or passively
experienced emotions elicited by the presented images, which were negative, positive, or
neutral. During the 4-second rating, they rated the strength of their feeling in the moment
(levels of emational intensity) with an ascending order of 1 to 4.

These event trials were organized in a block-wise manner such that three events of the
same condition were contained in each block and separated by a fixation cross lasting

for a varying interval (Figure 1). The two intervals separating three events within each
block summed to 4 seconds. This design enabled us to test whether participants with

higher resting HRV showed greater adaptiveness in neural correlates of ER when they
experienced the three same-condition trials consecutively. The blocks were separated by a
5-second fixation cross and presented in a pseudorandom order such that participants did
not experience two blocks with the same instruction and image valence in a row. The task’s
42 trials were grouped into seven conditions: view-negative, view-positive, view-neutral,
diminish-negative, diminish-positive, intensify-negative, and intensify-positive (six trials per
condition). We selected six sets of images with the same average valence (Mpegative = 23,
Mpositive = 7-2, Mheutral = 5.0) and same arousal scores (Mhegative = 5-4, Mpositive = 54,
Mheutral = 2.8) from the International Affective Picture System. Each set consisted of 18
negative, 18 positive, and 6 neutral pictures, and the images were shuffled within each
valence category. The identifiers of the images presented during the task were recorded and
publicly shared at OpenNeuro (Yoo et al, 2023).

Before their MRI scans, participants were encouraged to employ their own reappraisal
strategies while they practiced all seven types of trials. They were given examples of
cognitive reappraisal strategies such as reinterpreting the situation or adjusting their distance
from the scene. They were also advised to avoid generating an opposite emaotion to

diminish the negative or positive emotion. After the scan, we asked participants to describe
their regulation strategies and how successful they felt for each regulation condition

(1: not successful at all; 3: moderately successful; 5: very successful) for the four
emotion-regulating conditions (diminish-negative, diminish-positive, intensity-negative, and
intensity-positive). For the four conditions, 90%-100% of participants reported the use of
cognitive reappraisal strategies, and 91-98% of participants expressed medium to high levels
(3 to 5) of confidence.
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MRI data acquisition

We collected MRI data at USC’s Dana and David Dornsife Cognitive Neuroimaging Center
using a 3T Siemens MAGNETOM Prisma MRI scanner with a 32-channel head coil (Min et
al., 2022). We obtained a T1-weighted MPRAGE anatomical image (TR = 2,300 ms, TE =
2.26 ms, slice thickness = 1.0 mm, flip angle = 9°, field of view = 256 mm, voxel size = 1.0
mm isotropic). We acquired 250 whole brain volumes of T2*-weighted functional images
using multi-echo planar imaging sequence (TR= 2,400 mm, TE 18/35/53 ms, slice thickness
= 3.0 mm, flip angle = 75°, field of view = 240 mm, voxel size = 1.0 mm isotropic).

HRV data acquisition and processing

On the same day as the MRI scan, we obtained heartbeat data from participants sitting in

a chair spontaneously breathing for five minutes during daytime at the research lab. Using
HeartMath emWave Pro software and its infrared pulse plethysmograph (PPG) ear sensor,
the heartbeat data were sampled at 370 Hz and its inter-beat interval data were recorded after
emWave’s built-in artifact removal process (HeartMath, 2016). The inter-beat interval data
were entered into Kubios HRV Premium 3.1 software with the automatic beat correction
option which computed both heart rate and RMSSD for each participant (Tarvainen et al,
2014).

Behavioral and HRV data analysis

To obtain the measures of emotion regulation outcome, we averaged self-reported emotional
intensity separately for the seven conditions. We first tested how the conditions (valence

and regulation) in the ER task affected ratings in emotional intensity by running a 2-by-3
analysis of variance (ANOVA) when controlling for RMSSD. We then ran correlations
between RMSSD and changes in the ratings during ER. We used SPSS (SPSS IBM Statistics
28) for the ANOVA and correlations.

MRI data and statistical analyses

We performed multi-echo independent component analysis to remove artifact components
from time series data based on the linear echo-time dependence of BOLD signal fluctuations
(Kundu et al., 2012). After denoising the data, we used FMRIB Software Library (FSL)
version 6.0 for the individual- and group-level analysis (Jenkinson et al., 2012; Woolrich et
al., 2001, 2004). During the individual-level analysis, each functional image was registered
to the MNI152 T1 2mm template via its T1-weighted anatomical image using affine

linear transformation with 12 degrees of freedom. Individual-level analysis also included

a preprocessing of motion correction, spatial smoothing with 5 mm FWHM, and high-pass
filtering with a 600-second cutoff.

For the first analysis examining which brain regions’ activity correlated with individual
differences in resting HRV during ER, we modeled individual whole-brain BOLD time-
series by setting seven ER regressors during the 6-second regulation period (diminish-
negative, diminish-positive, view-negative, view-positive, intensify-negative, intensify-
positive, view-neutral) along with their temporal derivatives, each of which were convolved
with a double-gamma hemodynamic response function. For the group-level analysis, we
added demeaned RMSSD as a regressor to FSL’s mixed-effects model (FLAME 1) to
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examine the neural correlates of RMSSD during emotion regulation. The results were
corrected for family-wise error at o < .05 with the cluster-wise threshold at Z> 2.3.

We conducted correlation analyses by treating RMSSD as a continuous regressor rather
than comparing two median-split groups. This approach preserves information regarding
individual variability whereas median splits might decrease power and increase risk of Type
Il error (lacobucci et al., 2015).

In the second analysis, we investigated brain regions whose BOLD activity changed from
the first to last trials within each same-condition block as a function of resting HRV. For
this, we needed to separately model trials based on their relative positions (first, second,

or third) within same-condition blocks. We modeled each participant’s whole-brain BOLD
time-series with 12 regressors. Each regressor was set to represent the order of trials within
each condition. For example, to see how brain regions responded only to the first trials

of the diminish-emotion condition, one regressor would be the timing of all the first trials
within the diminish-emotion blocks. Regressors for the second and third trials were set in the
similar manner. Since this analysis classified trials into three groups for each condition, the
number of trials per condition decreased. The first analysis did not show clear differences
in valence during up- and down-regulating emotion (Figure 2). To compensate for the
reduced number of trials per condition, we combined positive and negative valence into
emotional conditions. This resulted in four regressors: diminish-emotion, intensify-emotion,
view-emotion and view-neutral. As we had the four types of blocks and three trials within
each block, we had 12 total regressors for the individual-level analysis. We then contrasted
the regressors representing different orders within the same condition. For example, we
contrasted the first events against the third ones within diminish-emotion blocks to find
brain regions that decreased activity as trials proceeded from the first to last event while
diminishing emotion. For the group-level analysis, we added demeaned RMSSD as a
covariate regressor of interest to FSL’s mixed-effects model and tested the correlations
between RMSSD and BOLD activity change from the first to last trials for each condition.

In addition to the whole-brain analysis, we performed an amygdala ROl analysis, as the
amygdala’s activity is involved in HRV as well as ER (Thayer & Lane, 2009). To assess
its BOLD activity changes, we individually segmented the amygdala region from each
participant’s T1-weighted image using FreeSurfer version 6 (Fischl et al., 2002, 2004) and
created the left and right amygdala masks in the native space. We then applied FSL FLIRT
(Jenkinson et al., 2002; Jenkinson & Smith, 2001) to transform the masks to the standard
MNI space and input them to Featquery. Using Featguery, we extracted each participant’s
percent signal change values in the amygdala activity separately from the first and last
trial periods for each condition (diminish-emotion, view-emotion, intensify-emotion). We
then correlated RMSSD with changes in amygdala activity from the first to last trials
while controlling for amygdala activity during the first trials for each condition because the
magnitude of possible change depends on the magnitude of the initial response.

The analysis was based on 100 participants, consisting of 51 males and 49 females and aged
from 18 to 31 years (Mage = 22.81, SDqge = 2.75). Their mean heart rate (HR) ranged from
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48.35 to 100.07 beats per minute (Mpr = 72.66, SDyr = 9.67); mean heart period (HP)
ranged from 559.56 to 1240.89 milliseconds (ms) (Mpp = 840.91, SDyp = 116.78); and
mean RMSSD ranged from 22.62 to 187.17 ms (Mrmssp = 61.06, SDrmssp = 29.81).

Self-rated emotional intensity and HRV

A 2 by 3 repeated-measure ANOVA when adjusted for RMSSD revealed main effects for
both valence and regulation. Self-rated emotional intensity differed across the three ER
conditions (diminish, view, and intensify), A2, 196) = 27.86, 77,02: 0.22, p<0.001. The
emotional intensity was lowest (M = 1.88, SE = 0.06) for diminishing, middle (M = 2.45,
SE = 0.06) for viewing and highest (M = 3.24, SE = 0.05) for intensifying (p < 0.001 for
all three pairwise contrasts). There was also a main effect of valence, A1, 98) = 5.54, 77,02
= 0.05, p=0.02, with self-rated intensity higher on negative (M = 2.50, SE = 0.04) than on
positive (M = 2.41, SE = 0.05) emotional trials. There was not a significant interaction of
valence and regulation conditions, A2,196) = 2.17, p=0.11, an: 0.02.

We next tested whether RMSSD correlated with between-condition differences in self-rated
emotional intensity levels. While RMSSD was not correlated with ratings during view-
negative minus diminish-negative, view-positive minus diminish-positive, and intensify-
positive minus view-positive (all p> 0.4), there was a non-zero but only marginally
significant correlation between RMSSD and ratings during intensify-negative minus view-
negative, /(98) = 0.18, p=0.07.

To explore adaptiveness in self-rated emotional intensity in relation to RMSSD, we tested
whether HRV correlated with changes in emotional intensity from the first to last trials
during each condition when controlling for the emotional intensity in the first trials. One
participant was removed because he did not respond to all the third trials during the view
condition, which left 99 participants. During the diminish-negative condition, RMSSD was
correlated with emational intensity change from the first to last trials when we controlled
for the intensity in the first trials, /(96) = 0.266, p = 0.008. During the intensify-positive
condition, RMSSD was negatively correlated with emotional intensity change from the first
to last trials when we controlled for the intensity in the first trial, 7= —0.199, p=0.049. All
other correlations were non-significant (all ps > 0.4). We also tested the correlations between
RMSSD and emotional intensity during the first trials of each condition. All correlations
were non-significant (all ps ranged from 0.13 to 0.98).

Brain regions associated with emotion regulation

For negative and positive emotional trials, contrasting diminish against view revealed

similar clusters in the insular cortex, inferior frontal gyrus, anterior cingulate gyrus, and
supplementary motor area (Figure 2A & 2B). The two contrasts differed only in the angular
gyrus for positive compared to negative emotion during diminish > view (Figure 2B). For
negative and positive emotional trials, contrasting intensifying against viewing showed broad
clusters including the insular cortex, inferior frontal gyrus, anterior cingulate gyrus, frontal
pole, thalamus, caudate, amygdala, and cerebellum including vermis VI, crus | and crus 11
(Figure 2C & 2D). Except for in the occipital and cerebellar areas (Figure 2C), significant
differences were not found in the intensify-negative > view-negative and intensify-positive
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> view-positive contrasts. We note that no brain regions show correlations between their
BOLD activity and RMSSD for the four regulation contrasts (diminish > view and intensify
> view for negative and positive emotions).

Brain regions associated with RMSSD in relation to valence

Contrasting positive with negative emotion for each regulation condition showed brain
regions whose BOLD activity differed between negative and positive emotion. During
diminishing positive emotion compared to negative emotion, increased BOLD activity was
found in the angular gyrus, superior lateral occipital cortex, and PFC regions including

the middle frontal gyrus and frontal pole (Figure 3A, red). Contrasting diminish-negative
against diminish-positive revealed the inferior frontal gyrus, precentral gyrus, inferior lateral
occipital cortex, and frontal orbital cortex (Figure 3A, blue). During diminishing positive
compared to negative emotion, BOLD signal in the cerebellum (the left crus I) was
negatively correlated with RMSSD (Figure 3A, yellow).

During viewing positive compared to negative emotion, we found increased BOLD activity
in the posterior cingulate gyrus, precuneus, occipital pole, lingual gyrus, cerebellum

(left and right crus 1), and mPFC regions including the frontal medial cortex, frontal

pole, anterior cingulate gyrus, and paracingulate gyrus (Figure 3B, red). Contrasting view-
negative against diminish-positive revealed the inferior lateral occipital cortex (Figure 3B,
blue), which overlapped with the clusters of diminish-negative > diminish-positive (Figure
3A, blue). During viewing positive compared to negative emotion, RMSSD was positively
correlated with activity in clusters involving the precuneus, thalamus, parahippocampal
gyrus, cerebellum (right and left I-1V), and brainstem areas surrounding periaqueductal gray
(Figure 3B, yellow).

During intensifying positive compared to negative emotion, we found increased BOLD
activity in the posterior cingulate gyrus, angular gyrus, middle frontal gyrus and mPFC
regions including the frontal medial cortex, frontal pole, anterior cingulate gyrus, and
paracingulate gyrus (Figure 3C, red). Contrasting intensify-negative against intensify-
positive revealed clusters covering the inferior lateral occipital cortex, temporal occipital
fusiform cortex, cerebellum (left and right V1), inferior frontal gyrus, and precentral gyrus
(Figure 3C, blue). During intensifying positive compared with negative emotion, RMSSD
was correlated with BOLD activity in the paracingulate gyrus and frontal medial cortex
(Figure 3C, yellow).

Brain regions whose activity changed in response to repeated stimuli in relation to RMSSD

In the second analysis, we tested how resting RMSSD is associated with changes in brain
activity over repeated same-condition trials while regulating emotion or viewing emotional
images. Change in BOLD activity was obtained by contrasting the first trials against the
last ones during each condition. Testing correlations between BOLD activity change and
resting RMSSD during viewing emotional images showed that higher resting RMSSD was
associated with reduced activity in the frontal pole, paracingulate gyrus, anterior cingulate
gyrus, posterior cingulate gyrus, and angular gyrus (Figure 4A). These areas overlap with
the primary nodes of the default mode network (DMN; Laird at al., 2011). The correlation
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between BOLD activity in these regions and RMSSD was positive during the first view-
emotion trials, but negative during the last view-emotion trials (Figure 4B). We did not find
a significant relationship in the intensify condition. However, during the diminish condition,
we found that those with higher resting RMSSD increased BOLD activity in the occipital
pole, occipital fusiform gyrus, and inferior and superior lateral occipital cortex from the first
to third trials during diminishing emotion (Figure 4C).

Amygdala ROI analysis for the repeated view-emotion trials

As we were interested in how resting RMSSD is associated with the adjustment of amygdala
activity over repeated trials during viewing emotional images, we tested the correlation
between RMSSD and amygdala activity change from the first to third trials in the same-
condition blocks while controlling for its first-trial activity. During viewing emotion, resting
RMSSD correlated with decrease in the left amygdala’s activity from the first to last trials
while controlling for first-trial activity, /(97) = 0.25, p=0.01 (Figure 5). This relationship
was attenuated for the right amygdala, /(97) = 0.16, p= 0.13. During diminishing and
intensifying emotion, RMSSD was not correlated with activity changes in the left and right
amygdala when controlling for its first-trial activity (all ps > 0.5).

As we found significant clusters in the view-emotion condition (Figure 4A), we examined
the effect of passively experiencing emotion by contrasting view-emotion against view-
neutral. This revealed a set of clusters (Figure 6) including the occipital pole, inferior
lateral occipital cortex, lingual gyrus, hippocampus, amygdala, thalamus, periaqueductal
gray, middle frontal gyrus, paracingulate gyrus, frontal pole, inferior frontal gyrus, superior
frontal gyrus, and anterior cingulate cortex. Among them, the medial PFC regions involving
the frontal pole, posterior cingulate gyrus, and angular gyrus resembled the DMN and
overlapped with the brain regions which decreased activity over the repeated viewing trials
for individuals with greater RMSSD (Figure 4A).

Discussion

The neurovisceral integration model postulates that resting HRV carries information on how
successfully an organism adapts to its environment (Thayer & Lane, 2009). According to the
model, ER behavior can be seen as a process of adjusting responses to emational challenges,
and the quality of ER can be predicted by resting HRV. We tested this idea by employing
two separate analyses: a standard trial-based analysis and an analysis by separating trials
based on their sequential order within same-condition blocks. In the first analysis, we could
not directly replicate Steinfurth et al.’s findings (2018) but found that HRV was associated
with mPFC activity and positive emotion. During viewing positive images compared to
negative images, individuals with higher HRV showed stronger BOLD activity in the
periaqueductal gray area typically associated with emotional arousal (Figure 3B, yellow),
suggesting that those with higher HRV might experience more emotional arousal with
positive emotion than negative emotion. We next observed that HRV was correlated with
BOLD activity in the mPFC area (Figure 3C, yellow) during intensifying positive emotion
compared to negative emotion. The mPFC area also overlapped with the clusters revealed
by intensify-positive > intensify-negative (Figure 3C, red). This suggests that the mPFC

Neuropsychologia. Author manuscript; available in PMC 2024 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Min et al.

Page 10

is associated with amplifying positive compared to negative emotion and individuals with
higher HRV can better recruit the mPFC areas during up-regulating positive emotion. These
observations are in line with previous findings that higher HRV is associated with positive
mood (Geisler et al., 2010) and mPFC activity is correlated with increased positive ratings
while processing safety signals (Harrison et al., 2017). Whereas the mPFC areas covering
the frontal medial cortex, frontal pole, anterior cingulate gyrus, and paracingulate gyrus
were involved with positive compared to negative emotion (Figure 3B & 3C, red), the
inferior lateral occipital cortex areas were associated with negative compared to positive
emotion across the diminish, view, and intensify conditions (Figure 3A, 3B, and 3C, blue).

In the second analysis, we examined how brain BOLD activity changed in relation to resting
HRV as the same-condition trials proceeded from the first to the last. The whole-brain
analysis showed that those with higher HRV better decreased BOLD activity during the
repeated trials of viewing emotional images in the frontal pole, paracingulate gyrus, anterior
cingulate gyrus, posterior cingulate gyrus, and angular gyrus (Figure 4A). During the first
trials of viewing emotional images, activity in the regions were positively correlated with
resting HRV, but during the third trials, activity in the regions were negatively correlated
with HRV (Figure 4B). The significant clusters (Figure 4A) showed a clear overlap with the
DMN such that 85.3% of 2,300 significant voxels in the clusters overlapped with the DMN
mask (Laird et al., 2011). Activity decrease in the DMN over three consecutive trials was not
observed in the active regulatory conditions (intensify-emotion or diminish-emotion).

The DMN informs emotional states by representing discrete emotions through the
abstraction of emotional instances (Satpute & Lindquist, 2019). Patients with major
depressive disorders accompanying rumination, a maladaptive ER strategy, show increased
BOLD activity in the DMN relative to the other task-related network (Hamilton et al., 2011).
Depressed individuals also show reduced functional connectivity within the DMN compared
to healthy controls (Yan et al., 2019) and fail to reduce DMN activity when both passively
viewing and appraising negative images (Sheline et al., 2009). Furthermore, more successful
ER is associated with decreased functional connectivity between the right amygdala and

the major nodes of the DMN such as the mPFC and PCC (Andrews-Hanna, 2012). To test
whether the DMN’s activity was associated with appraisal of emotional state in our study,
we examined the contrast of viewing emotional images against neutral ones. The contrast

of view-emotion > view-neutral revealed significant BOLD activity in the mPFC, PCC, and
angular gyrus (Figure 6, red). These clusters overlapped with the DMN regions (Figure 4A)
as well as the clusters which decreased activity in response to repeated emotional stimuli for
individuals with higher HRV (Figure 6, yellow).

The correlations between resting HRV and DMN activity during viewing emotional images
suggest that individuals with greater resting HRV might spontaneously engage in implicit
ER more than those with lower resting HRV. In one study which did not instruct participants
to regulate emotion while viewing negative film clips, people with higher resting HRV more
frequently used cognitive reappraisal than those with lower HRV (Volokhov & Demaree,
2010). In contrast, individuals with dysphoria, a typical symptom of depression, were more
often spontaneously engaged with suppression and rumination, maladaptive ER strategies
(Quigley & Dobson, 2014). By automatically engaging with adaptive ER strategies when
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facing emotional challenges, individuals with greater HRV might be able to reduce DMN
activity more efficiently. However, since we did not assess whether participants were
automatically engaged with ER during the viewing trials, we can only speculate on this
possibility.

It is also possible that individuals with higher resting HRV might also possess an intrinsic
capacity to be either less disturbed by or more resilient to external stressors (An et al., 2020;
Perna et al., 2020). In other words, higher HRV might serve as a trait with which participants
are either 1) less reactive to emotional stimuli in the first place or 2) their emotional arousal
fades away faster. To investigate less reactiveness with higher HRV, we tested whether HRV
correlated with self-reported emotional intensity from the first trials of each condition and
found no significant relationships. We also tested whether emotional arousal wanes more for
higher HRV. As trials proceeded from the first to the third positions, those with higher HRV
reported reduced emotional intensity during down-regulating negative emotion and increased
emotional intensity during up-regulating positive emotion when we controlled for emotional
intensity from the first trials. The results support the second possibility that higher HRV can
help flexibly attenuate negative emotion and amplify positive emotion.

How does DMN activity decrease over the repeated trials of viewing emotional images
indicate better adaptation? Although our study did not present identical images, its

design where same-condition trials were repeated is based on the concept of habituation.
Habituation is a learning process where an organism reduces its response to a repeated

or prolonged stimulus in the absence of a significant reward or threat (Rankin et al.,

2009). Because filtering out familiar and unnecessary signals saves neural resources and
helps redirect attention to other consequential information, rapid habituation at the neural
and behavioral level is associated with a greater adaptability to surroundings. Since the
first report (Breiter et al., 1996), habituation has been mostly studied on amygdala signal
changes to repeated emotional faces (Plichta et al., 2014). Slower habituation is linked

to socially maladaptive conditions such as social anxiety disorder and autism spectrum
disorder (Avery & Blackford, 2016; Kleinhans et al., 2009). People with these conditions
could not successfully decrease their amygdala activity across repeated stimuli compared
to their counterparts without the conditions. A similar pattern was observed with our data.
BOLD signal decreases in the left amygdala between the first and third trials of viewing
emotional images were correlated with HRV (Figure 5), suggesting that higher HRV was
associated with greater habituation. Besides the amygdala, the whole-brain results showing
decreased DMN activity for higher HRV suggests that people with higher HRV show
greater habituation in the DMN. Studies indicated that individuals with higher HRV exhibit
context-appropriate emotional responses whereas those with lower HRV show perseverative
responses or threat responses to neutral stimuli (Ruiz-Padial et al., 2003; Ruiz-Padial

& Thayer, 2014; Yang et al., 2021). The present study is the first to demonstrate this
relationship between resting HRV and BOLD signal adjustment in the whole brain when
exposed to emotional stimuli.

We also note that individuals with higher resting HRV increased BOLD activity in
the occipital cortex during repeated trials of diminishing emotion (Figure 4C). Viewing
emotional images compared to neutral images increased BOLD activity in the primary visual
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areas (Figure 6), which are also observed in prior fMRI studies on emotional arousal (Lang
et al, 1998; Mather et al., 2006; Mitchell et al., 2006; Ochsner et al, 2009; Sabatinelli et

al, 2005). Studies employing multivariate pattern analyses of BOLD responses to emotional
stimuli further demonstrated that the primary visual areas might represent emotional states
and discriminate various emotional categories (Kragel et al, 2019; Bo et al, 2021) and that
activity patterns in a cluster involving the visual cortex and adjacent precuneus cortex could
distinguish different emotion regulation strategies in younger adults (Martins et al., 2015).
At glance, our results might seem to suggest reduced ER ability for individuals with higher
HRV, contrary to the neurovisceral integration model, because the visual area has increased
activity when they were supposed to down-regulate emotion. However, the role of occipital
activity during ER does not seem clear. Both down-regulating and up-regulating emotion
enhanced activity in the lateral occipital cortex and lingual gyrus (Min et al, 2022; Table

2, 3). Activity in the occipital cortex during viewing emotional pictures was attenuated for
individuals with major depression disorders (Li et al, 2013) who tend to show decreased
HRV and ER ability (Kock et al, 2019; Joormann & Gotlib, 2009). Occipital activity

also increased during directed attention (Kastner et al, 1999), emotional arousal enhanced
attention to relevant stimuli (Mather & Sutherland, 2011), and attention maintenance was
associated with higher HRV (Siennicka et al, 2019). Thus, the increased occipital activity for
higher-HRV individuals during emotion down-regulation (Figure 4C) might be due to better
sustained attention over the repeated task trials rather than diminished ER ability. Future
research is needed to evaluate the role of the occipital cortex during emotion regulation in
relation to HRV, arousal, and attention.

Although the cerebellum has received little attention in the field of emotion regulation, its
subregions have been reported to increase BOLD activity during emotional arousal (Min

et al., 2022; Kanske et al., 2011; Kim & Hamann, 2007; Ochsner et al., 2004). In our
study, the cerebellum also increased activity during emotional arousal. The crus | and vermis
crus Il were activated during viewing emotional images against neutral images (Figure 6,
red), and the vermis VI, crus I, and crus Il were activated during intensifying negative and
positive emotion against viewing (Figure 2 C & D). These are in line with prior studies
showing that the vermis is associated with arousal and the VI and crus areas were related
with negative emotions (Baumann & Mattingley, 2012; Colibazzi et al., 2010). We also
note that greater HRV was associated with reduced BOLD activity in the cerebellum (left
crus 1) during diminishing positive emotion compared to negative emotion (Figure 3A,
yellow) and increased BOLD activity in the cerebellum (left V) during viewing positive
emotion compared to negative emotion (Figure 3B, yellow). A review study reported that
the cerebellum’s activity was associated with HRV during stress-inducing tasks (de Morree
et al., 2013), suggesting the role of the cerebellum during our emotionally stressful tasks in
relation to HRV.

Our study is limited in that we measured HRV once at the lab while participants were sitting
in a chair for five minutes. This might not be ideal because resting HRV in the scanner
would be more proximal to the emotion regulation task. In addition, the current study did
not address how phasic HRV during ER interacts with brain activity, which could reveal
different relationships (e.g., Tupitsa et al., 2023). Another limitation is that the task consisted
of forty-two trials, relatively small considering seven conditions, which might increase
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within-subjects errors and impact statistical power (Baker et al, 2021; Phillips & Jiang,
2016). However, this type of error can be mitigated through the large number of participants
(N =100), which provides 80% power to detect small-to-medium within-subjects effect
(Faul et al. 2007).

In conclusion, our study adds evidence to the neurovisceral integration model which views
emotion regulation as an adaptive process to challenging environments. We demonstrated
that higher resting HRV was associated with better adaptation of BOLD activity in

the DMN-overlapped regions during the consecutive viewing of emotional images. It is
noteworthy that the HRV-DMN association was seen during passively viewing emotional
images rather than during actively regulating emotion. While emotion-regulating trials (e.g.,
intensifying or diminishing) might better detect task-induced changes, trials of passively
viewing images might approximate resting state, thus better reflecting individual differences.
Although our study could not identify underlying mechanisms, it suggests two possibilities.
First, during viewing emotional pictures, the HRV-DMN association might be driven by the
tendency of high-HRV individuals to automatically engage with the higher-level control of
emotion. Second, resting HRV might serve as a trait that involves lower-level processing of
emotional arousal and helps induced arousal fade away. Future research is needed to further
explore these possibilities.
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Figure 1. Example of mixed block/event-related design
Note. The current study employed a mixed block/event-related design. This example shows

how three same-condition trials were presented consecutively within a block of the view-
negative condition.
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A Diminish-negative > view-negative
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Figure 2. Brain regions associated with emotion regulation
Note. A shows the clusters (light blue) from the contrast of diminish-negative > view-

negative. B shows clusters (dark blue) from the contrast of diminish-positive > view-
negative. C shows the clusters (light red) from the contrast of intensify-negative > view-
negative. D shows the clusters (dark red) from the contrast of intensify-positive > view-
positive. No correlations were found between brain activity and RMSSD for the four
contrasts.
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Figure 3. Brain regions associated with RMSSD during emotion regulation
Note. A shows clusters (red) from the contrast of diminish-positive > diminish-negative,

clusters (blue) from diminish-negative > diminish-positive, and clusters (yellow) whose
BOLD activity negatively correlated with RMSSD during diminish-positive > diminish-
negative. B shows clusters (red) from the contrast of view-positive > view-negative,

clusters (blue) from view-negative > view-positive, and clusters (yellow) whose BOLD
activity positively correlated with RMSSD during view-positive > view-negative. C shows
clusters (red) from the contrast of intensify-positive > intensify-negative, clusters (blue)
from intensify-negative > intensify-positive, and the clusters (yellow) whose BOLD activity
positively correlated with RMSSD during view-positive > view-negative.
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A Regions in which activity during view reduced in those with greater RMSSD
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B Relationship between RMSSD and activity in A during the first and third view trials
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Figure 4. Regions where individuals with higher resting RMSSD showed a greater decrease
in BOLD activity as trials proceeded from the first to last during viewing and diminishing
emotions.

Note. A shows clusters (yellow) whose decrease in BOLD activity correlated with RMSSD
while passively viewing emotional images over three trials. B shows the relationship
between RMSSD and BOLD activity in the clusters of A (yellow) during the first and third
trials. C shows clusters (brown) whose increase in BOLD activity correlated with RMSSD
while actively diminishing emotion over three trials.

Neuropsychologia. Author manuscript; available in PMC 2024 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Min et al.

Page 23

0.1 ' ; :

0.0

Activity decrease in the left amygdala (%)

50 100 150
RMSSD

Figure 5. Relationship between resting RMSSD and decrease in left-amygdala’s BOLD activity
from the first to the last trials while viewing emotional images

Note. The figure shows a correlation between RMSSD and decrease in amygdala activity
from the first to last trials while the text reports a partial correlation after controlling for the
first-trial activity in the left amygdala.
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Z=-14 Z=16

Figure 6. Regions activated during viewing emotional images versus neutral images
Note. Activity decrease in the regions (yellow) was correlated with RMSSD while

repeatedly viewing emotional images (Figure 4A). The regions (yellow) overlapped with
the regions (red) which increased activity while viewing emotional images compared to
viewing neutral images.
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