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Abstract

Structural and functional neuroimaging studies have shown that brain areas associated with fear and anxiety (defensive system
areas) are modulated by individual differences in sensitivity to punishment (SP). However, little is known about how SP is related
to brain functional connectivity and the factors that modulate this relationship. In this study, we investigated whether a simple
methodological manipulation, such as performing a resting state with eyes open or eyes closed, can modulate the manifestation of
individual differences in SP. To this end, we performed an exploratory fMRI resting state study in which a group of participants
(n = 88) performed a resting state with eyes closed and another group (n = 56) performed a resting state with eyes open. All
participants completed the Sensitivity to Punishment and Sensitivity to Reward Questionnaire. Seed-based functional connec-
tivity analyses were performed in the amygdala, hippocampus, and periaqueductal gray (PAG). Our results showed that the
relationship between SP and left amygdala-precuneus and left hippocampus-precuneus functional connectivity was modulated by
eye state. Moreover, in the eyes open group, SP was negatively related to the functional connectivity between the PAG and
amygdala and between the PAG and left hippocampus, and it was positively related to the functional connectivity between the
amygdala and hippocampus. Together, our results may suggest underlying differences in the connectivity between anxiety-
related areas based on eye state, which in turn would affect the manifestation of individual differences in SP.
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Introduction

Imagine a situation where something you are looking at is
directly threatening your body integrity. Punishment anticipa-
tion increases as the threat approaches, but curiously, some
people prefer to keep looking at what is actually happening
(e.g., looking at the needle during a blood extraction), whereas
others prefer to stop focusing on it after evaluating the situa-
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tion. The reason for individual differences in coping with
threat is still an unresolved question. However, the study of
the neural systems underlying defensive behaviors, and the
factors that modulate these systems, may contribute to under-
standing this phenomenon.

Fear and anxiety are adaptive emotions that engage re-
sponses to cope with actual and anticipated threat. The rein-
forcement sensitivity theory (RST) proposes that these emo-
tions are mediated by two separate but interacting neurobio-
logical systems involved in the defense of the organism (Gray
& McNaughton, 2000): the fight-flight-freeze system (FFFS)
associated with fear, and the behavioral inhibition system
(BIS) associated with anxiety. The FFFS mainly comprises
the amygdala, medial hypothalamus, and periaqueductal gray
(PAQG), and it is activated whenever the goal is to remove
danger. The BIS is mainly composed of the septohippocampal
system and amygdala, and it is activated when there are con-
flicting goals, as in the case of having to approach a potential
threat. The RST suggests that these defensive neural systems
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are modulated by individual differences in the intensity of the
perceived threat, a dimension that is conceptualized as a per-
sonality trait of sensitivity to punishment (SP) (McNaughton
& Corr, 2004). Thus, in the same situation, individuals with
higher SP would generally perceive threatening stimuli as
more intense. Therefore, high SP individuals are more prone
to experiencing fear, worry, and rumination and showing
avoidance and risk-assessment behaviors (Corr, 2004;
McNaughton & Corr, 2004). High SP has been proposed as
a vulnerability factor for anxiety disorders (Gray &
McNaughton, 2000), and empirical studies have shown a pos-
itive relationship between measures of this trait and anxiety
disorder symptoms (Bijttebier, Beck, Claes, & Vandereycken,
2009).

In recent years, neuroimaging studies have contributed to
our understanding of the brain regions mediating individual
differences in SP. For example, MRI structural studies have
related SP (or related traits) with the volume and cortical
thickness of medial prefrontal areas, amygdala, and hippo-
campus (Adrian-Ventura, Costumero, Parcet, & Avila, 2019;
Barros-Loscertales et al., 2006; Cherbuin et al., 2008; Fuentes
et al., 2012; Holmes et al., 2012; Levita et al., 2014).
Furthermore, functional MRI studies have shown that SP (or
related traits) is associated with the activity of the cingulate
cortex, precuneus, and amygdala during processing of nega-
tive events (Kennis, Rademaker, & Geuze, 2013). However,
little is known about how individual differences in SP are
related to brain functional connectivity. As far as we know,
only one study has investigated individual differences in func-
tional connectivity in defensive system areas using a specific
scale to measure SP in the context of RST (Hahn et al., 2010).
This study showed that the connectivity between the hippo-
campus and amygdala during the processing of cues indicat-
ing potential monetary loss was positively correlated with the
punishment sensitivity trait. Other studies have investigated
individual differences in functional connectivity during rest-
ing state (rsFC) using scales related to SP, such as neuroticism
from the NEO-PI (Adelstein et al., 2011; Aghajani et al,,
2014; Kruschwitz et al., 2014), the Eysenck Personality
Questionnaire (Y. Pang et al., 2016), and the Zuckerman-
Kuhlman Personality Questionnaire (Gentili et al., 2017).
Studies also used trait anxiety from the State-Trait Anxiety
Inventory (Kim, Gee, Loucks, Davis, & Whalen, 2011,
Modi, Kumar, Kumar, & Khushu, 2015) and harm avoidance
measures (Baeken et al., 2014; Huggins, Belleau, Miskovich,
Pedersen, & Larson, 2018; Y. Li, Qin, Jiang, Zhang, & Yu,
2012; Markett et al., 2013; Meylakh & Henderson, 2016).
Most of these studies investigated amygdala connectivity,
showing that SP-related traits were positively correlated with
the connectivity between this region and lateral occipital areas
and fusiform gyrus and negatively correlated with the connec-
tivity between amygdala and ventromedial prefrontal cortex,
cuneus, insula, and temporal cortex areas (Aghajani et al.,

2014; Baeken et al., 2014; Gentili et al., 2017; Kim et al.,
2011; Kruschwitz et al., 2014; Y. Li et al., 2012). However,
a number of results were not replicated across studies, and in
some cases, they were even contradictory. For example, the
rsFC strength between the amygdala and inferior frontal cor-
tex was positively correlated with harm avoidance in one
study (Backen et al., 2014) but negatively correlated with
neuroticism in another (Gentili et al., 2017). Likewise, one
study showed a positive relationship between neuroticism
from the NEO-PI and the connectivity between the amygdala
and precuneus (Aghajani et al., 2014), whereas others showed
negative associations using other neuroticism scales (Gentili
etal., 2017; Y. Pang et al., 2016). Psychometric studies have
shown strong relationships between these scales (Aluja &
Blanch, 2011; Caseras, Avila, & Torrubia, 2003). From a
neurobiological perspective, all of these personality traits are
expected to share a similar biological substrate related to anx-
iety. Therefore, it is still necessary to gather more evidence to
clarify the inconsistent or contradictory results found in these
previous studies. Some studies have shed light on this issue by
showing how specific factors, such as gene expression
(Buckholtz et al., 2008) or gender (Li et al., 2012) modulate
the relationships between SP-related traits and rsFC. In line
with these studies, we investigated whether a simple method-
ological manipulation, such as performing a resting state
fMRI (rs-fMRI) with eyes open (EO) or eyes closed (EC),
can impact the manifestation of individual differences in the
rsFC of defensive system areas.

Evidence of modulatory effects of open or closed eyes on
brain activity has been shown using EEG since the beginning
of the past century (Berger, 1929). In the field of fMRI, evi-
dence suggests that volitional closing or opening of the eyes
leads to two different configurations of brain activity and con-
nectivity: one associated with an “interoceptive” state, with
EC, and the other associated with an “exteroceptive” state,
with EO (Costumero, Bueichekt, Adrian-Ventura, & Avila,
2020; Hiifner et al., 2009; Liang et al., 2014; Marx et al., 2003,
2004; Song et al., 2015; Wang, Li, Xu, & Ding, 2015; Wei
et al., 2018; Wiesmann et al., 2006; Xu et al., 2014; Zhang
et al., 2015). Neuroimaging task studies have related the “ex-
teroceptive” state to activations in attentional and oculomotor
systems (e.g., superior parietal gyrus, anterior insula, thala-
mus, and frontal eye fields) and the “interoceptive” state with
activity in regions related to mental imagery and multisensory
integration, such as the lateral occipital areas, auditory cortex,
postcentral gyrus, and medial frontal cortex (Marx et al., 2003,
2004; Wiesmann et al., 2006). Given these previous studies,
we hypothesize that a different brain activity configuration in
EC and EO conditions might lead to a different manifestation
of individual differences in SP within these conditions be-
cause the behaviors that characterize SP involve both “intero-
ceptive” (e.g., worry, rumination) and “exteroceptive” (e.g.,
threat detection, escape/avoidance) states. Supporting this
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hypothesis, previous studies showed that eye state modulated
the relationship between high-frequency and low-frequency
EEG rhythms and the neuroticism trait from the Eysenck
Personality Questionnaire (Konareva, 2011a, b).
Furthermore, fMRI studies have shown that blood oxygen-
level dependent (BOLD) signals of key regions within the
defensive system, such as the hippocampus and amygdala,
are modulated by EO and EC conditions (Ben-Simon,
Podlipsky, Arieli, Zhdanov, & Hendler, 2008; Jao et al.,
2013; Liu, Dong, Zuo, Wang, & Zang, 2013; Wiesmann
et al., 2006). Moreover, modulatory effects of eye state have
been shown in studies investigating individuals with general-
ized anxiety disorder (GAD). Thus, one fMRI study showed
reduced rsFC between the dorsolateral prefrontal cortex and
default mode network areas in individuals with GAD com-
pared with controls, in the EC condition, but not in the EO
condition (Li et al., 2016). Furthermore, an EEG study found
that controls, but not GAD individuals, showed a significantly
higher amplitude of heartbeat-evoked brain potential under
EC than under EO (Pang et al., 2019).

In summary, the present study investigated the effects of
the EO and EC conditions on the manifestation of SP-related
individual differences in the rsFC of defensive system areas.
Given that no previous research has examined such relation-
ship, this study should be considered exploratory in nature.
Even so, we expect to find differences in the relationship be-
tween SP and the rsFC of defensive system areas according to
the EO and EC conditions. Specifically, we hypothesized that
rsFC individual differences in interoceptive-related areas
would be shown during EC, and individual differences in
exteroceptive-related areas would be shown during EO. By
considering the role of eye state during resting state, we at-
tempt to provide new insights into the study of the neural basis
of SP.

Method
Participants

A dataset consisting of 198 individuals (95 women; age: mean
= 22.2, standard deviation [SD] = 4.3, range = 18-40 years)
was collected from various projects performed by our research
group using the same scanner. After subject exclusion due to
excessive head motion (see preprocessing section), the final
sample for analysis included 144 participants (75 women; age:
mean = 22.0, SD = 4.0, range = 40-18). Of them, 56 per-
formed an EO resting state session, and 88 performed an EC
resting state session. Demographic characteristics of these
groups are reported in Table 1. All participants were right-
handed according to the Edinburgh Handedness Inventory
(Oldfield, 1971). No participant had a history of head injury
with loss of consciousness, none currently used psychoactive
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medications, and none had ever been diagnosed with DSM-1IV
Axis I or II disorders or severe medical or neurological ill-
nesses. Participants were informed of the nature of the re-
search and provided written, informed consent before their
participation in the study. All study procedures were approved
by the Ethical Committee of the Jaume I University.

Personality assessment

The SP scale from the Sensitivity to Punishment and
Sensitivity to Reward Questionnaire (SPSRQ) (Torrubia,
Avila, Molto, & Caseras, 2001) was used as a measure of
the punishment sensitivity trait. Descriptive statistics for the
personality measures in each group are reported in Table 1.
The SP scale has good content validity and strongly correlates
with other measures of punishment sensitivity, such as the
Behavioral Inhibition Scale, Harm Avoidance, Punishment
Expectancies, and anxiety scales (Caseras et al., 2003).

Image acquisition

Scan sessions required participants to be in a resting state. For
the EC sessions, participants were instructed to simply rest
with their eyes closed and not sleep or think about anything
in particular. These same instructions, but with the specifica-
tion of keeping their eyes open, were provided in the EO
sessions. Immediately after scanning, participants were ex-
plicitly asked if they had followed the instructions and wheth-
er they had experienced any issues during the scan. None of
the participants reported issues, and all of them confirmed that
they had followed the instructions. Images were acquired on a
1.5T scanner (Siemens Avanto; Erlangen, Germany).
Participants were placed in a supine position in the MRI scan-
ner, and their heads were immobilized with cushions to reduce
head motion. For the rs-fMRI, a total of 200 volumes were
recorded using a gradient-echo T2*-weighted echo-planar im-
aging sequence (TR, 2000 ms; TE, 48 ms; matrix, 64 x 64,
voxel size, 3.5 x 3.5 mm; flip angle, 90°; slice thickness, 4
mm; slice gap, 0.8 mm). We acquired 24 interleaved axial
slices parallel to the anterior—posterior commissure plane cov-
ering the entire brain. Before the rs-fMRI sequences, structural
images were acquired using a high-resolution T1-weighted
MPRAGE sequence with TR = 2200 ms, TE = 3.79 ms, TI
= 1090 ms, flip angle 15°, voxel size =1 x 1 X 1 mm, matrix =
256 x 256, bandwidth = 160 hz/px, which facilitated the lo-
calization and co-registration of the functional data.

Image preprocessing

We used Data Processing & Analysis for Brain Imaging
(DPABI V2.1, http://rfmri.org/dpabi) (Yan, Wang, Zuo, &
Zang, 2016) to perform rs-fMRI data processing.
Preprocessing included the following steps: 1) removal of
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Table 1 Demographic characteristics, personality, and motion-related variables
Eyes closed (N = 88) Eyes open (N = 56) Differences
Sociodemographic variables
Age 22.4 +4.8 (18-40) 21.3+2.1(18-28) t20) = 1.83
p=0.07
Gender Male: 45.5% Male: 51.8% X1y =0.55
Female: 54.5% Female: 48.2% p>0.1
Education level Basic: 2.3% Basic: 0% X2 =39
Middle: 25% Middle: 14.3% p>0.1
Superior: 72.7% Superior: 85.7%
Personality
Sensitivity to Punishment 10 £5.3 (0-23) 8.7+4.4(1-21) taa) = 1.56
p>0.1
Sensitivity to Reward 103 +4.8 (1-21) 10.3 £4.5 (3-23) taaz =—0.22
p>0.1
Motion-related variables
mean RMS 0.108 + 0.04 (0.04-0.26) 0.108 + 0.04 (0.06-0.23) taa2=—0.28
p>0.1
mean FD Power 0.123 +0.03 (0.05-0.2) 0.113 £ 0.03 (0.06-0.2) taay =1.73
p=0.09
mean FD Jenkinson 0.065 £0.02 (0.03-0.1) 0.059 +0.02 (0.03-0.1) t42) = 1.80
p=0.08
mean FD Van Dijk 0.028 £ 0.01 (0.01-0.07) 0.025 £ 0.01 (0.01-0.05) taay =131
p>0.1
Volumes with FD Power > 0.2 20.3 £ 14.5 (0-48) 15.1+£12 (1-41) tas =2.36
p=0.02

Descriptive statistics for quantitative variables show mean + standard deviation (min - max). For two sample ¢ test comparisons, Welch’s correction was
applied when the homoscedasticity assumption was not satisfied due to a rejection of the null hypothesis of equal variances using the Levene test (p <

0.05). RMS = root mean squared; FD = Framewise Displacement.

the first five volumes; 2) slice timing correction; 3) head mo-
tion correction using a six-parameter (rigid body) linear trans-
formation; 4) co-registration of the individual structural im-
ages to the mean functional image; 5) segmentation of struc-
tural images using the DARTEL tool (Ashburner, 2007); 6)
removal of spurious variance through linear regression: 24
parameters from the head motion correction (Friston,
Williams, Howard, Frackowiak, & Turner, 1996), spike re-
gression of volumes with framewise displacement (FD) > 0.
2 mm (Power, Barnes, Snyder, Schlaggar, & Petersen, 2012),
white matter signal, cerebrospinal fluid signal, linear trends,
and quadratic trends; 7) spatial normalization to the Montreal
Neurological Institute (MNI) space (voxel size 3 x 3 x 3 mm);
8) spatial smoothing (4 mm); and 9) band-pass temporal fil-
tering (0.01-0.1 Hz).

Participants with more than 1 mm or 1 degree of movement
in any of the six directions, or less than 150 volumes with FD
< 0.2 mm (ensuring at least 5 minutes of rest with low FD),
were excluded from the analyses. Head motion measures for
each group are reported in Table 1. Given that we found
between-group differences in the number of volumes with
FD Power > 0.2, we included this variable as a nuisance re-
gressor in our analyses.

Functional connectivity analysis

A seed-based correlation approach was performed to investigate
how eye state modulates individual differences in the rsFC of the
defensive system. In this method, the connectivity strength relies
on the correlation between the averaged BOLD signal of a region
of interest (ROI), also called the seed, and the BOLD signals
from other parts of the brain (voxels or other ROIs). For this
study, we defined ROIs for three key regions of the defensive
system proposed in the most recent update of the RST (Gray &
McNaughton, 2000): the periaqueductal gray, the amygdala, and
the hippocampus. The medial hypothalamus was not defined as a
ROI, because susceptibility artifacts affected this region in our
sample. Amygdala and hippocampus seeds (left and right, sepa-
rately) were defined from the masks provided in the anatomical
automatic labeling (AAL) atlas (Tzourio-Mazoyer et al., 2002).
The PAG seed was defined from the mask provided by the
Harvard Ascending Arousal Network (AAN) Atlas (Edlow
et al., 2012). Pearson’s correlation coefficient was used as a
measure of rsFC. We performed seed-to-voxel and seed-to-
seed analyses. In seed-to-voxel analysis, a rsFC spatial map for
each participant and seed was calculated by correlating the seed’s
time series with the time series of every other voxel in the brain.
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In seed-to-seed analysis, pairwise correlations between the time
series of the defined seeds were performed. Fisher’s r to z trans-
formation was performed to normalize correlation values.
Between group comparisons for seed-to-voxel analyses were
performed using Statistical Parametric Mapping 12 (SPM12,
http://www.fil.ion.ucl.ac.uk/spm) and Matlab R2014b
(MathWorks, Inc., Natick, MA). In order to study differences
between the EC and EO groups in the association between SP
and the rsFC maps, a whole brain interaction analysis was
performed using GLM for each seed. The model included two
regressors defining the groups and two regressors defining the SP
scores (one per group). Age, sex, and the number of volumes
with FD Power > (.2 also were included as nuisance regressors.
The comparison of the regression slopes for SP regressors
between groups was the contrast of interest. Given the
nondirectional nature of our hypothesis, we used an F test in
SPM to study between-group comparisons. Significance was
determined using cluster-extent based thresholding at p < 0.05
FDR-corrected, using a voxel-level primary threshold of p < 0.
001 uncorrected. For seed-to-seed analyses, we performed the
same interaction model as described above in SPSS 23 (IBM
Corp.). The statistical threshold for this analysis was set at p <
0.05 FDR-corrected (Benjamini & Hochberg, 1995). For all sig-
nificant interactions, we performed post hoc testing to further
study the directionality of the results. For seed-to-voxel analyses,
the post hoc tests consisted of multiple regression designs, in-
cluding SP as the variable of interest for each group separately.
These analyses were restricted to a mask of the voxels that
showed a significant interaction effect in the between-group
comparisons, with a threshold of p < 0.05 FWE corrected at
the voxel level. Given that the definition of nonindependent
functional masks could bias the results, these analyses should

Table 2 Summary of the seed-to-voxel and seed-to-seed results

be interpreted as merely descriptive. Post-hoc tests in seed-to-
seed analyses consisted of Pearson correlations between rsFC
and SP for each group separately.

Finally, given the unbalanced number of participants in the
EC and EO groups, and the fact that these groups differ or
slightly differ on some variables (Table 1), we replicated all
the analyses using matched groups. Specifically, we selected a
subsample of 56 participants from the pool of 88 EC partici-
pants. This subsample was selected to match them exactly
with the 56 participants from the EO group on sex and edu-
cation level, showing minimal differences in age, sensitivity to
punishment, number of volumes with FD Power > 0.2, and
mean FD Power (see supplementary Table 1). The results
using these matched groups are reported in supplementary
Table 2.

Results

Seed-to-voxel analysis was performed in order to study
whole-brain differences between resting modalities in the re-
lationship between SP and the rsFC maps. This analysis
showed that SP-related individual differences in the rsFC
maps of the amygdala and hippocampus were modulated by
eye status. On the one hand, we found a significant interaction
effect in the rsFC between the left amygdala and precuneus
(Table 2). As Fig. 1a shows, the EC group showed a positive
relationship between SP and the rsFC of the left amygdala
with the precuneus. In contrast, the EO group showed a neg-
ative relationship between these variables. This shift in the
relationship between SP and rsFC was confirmed in post hoc
testing, which showed voxels with a significant positive

Functional connectivity methods and results

Seed-to-voxel analyses

Eyes closed vs. eyes open

Seed Cluster size F p FDR corrected MNI coordinates Anatomical area
Amygdala left 31 21.66 0.002 —9-5748 Precuneus
Hippocampus left 59 28.58 <0.001 34254 Precuneus
Seed-to-seed analyses

Eyes closed vs. eyes open Eyes closed Eyes open
Seeds t p FDR corrected r p(unc.) r p(unc.)
PAG - Amygdala left 3.51 0.004 0.08 >0.1 -0.39 0.003
PAG - Amygdala right 221 0.035 0.01 >0.1 —-0.30 0.025
PAG - Hippocampus left 2.93 0.012 0.03 >0.1 —0.36 0.006
Amygdala left - Hippocampus left —2.23 0.035 -0.11 >0.1 0.27 0.046
Amygdala right - Hippocampus right —2.47 0.030 -0.03 >0.1 0.36 0.006

Results for the interaction between sensitivity to punishment and eyes closed vs. eyes open on the resting state functional connectivity are displayed. R-
values represent the correlation between “seed-to-seed”” connectivity values and sensitivity to punishment. PAG = Periaqueductal Gray.
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Fig. 1 Results from seed-to-voxel analysis. a Significant between-group
differences in the relationship between sensitivity to punishment and
individual differences in the functional connectivity of the amygdala. b
Significant between-group differences in the relationship between sensi-
tivity to punishment and individual differences in the functional connec-
tivity of the hippocampus. The color bars represent the F-value applicable

relationship between SP and rsFC in the EC group (k = 11)
and voxels with a significant negative relationship between SP
and rsFC in the EO group (k = 15). Furthermore, we found a
significant interaction effect in the rsFC between the left hip-
pocampus and precuneus (Table 2). Similar to the results
found in the left amygdala, SP was positively related to the
rsFC between the left hippocampus and precuneus in the EC
group but negatively related to it in the EO group (Fig. 1b).
Again, these results were confirmed in the post hoc test per-
formed in the EC group (k = 14) and the EO group (k = 36)
separately. No significant results were found using the PAG
seed in seed-to-voxel analyses. Similar results were found
using the subsample of matched EC and EO participants
(see supplementary Table 2).

Seed-to-seed analysis was performed to directly investigate
how eye state modulates individual differences in the rsFC
between our seeds (Table 2; Fig. 2). These analyses revealed
a significant interaction effect in the rsFC between the PAG
and left hippocampus. Post hoc analyses of this comparison
revealed a significant negative correlation between rsFC and
SP in the EO group, but not in the EC group. Furthermore, eye
state modulated the rsFC between both the left and right

19 24

Sensitivity to Punishment

Left hippocampus seed

¢ Eyes Closed
93 e Eyes Open

Hippocampus-Precuneus rsFC

Sensitivity to Punishment

to the images. Scatter plots are presented for illustrative purposes only,
and they show the relationship between sensitivity to punishment and
functional connectivity for each group separately. Functional connectiv-
ity values on the Y-axis were obtained from the average of the voxels,
showing significant differences in between-group comparisons.

amygdala and the PAG. Post hoc testing showed that these
differences were driven by significant negative correlations
between the rsFC and SP in the EO group, with no correla-
tions in the EC group. Finally, we found significant interaction
effects for the relationship between SP and the rsFC between
the amygdala and hippocampus. These results were found in
the rsFC between the left hippocampus and left amygdala, as
well as between the right hippocampus and right amygdala.
Post hoc analyses revealed that these interaction effects were
driven by a positive relationship in the EO group, with no
relationship in the EC group. Table 2 and Fig. 3 show a sum-
mary of our results.

All of these results were replicated using the subsample of
matched EC and EO participants, with the exception of the
interaction effect on the rsFC between the PAG and right
amygdala (see supplementary Table 2).

Discussion

In this study, we investigated how eye state at rest modulates
the manifestation of individual differences in the rsFC of
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Fig.2 Seed-to-seed results. Scatter plots show the relationship between sensitivity to punishment and resting state functional connectivity for each group

separately.

defensive system areas. To achieve this, we compared two
groups of participants: an rs-fMRI scan was performed on
each participant, with either EO or EC, and the SP scale from
the SPSRQ was also completed for each. Whole-brain voxel-
wise analyses showed that eye state modulates the relationship
between SP and individual differences in the rsFC between
the left amygdala and left hippocampus and the precuneus.
Furthermore, seed-to-seed analysis showed that SP-related in-
dividual differences in the rsFC between the PAG and amyg-
dala, the PAG and left hippocampus, and the amygdala and
hippocampus were also modulated by eye state. These find-
ings suggest underlying differences in the rsFC of anxiety-
related areas between EC and EO, which may influence the
manifestation of individual differences in SP.

Results of seed-to-voxel analysis showed a similar connec-
tivity pattern in the left amygdala and left hippocampus seeds.
With EC, the rsFC between the precuneus and these two re-
gions was positively associated with SP. By contrast, SP was
negatively associated with the rsFC between the precuneus
and the two aforementioned regions during EO. The
precuneus is functionally related to visuo-spatial imagery, ep-
isodic memory retrieval, self-processing, and consciousness
(Cavanna & Trimble, 2006). Although the precuneus is wide-
ly known for its involvement in the default mode network
(Raichle et al., 2001), evidence from functional connectivity
studies suggests that it could be subdivided based on its con-
nectivity patterns in its dorsal and ventral portions (S. Zhang
& Li, 2012). The ventral portion would be related to the de-
fault mode network, whereas the dorsal portion would be con-
nected to areas associated with the dorsal attention network
(Corbetta & Shulman, 2002) — a brain network related to a
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variety of functions, including top-down control of visual at-
tention, visuospatial imagery, and working memory
(Corbetta, Patel, & Shulman, 2008; Mellet, Petit, Mazoyer,
Denis, & Tzourio, 1998; Ptak, Schnider, & Fellrath, 2017;
Tomasino & Gremese, 2016). In our study, the region of the
precuneus that showed an interaction effect between eye state
and SP in the connectivity with the amygdala and hippocam-
pus was mainly located in the dorsal portion (Brodmann’s area
7). The results of a recent study investigating functional con-
nectivity differences between performance on a symbol digit
modalities test and resting state suggest that this area might
work as a transient in-between hub connecting the default
mode network to task positive areas (da Silva, Rondinoni, &
Leoni, 2020). Specifically, this study showed that the dorsal
precuneus was positively correlated with task positive regions,
and negatively associated with the default mode network
nodes when comparing task performance with the resting state
condition. Furthermore, there is evidence suggesting that net-
works related to internally oriented and externally oriented
cognition, such as default mode network, salience network,
and dorsal attention network, dynamically switch between
information processing modes as a function of eye state
(Costumero et al., 2020; Xu et al., 2014; D. Zhang et al.,
2015). Given these previous findings, our results might sug-
gest that high SP is associated with a higher involvement of
anxiety-related areas in the brain mechanisms implicated in
orienting cognition toward internal or external stimuli.
Individual differences in the connectivity between the amyg-
dala and precuneus were previously shown in a study using
the neuroticism scale from the NEO Five-Factor Inventory
(Aghajani et al., 2014). Specifically, the authors of that study



Cogn Affect Behav Neurosci (2021) 21:144-155

151

found that during an EC resting state session, the connectivity
between the amygdala and dorsal precuneus was positively
associated with individual differences in trait neuroticism.
Therefore, the positive relationship between SP and the con-
nectivity between the amygdala and precuneus in the EC
group shown in our study converges with these findings.
When we analyzed seed-to-seed rsFC between our ROIs,
we showed that eye state modulated individual differences in
the PAG rsFC. Specifically, our results suggest that the rsFC
of the PAG with the amygdala and left hippocampus is nega-
tively associated with SP during EO. The PAG has mainly
been related to the smallest defensive distances, such as fight,
flight, and freeze (Fanselow, 1991). This region is structurally
connected with the amygdala, and it shows functional connec-
tivity with both the amygdala and hippocampus (Linnman,
Moulton, Barmettler, Becerra, & Borsook, 2012). The amyg-
dala and hippocampus are suggested to be higher in the hier-
archy of the defensive system, with the former implicated in
the control of active avoidance and the arousal associated with
anxiety, and the latter mainly related to anxiety (McNaughton
& Corr, 2008). Previous studies have shown modulatory ef-
fects of eye state in these three regions. Thus, the degree of
rsFC between the PAG and the medial frontal cortex was
associated with glutamate concentrations in the EC condition,
but not in the EO condition (Duncan et al., 2013).
Furthermore, previous evidence showed increased hippocam-
pus activity after closing eyes in darkness (Wiesmann et al.,
2006) and higher variance and regional homogeneity in amyg-
dala BOLD signals in an EC condition compared with an EO
condition (Jao etal., 2013; Liu et al., 2013). In our study, seed-

to-seed analysis also showed differences in the relationship
between SP and the rsFC between the amygdala and hippo-
campus as a function of eye state. SP-related individual dif-
ferences in the rsFC between the hippocampus and amygdala
were shown in a previous fMRI study investigating the brain
response to punishment anticipation (Hahn et al., 2010).
Specifically, in that study, the authors used the beta series
correlation method to show that the connectivity between
the hippocampus and amygdala during the presentation of
visual cues signaling potential monetary loss was positively
related to individual differences in SP. In our study, the
significant interaction effects in the rsFC between the
hippocampus and amygdala were driven by a positive
association between SP and rsFC in the EO group,
suggesting that individual differences in the connectivity
between these regions are also present when eyes are open,
but in the absence of punishment cues. Interestingly, Hahn
etal. (2010) also performed a psychophysiological interaction
analysis comparing punishment cues with neutral cues, but
they did not find significant differences using this methodol-
ogy. Psychophysiological interaction analysis is a method
used to investigate specific differences in brain connectivity
between task conditions. Given these negative results and the
results presented here, future studies should determine wheth-
er the presence of aversive cues influences the relationship
between SP and amygdala-hippocampus connectivity, or
whether this relationship was actually driven by the existence
of individual differences at rest. This distinction may imply a
different brain predisposition related to SP; variances in con-
nectivity observed in the presence of aversive cues would be
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) ()

Amygdala

Eyes Open

DR
Precuneus
L
Hippocampus 639
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=) SP positive correlations
¢===) SP negative correlations

Fig. 3 Summary of the modulatory effects of eyes open and eyes closed
conditions in the manifestation of individual differences in functional
connectivity associated with sensitivity to punishment. Red arrows
show the brain regions that present a significant positive relationship
between functional connectivity and sensitivity to punishment in the

eyes closed group (left) and the eyes open group (right), as determined
by the post hoc tests. Blue arrows show the brain regions that present a
significant negative relationship between functional connectivity and sen-
sitivity to punishment in the eyes closed group (left) and the eyes open
group (right), as determined by the post hoc tests.
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associated with individual differences in “control mode”
(brain’s response system to present stimuli), whereas vari-
ances in rsFC would be linked to differences in “checking
mode” (brain activity in absence of stimuli; see Avila &
Torrubia, 2008). Our results, thus, would suggest the latter.

There are several limitations and directions for future re-
search that should be considered. First, we did not record
specific measures of rumination, anxiety state, or personality
measures other than the SPSRQ. Thus, interindividual vari-
ability in any of these dimensions could affect the observed
between-group differences. Second, the amygdala, hippocam-
pus, and PAG are not unitary regions and could be further
subdivided into more specialized subareas. In this study, we
used global ROIs as defined in anatomical atlases (Edlow
et al., 2012; Tzourio-Mazoyer et al., 2002); however, the use
of a different set of ROIs might provide results not observed in
this study. Third, RST proposes cortical regions such as the
prefrontal cortex or cingulate as part of the defensive system
(McNaughton & Corr, 2008). However, we did not include
these regions in our study, because the large size of these areas
limits their definition as discrete seeds, and the model is not
specific about the possible subareas associated with SP.
Finally, it could be worthwhile to study the possible implica-
tions of our results in specific psychopathologies, such as
anxiety or mood disorders. For example, previous studies in
depressed individuals have related rumination with increased
activity in the amygdala, hippocampus, and precuneus
(Burkhouse et al., 2017; Mandell, Siegle, Shutt, Feldmiller,
& Thase, 2014), and self-reported rumination measures have
been positively associated with the SP trait (Leen-Feldner,
Zvolensky, Feldner, & Lejuez, 2004). In our study, eye state
modulated the relationship between SP and rsFC in these
structures. Thus, the question arises about whether eye state
might play a role in ruminative thinking. Furthermore, previ-
ous evidence has related GAD and excessive worry to an
altered processing of interoceptive signals during conditions
of external processing, such as EO resting or emotional stimuli
processing (Pang et al., 2019; Weber-Goericke & Muehlhan,
2019). Thus, the results of our study might have implications
for therapeutic approaches performed within a specific eye
state, such as mindfulness meditation; indeed, there is evi-
dence suggesting that the success of this technique is modu-
lated by personality factors (Ding, Tang, Deng, Tang, &
Posner, 2015).

In summary, in this study we have shown that opening or
closing eyes during resting state modulates the relationship
between SP and individual differences in the rsFC of defen-
sive system areas. Specifically, our results showed that
precuneus-amygdala and precuneus-hippocampus rsFC were
positively related to SP during EC, but negatively during EO.
Moreover, during EO, SP was positively related to the rsFC
between the hippocampus and amygdala, and negatively re-
lated to the rsFC between the PAG and the amygdala and

@ Springer

hippocampus. These findings converge with the existence of
a differential brain information processing mode associated
with exteroceptive and interoceptive states, and suggest that
these states affect the manifestation of individual differences
in SP. Therefore, eye state should be considered as a modula-
tory factor in future rsFC studies of anxiety.
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