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1 | INTRODUCTION
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Abstract

Keeping appropriate interpersonal distance is an evolutionary conserved behavior
that can be adapted based on learning. Detailed knowledge on how interpersonal
space is represented in the brain and whether such representation is genetically
influenced is lacking. We measured brain function using functional magnetic reso-
nance imaging in 294 twins (71 monozygotic, 76 dizygotic pairs) performing a dis-
tance task where neural responses to human figures were compared to cylindrical
blocks. Proximal viewing distance of human figures was compared to cylinders facili-
tated responses in the occipital face area (OFA) and the superficial part of the amyg-
dala, which is consistent with these areas playing a role in monitoring interpersonal
distance. Using the classic twin method, we observed a genetic influence on interper-
sonal distance related activation in the OFA, but not in the amygdala. Results suggest
that genetic factors may influence interpersonal distance monitoring via the OFA
whereas the amygdala may play a role in experience-dependent adjustments of inter-

personal distance.
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whether activity in these areas is genetically influenced, in a large

sample of twins.

Social spacing is an evolutionary conserved behavior that can be
observed in social species including humans. The behavior is
thought to reduce aggressive encounters and spread of diseases
(Giuggioli et al., 2013) between members of a species, thus pro-
moting survival (Curtis, 2014; McBride, 1971). Individual differ-
ences in social spacing depends on learning (Ahs et al., 2015) but
could also be expected to be under genetic influence, given its evo-
lutionary origin (Waser & Wiley, 1979). We here aimed to establish
what brain areas respond to proximal interpersonal distance and

Across neuroimaging studies, social stimuli consistently activate a
network of regions situated within the visual stream. This network of
brain regions includes the lateral occipital face area (OFA) in the infe-
rior occipital lobe and the fusiform face area in the fusiform gyrus
(Grill-Spector et al., 2017; Kanwisher et al., 1997). In addition, the
amygdala is consistently activated by social stimuli (Ahs et al., 2014;
Fusar-Poli et al., 2009). Although there is great consistency in the set
of brain regions activated by social stimuli, the magnitude of the
responses in these areas varies between individuals. The source of
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individual variation in activation to social stimuli in the fusiform face
area has been suggested to be partially genetic, as a study found
greater correlation between identical than fraternal twin pairs in this
area (Polk et al., 2007b). Using a larger sample of twins from the
Human Connectome Project, the finding of a genetic influence in
face-related activation of the fusiform face area has been replicated
(Abbasi et al., 2020). Genetic influences on activation serving face per-
ception were also observed in the lateral OFA (Abbasi et al., 2020).

Whereas social stimuli activate brain areas mostly in the ventral
visual stream, brain activations to proximal relative to distant objects
have been found in the primary visual cortex (visual area V1) exten-
ding in the dorsal visual stream up to the parietal lobe (Vieira
et al,, 2017; Vieira et al., 2019). The amygdala has also been found to
be activated by objects suddenly appearing in a proximal location
(Coker-Appiah et al., 2013; Vieira et al., 2019). Apart from the amyg-
dala, the hippocampus and enthorhinal cortex could also be hypothe-
sized to be relevant to distance perception given their role in spatial
mapping of the environment (Rigoli et al., 2016; Suarez-Jimenez
etal, 2018).

Brain systems monitoring social information and proximity to
objects interact to monitor interpersonal space. Research on neu-
ral correlates of interpersonal distance indicate that ventral parie-
tal (Holt et al.,, 2014) and lateral occipital areas increase their
activity to social stimuli at near distance (Vieira et al., 2017). A
study in a patient with lesions of the bilateral amygdala also sug-
gest that this area monitors personal space (Kennedy et al., 2009).
The amygdala is also regulating defensive responses, and
increases in autonomic activity and startle-responses to social
stimuli appearing at near interpersonal distance have been
reported (Ahs et al.,, 2015; Graziano & Cooke, 2006; McBride
et al., 1965; Rosén et al., 2017; Wilcox et al., 2003). The genetic
influence on brain responses supporting interpersonal space per-
ception or autonomic activation from proximal encounters is,
however, yet to be determined.

The aim of the present study was to investigate the genetic influ-
ence on brain function supporting visual processing of social content,
distance, and interpersonal distance. To accomplish this, we devel-
oped a functional magnetic resonance imaging (fMRI) paradigm prob-
ing brain response to social and proximal objects in a sample of
71 monozygotic (MZ) and 76 dizygotic (DZ) adult twin pairs recruited
from the Swedish Twin Registry. During the experiment, we displayed
humanoid characters and cylinder-shaped objects on a screen in the
scanner (Figure 1). Characters and objects were displayed at proximal
and distal distances. Brain responses to social objects were assessed
by comparing presentation of humanoid characters to cylindrical
shapes. We compared proximal and distant presentations to deter-
mine distance-related brain responses. Activation to interpersonal dis-
tance was defined as the interaction between social content and
distance. Specifically, we were interested in brain areas that showed
greater responses to near social than nonsocial stimuli relative to their
distant counterparts. Brain activity was measured using fMRI and
autonomic activity was indexed by skin conductance responses

(SCRs). We have previously shown that SCR is sensitive to distance

FIGURE 1
brain and autonomic responses to social content and viewing
distance. Interpersonal distance was defined as the interaction
between social content and distance. Human figures and cylinders of
similar size were presented 10 times each at proximal and distant
locations for a total of 40 presentations (2 distances x virtual
characters and 2 distances x cylinders)

Experimental design. Images depict stimuli used to test

manipulations in immersive virtual reality as well as on a flat screen
(Rosén et al., 2017; Rosén et al., 2019). The brain was parcellated
according to the Julich Brain Atlas (Amunts et al., 2020) which is
based on cytoarchitectonic definitions of brain areas. A region of
interest (ROI) approach was used as this is known to improve signal to
noise ratio in fMRI. We hypothesized a genetic influence on brain
function in areas of the ventral visual stream consistent with previous
reports (Abbasi et al., 2020; Polk et al., 2007a). We also expected a
genetic influence on brain responses related to viewing distance and
interpersonal distance, although we did not have specific hypotheses

in which brain areas effects would be observed.

2 | MATERIALS AND METHODS

21 | Subjects

During 2017-2018, same sex twins between ages 20 and 60 were
recruited through the Swedish Twin Registry. A total of 3021 individ-
uals were invited to participate in the study via mail, and out of those,
646 applicants signed up for participation. Participants were excluded
if they were unable to undergo an MRI examination safely because of
medical implants or other nonremovable metal inside the body, ongo-
ing substance abuse, ongoing psychological treatment, and/or use of
medicine affecting emotion or cognition. After the initial screening,
305 participants underwent fMRI. After data collection, 11 participants
were excluded because of excessive head motion (3), inadequate per-
formance on the experimental task (5), or missing data or incomplete
twin pair (3). The final sample of 294 twins included 71 MZ pairs
(42 female and 29 male pairs), 76 DZ pairs (44 female and 32 male
pairs; mean age 33.64 years; SD = 10.13, age range: 20-58 years; See
Table S1 for demographical characteristics of the twin sample). Partici-
pants received 1000 SEK (roughly equal to 100 USD) as reimburse-
ment for their participation. All participants included in the study
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provided written informed consent. The study was approved by the
Uppsala Ethical Review Board (Dnr2014-01160).

22 | Materials

2.2.1 | Stimuli and virtual environment

Two male humanoid characters, two cylinder-shaped objects, and one
virtual environment were created in Unity (version 5.2.3, Unity Tech-
nologies, San Francisco, CA) (Figure 1). To control for potential con-
founds based on stimuli sizes, we modeled the two cylinder-shaped
objects to match the size of the two humanoid characters. Two stimuli
of each type (social vs. nonsocial) was used to maximize the delay of
habituation. The virtual environment in which characters and cylinders
was presented consisted of a room with four sand-colored brick walls,

gray concrete roof, and a wooden or concrete floor.

2.3 | Stimulus presentation software

Contexts and stimuli were presented on a flat screen in the MR scanner
with the help of a projector (Epson EX5260). The computer controlling
the stimulus presentation ran a custom- made software created in Unity
(version 5.2.3, Unity Technologies, San Francisco, CA) and communicated
with BIOPAC (BIOPAC Systems, Goleta, CA) through a parallel port inter-
face. The software for the parallel port interface was custom-made and
used standard. NET serial communication libraries by Microsoft
(Microsoft Corporation, Albuquerque, New Mexico). Stimulus presenta-

tion software can be obtained upon request.

24 | Brainimaging

Imaging data were acquired using a 3.0 T scanner (Discovery MR750, GE
Healthcare) and an 8-channel head-coil at Karolinska Institute Center for
Radiology Research in Stockholm, Sweden. Foam wedges, earplugs, and
headphones were used to reduce head motion and scanner noise.
T1-weighted structural images were acquired with whole-head coverage
[repetiton time (TR) = 6400 ms, echo time (TE) = 28 ms, acquisition time
6.04 min, and flip angle 11°]. Functional images were acquired using gra-
dient echo-planar-imaging (EPI), with TR = 2390 ms, TE = 28 ms, flip
angle = 807, slice thickness 3.0 mm with no spacing, axial orientation, fre-
quency direction R/L, and interleaved bottom up. Higher order shimming
was performed and the number of dummy scans before the experiment
was five. Total number of slices for every acquired volume was 47 with a

voxel size of 3.0 mm®.

2.5 | Skin conductance responses

Skin conductance recording was controlled with the MP-150 BIOPAC
system (BIOPAC Systems, Goleta, CA). Radio-translucent disposable

dry electrodes (EL509, BIOPAC Systems, Goleta, CA) were coated
with isotonic gel (GEL101, BIOPAC Systems, Goleta, CA) and placed
on the palmar surface of the left hand. The signal was high-pass fil-
tered at 0.05 Hz and SCRs were scored using Ledalab (Benedek &
Kaernbach, 2010) software package implemented in Matlab 2018
(Mathworks, Inc., Natick, MA). SCR was scored using the maximum
phasic driver amplitude 1-4 s after stimulus presentation for each par-
ticipant. SCRs were range-corrected by dividing all SCRs for each par-

ticipant with each participants average SCR (Ben-Shakhar, 1985).

2.6 | Procedure

2.6.1 | Interpersonal distance task

The task used was developed to study psychophysiological and neural
responses to social stimuli viewed at proximal and distant distances
(Rosén et al., 2017). One virtual character or object was presented at
a simulated distance of 0.3 m (Proximal) or 2.7 m (Distant) by a projec-
tor, projecting an image to the participant on a screen in the MR scan-
ner (Figure 1). The distances were selected to match distances
corresponding to inside and outside personal space (Kennedy
et al., 2009). Each stimulus presentation lasted 6 s with an inter-
stimulus interval (IT1) ranging between 8 and 12 s. During the ITI, the
virtual room in which the character or object was presented was still
shown on the screen. To control for ordering effects, which could be
large for fMRI and SCR data, two different stimulus presentation
orders were counterbalanced across participants. The two presenta-
tion orders differed only in the first four presentations, where the
order was reversed for half of the participants. Presentation orders
were pseudo-randomized, so that no more than two consecutive pre-
sentations of each stimulus type occurred. Each twin in a pair was
given the same presentation order. The total number of presentations
were 40, which included 10 presentations of a virtual character at
0.3 m, 10 presentations of a virtual character at 2.7 m, 10 presenta-
tions of a cylinder at 0.3 m, and 10 presentations of a cylinder at
2.7 m. Total time for the experimental task was 10 min and 4 s. The
current study was part of a larger study where the participants spent
a total of 60 min in the fMRI scanner. The social content and distance
presentation task was the first experimental run. Following the inter-
personal distance task, participants performed a fear-conditioning task
(Kastrati et al., 2021) and a face-matching task. Information about the
other experimental runs is available at the Open Science Foundation
(OSF) repository for this project (https://osf.io/7dz9/).

2.7 | Statistical analysis of imaging data

Analyses of fMRI-data were performed using SPM12 (Welcome
Department of Cognitive Neurology, University College, London)
implemented in Matlab 2019a (Mathworks, Inc., Natick, MA).
Preprocessing of images were performed using interleaved slice time

correction and included re-alignment and co-registration to the
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anatomical T1-weighted image. Images were spatially normalized to
Montreal Neurological Institute (MNI) standard space. Normalized
images were smoothed with an 8 mm FWHM Gaussian kernel.

Statistical analysis included a voxel-based first-level analysis and a
ROI-based second-level analysis. First-level analysis used event-related
modeling in the SPM12 software. Trial onsets for the characters and cyl-
inders displayed at proximal and distant distances were modeled as four
separate regressors with a trial duration of 6 s. Realignment parameters
were included as six regressors in the design matrix to correct for head
movements during image acquisition. Regressors were convolved with a
hemodynamic response function. Contrast images for each participant
were computed for the three contrasts (1) social greater than cylinder,
(2) proximal greater than distant, and (3) the interaction between social
content and distance (interpersonal distance).

In the group-level analysis, we used simple t-tests whether the con-
trast estimate for each ROI was different from zero. Mean contrast esti-
mates for every ROl was extracted with the help of the spm_read_vols()
function implemented in SPM12. We then performed t-tests on all
extracted ROl estimates in R (R Core Team [2013], http://www.R-
project.org/). This was performed for all contrasts (social content, dis-
tance, and interpersonal distance). We also analyzed proximal and distant
presentations for social content and distance separately to control for
interactions and effects of distance on social presentations. The level of
significance was set to p < .05 (Bonferroni-corrected).

Extraction of mean contrast estimates was performed using the Julich
Brain Atlas implemented in SPM Anatomy toolbox v.2.2c (Eickhoff
et al., 2005), which is based on cytoarchitectonic differences between brain
areas. The choice of using the cytoarchitectonic Juelich Brain Atlas for
parcellation of contrast images was based on previous findings showing
that gene expression differs along a posterior-anterior gradient in the visual
stream across these regions (Gomez et al., 2019). The Julich Brain Atlas
contains 200 cytoarchitectonic masks. All ROIls but two were used. These
two ROIs were located outside the activated brain region in the group-level
analysis (Cerebellum Vlla crusl Verm L and Cerebellum Vlla crusl Verm R)
and no fMRI data could hence be extracted. The choice of ROIs was there-
fore unbiased, as ROI definitions were independent of our study.

2.8 | Statistical analysis of SCR

We analyzed SCR data using simple t-tests implemented in R. Social
(humanoid character vs. cylinders-shaped object) and proximal (proxi-
mal vs. distant trials) stimuli was compared. For the interaction
between social content and distance, we analyzed SCR by comparing
change scores between proximal and distant trials for social and non-

social stimuli. The level of statistical significance was set to p < .05.

2.9 | Sensitivity analysis

We performed statistical analyses of fMRI and SCR data to evaluate if
results could be attributed to differences between men and women.
To evaluate if responses differed between men and women, we per-

formed two-sample t tests.

210 |
function

Estimation of genetic influences on brain

Identification of outliers: Before the genetic modeling, we identified
univariate outliers in our sample to increase the robustness of the
estimated correlations between MZ and DZ twins. Removal of outliers
is recommended in samples of less than 200 individuals (Pernet
et al., 2013) and has previously been used in a neuroimaging study of
twins performing a working memory task (Blokland et al., 2011). Iden-
tification and exclusion of outliers was performed for all contrasts
(social content, distance, and interpersonal distance) and each ROI
prior to the analysis. We visualized outliers using boxplots in R and
removed any participant with a mean contrast estimate or skin con-
ductance response deviating more than 1.5 times the interquartile
range above the upper and lower quartile. If one twin of a twin-pair
was categorized as outlier, the co-twin was also excluded from the
statistical analysis.

Estimation of genetic effects: After outliers were excluded,
additive genetic influences of brain data and SCR were estimated
using the Mets software package (Holst et al., 2016; Scheike
et al., 2014) implemented in R. We modeled data by decomposing
sources of variation in contrast estimates from the analysis of
fMRI data and SCR into the factors additive genetic (A), common
environment (C), and nonshared environment and error (E).
The A, C, and E factors were estimated by contrasting MZ-twin
pair correlations with DZ-twin pair correlations. The A-factor
could be identified based on that MZ-twins were genetically
identical while DZ-twins shared 50% of their co-segregating
alleles. Additionally, we assume that a shared environmental con-
tribution (C) is equally shared within pairs regardless if they are
MZ- or DZ twins. Finally, unique variance was estimated as an E-
factor, and represented unique individual experiences and error.
The A, C, and E factors were estimated for each of the 198 ROIls
in each of the three contrasts (social content, distance and inter-

personal distance).

211 | Geneticinfluence
2.11.1 | Geneticinfluence on neural responses to
social content

The variance in neural responses to social content in each ROl was
partitioned into additive genetics (A), common environment (C), and
unique environment (E) (ACE model). Statistically significant genetic
(A) influences on brain responses (Bonferroni-corrected p < .05) were
observed in the lateral OFA of the inferior occipital gyrus (Visual
hOc4v) and the fusiform face area (FG4), Table 1 and Figure 2. We
found no statistically significant genetic influence in the amygdala
related to social content. To increase robustness of our analysis, we
also combined the amygdala subregions of the Julich brain atlas into
one left and one right amygdala ROI. We found no significant genetic
influence activation in the left or right amygdala using these
combined ROls.
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2.11.2 | Geneticinfluence on neural responses
tracking distance

We found ROIs with statistically significant estimates of additive
genetic influence on neural activity tracking distance (Bonferroni-
corrected p < .05) located in the calcarine and lingual gyri (Visual
hOc2, hOc4v, and hOc3d), which included primary visual cortex
(V1) (Table 1 and Figure 2). However, we found no statistically sig-

nificant genetic influence in the amygdala subregions or in the

combined left and right amygdala ROls, that included all
subregions.
2.11.3 | Geneticinfluence on neural responses

showing an interaction between social content and
distance

We found a statistically significant genetic influence on contrast
values from the interaction between social content and the distance

manipulation in an area consistent with the OFA in the middle occipi-
tal gyrus (Visual hOc3v), Table 1 and Figure 2.

Because signals scale with the variance in biological systems, we
wanted to know whether genetic influences only were observed in
ROIs with large variance. To this end, we plotted the mean contrast
value across participants for each ROI against the variance in contrast
values for the same ROI (Figure 3) and marked ROls with a significant
genetic influence on contrast values. In the plots, genetic influences
were observed in ROIs with both low and high variance. Therefore,
the observed genetic influences were not restricted only to ROIs with

large variance.

2114 | Geneticinfluence on SCR

Genetic and environmental influences on SCR were also determined.
We found that the genetic influence on SCR to distance was not sta-
tistically significant (MZ, = 62, DZ,, = 71, A = 0.00, n.s.; C = 0.00, n.
s.). The genetic influence on SCR to social stimuli was also not

Brain regions with additive genetic influence (A) on brain function surviving the statistical criterion (Bonferroni-corrected p < .05)

TABLE 1
for social content, distance and interpersonal distance
Mz- DZ- A 95%
Region pairs pairs MZ, DZ, A Cl lower
Social content
Visual FG2 R 63 69 043 0.07 035 0.15
SPL5CiR 59 70 0.34 0.03 0.28 0.07
Visual FG1 R 57 69 0.27 006 0.26 0.05
Visual hOc5 R 63 71 0.30 0.11 026 0.06
Visual hOc4v 64 71 0.22 0.12 023 0.01
L
Distance
Visual hOc2 R 63 71 0.34 0.12 030 0.10
Visual hOc4v 61 69 0.38 -002 027 0.08
R
Visual hOc2 L 64 71 0.33 0.03 0.26 0.07
Visual FG1 L 65 63 0.31 006 0.24 0.07
Visual hOc4v 61 70 0.30 005 023 0.04
L
Visual hOc3d 64 71 0.26 0.07 0.23 0.03
R
IPLPFR 62 72 0.25 0.07 023 001
Cerebellum 60 71 0.26 004 022 001
Vlla crusl
Hem L
SPL 7AR 60 69 028 -002 021 001
Interpersonal distance
Visual hOc3v 59 69 0.29 008 026 004
L

A 95% C95% C95% E 95% E 95%
Clupper C Cllower Clupper E Cl lower  Cl upper
0.55 0.00 0.00 0.00 0.65 045 0.85
0.49 0.00 0.00 0.00 072 051 0.93
0.48 0.00 0.00 0.00 0.74 0.52 0.95
0.46 0.00 0.00 0.00 0.74 0.54 0.94
0.45 0.00 0.00 0.00 0.77 0.55 0.99
0.49 0.00 0.00 0.00 0.70 0.51 0.90
0.47 0.00 0.00 0.00 0.73 0.53 0.92
0.45 0.00 0.00 0.00 0.74 0.55 0.93
0.42 0.00 0.00 0.00 0.76 0.58 0.93
0.43 0.00 0.00 0.00 0.77 0.57 0.96
0.43 0.00 0.00 0.00 0.77 057 0.97
0.45 0.00 0.00 0.00 0.77 0.55 1.00
043 0.00 0.00 0.00 0.78 0.57 0.99
0.43 0.00 0.00 0.00 0.79 0.57 1.00
047 0.00 0.00 0.00 0.74 0.53 0.96

Note: Common (C) and unique (E) environment together with correlation coefficients for monozygotic (MZ r) and dizygotic (DZ r) twins are also tabulated.

Columns with MZ- and DZ-pairs show the total number of twin pairs included for each analysis.
Abbreviations: L, left hemisphere; R, right hemisphere.
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FIGURE 2 Estimated genetic influence on brain function.

(a) Locations of ROls are displayed on an anatomical template brain.
(b) Bars show statistically significant (Bonferroni-corrected p < .05)
additive genetic influence on brain function in regions for social
content (blue), distance (red) and interpersonal space (green)

statistically significant (MZ,, = 59, DZ,, = 72, A = 0.05, n.s.; C = 0.00,
n.s.). Finally, the genetic influence on the interaction between social
content and viewing distance was not statistically significant
(MZ,,=54,DZ,=72,A=0.00,ns.,C=0.15n.s.).

2.12 | Group level fMRI responses

2.12.1 | Neural responses to social content

Across participants, we found greater activation to human figures
than cylindrical shapes in the lateral occipital cortex (hOc4lp, hOc4la;
Figure 4 for distribution of statistically significant regions) and in an
area consistent with the OFA in the inferior occipital gyri (hOc3v,
hOc4v; Figure 5). We further noted increased activity in the lateral
fusiform gyri in an area consistent with the fusiform face area area
(Visual FG2 and FG4

basal forebrain, and the visual thalamus were also enhanced by social

=

. Responses in the amygdala, the hippocampus,

content (Figure 6). The response in the combined amygdala ROls was
also statistically significant (left amygdala: ty93 = 6.24, p < .05,
tros = 845, p<.05

Bonferroni-corrected; right amygdala:

Bonferroni-corrected). Continuing to the prefrontal cortex, ventrome-
dial regions, including the subgenual anterior cingulate cortex (BA25),
the orbitofrontal cortex (OFC Fo1l, Fo3) and the frontal pole (Fp1,
Fp2) showed increased responses to social content. Responses were
increased also more laterally in inferior frontal cortex (BA44, BA45).
Finally, we found increases in the cerebellum (lobuleVlla crusl) and the
inferior parietal lobule (PGa). See Table 2 for statistics.

2.12.2 | Neural responses tracking distance

Next, we compared responses to proximal and distant presentations to
determine which ROIs increased their activity to proximal stimuli. There
was a significant increased response in medial occipital areas including
the calcarine gyrus (hOc1, hOc2) and cuneus (Visual hOc3d and hOc4d),
stretching up dorsally to the superior parietal lobule (IPL7a, IPL7m). In the
inferior occipital lobe, the ventral parts of V3 and V4 were activated
(Visual hOc4v and hOc3v; Figure 5). All areas of the fusiform gyrus
(FG1-FG4) were activated, although medial parts showed greater activa-
tion than lateral parts. In the medial temporal lobe, we observed signifi-
cant increase to proximal stimuli in the hippocampus and the amygdala
(Figure 6). We also observed a statistically significant response in the
combined amygdala ROIs (left amygdala: to93 = 9.59, p < .05, Bonferroni-
corrected; right amygdala: tooz = 9.29, p < .05, Bonferroni-corrected).
The visual parts of the thalamus and the basal forebrain were also acti-
vated. Several areas in the cerebellum showed increased responses as a
function of proximal viewing distance. We further found activation in the
inferior frontal cortex (Broca 44, 45) and in the orbitofrontal cortex (OFC
3). Table 3 for statistics.

2.12.3 | Neural responses showing an interaction
between social content and distance

We observed an interaction between social content and distance in
areas of the middle occipital cortex (hOc3v and hOc4v) and in the lat-
eral occipital cortex (hOc4lp) (Figure 5). The regions in the middle
occipital cortex were consistent with the OFA and responses were
greater to proximal human figures than cylinders. This pattern of
responses was observed also in the superficial part of the amygdala
(Table 4 and Figure 6). Whereas activation in the OFA was greater to
social figures than cylinders both at proximal (t,93 = 16.65, p < .05)
and distant ty93 = 8.84, p < .05) viewing distances, activation in the
superficial part of the amygdala was only facilitated by social content
at proximal viewing distance (proximal: t,g3 = 9.28 p < .05, distant:
toos = 1.45. p = 1). There was no interaction between social content
and distance on brain responses for our combined amygdala ROls.

2.124 | Comparison of responses to social content
and distance across ROls

When comparing responses across regions in the occipital cortex (see
Table 5 for simplified results summary and Table S2 for t-statistics),
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separated by social content (a), distance (b) and interpersonal distance (c). Yellow triangles denote regions with statistically significant (Bonferroni-

corrected p < .05) genetic influence on brain activation
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FIGURE 4 Distribution of p values across ROls. Bars display
mean —log4o p values partitioned into brain regions

proximal distance increased responses to a larger extent than social
stimuli in V1 and V2 as well as the dorsal parts of V3 and V4. Social
stimuli activated the lateral part of V4 (Oc4la, Oc4lp) and V5 to a

larger extent than the distance manipulation, but only in the right
hemisphere. In the parietal cortex, the medial and posterior parts
of the superior parietal lobule (SPL 7 m, SPL 7p) were more respon-
sive to proximal presentations than to social content, whereas the
inferior parietal lobule (IPL PGa) was more activated by social con-
tent (Table S2). When we compared responses to social content
and distance across brain territories, we found the highest fre-
quency of statistically significant results in the visual regions
(Figure 4).

The fusiform face area (FG2, FG4) was activated both by social
content and by proximal viewing distance, while the more medial
parts of the fusiform gyrus (FG1, FG3) were activated by proximal
distance only (Figure 5). There was also an overlap in activation of
the ventral portions of visual areas V3 and V4 to the distance
manipulation and to social content. However, the lateral parts of
V4 (hOc4la, hOc4lp) together with area V5 were activated to a
greater degree by social content than proximal distance (Table S2,
Figure 5).

In the medial temporal lobe, activations to proximal viewing dis-
tance and social content were not significantly different when cor-
recting for multiple comparisons across all ROIls. In the prefrontal
cortex, however, the medial orbitofrontal cortex (OFC1) was activated
to a greater degree by social content than by the distance manipula-
tion (Table S2).

2.12.5 | Sensitivity analysis

To control for potential confounds based on participants' sex, we
compared brain activations for all contrasts (social content, distance,
and interpersonal distance) for all ROls. We found no statistically sig-
nificant difference between men or women. Hence, results seem to

generalize over the sexes.
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FIGURE 5 Activations of inferior occipital regions and the fusiform gyrus. (a) Locations of ROls are displayed on an anatomical template
brain. (b) Mean contrast estimates for the comparison human figure > cylinder. The lateral parts of the fusiform gyrus (FG2 and FG4), including
FFA, show greater estimates than medial parts (FG1 and FG3). (c) Mean contrast estimates for the comparison proximal > distant. Greater
contrast estimates were observed in ventral V3 and V4 (hOc3v, hOc4v) together with both medial and lateral parts of fusiform gyrus. The lateral
parts of the occipital cortex (hOc4la, hOc4lp, hOc5) were less activated by the distance manipulation than by social content. d) Mean contrast
estimates for the interaction social x distance, indicative of interpersonal distance monitoring. Greater contrast estimates were observed in
ventral V3 and V4 (hOc3v, hOc4v). Error bars represent 95% confidence intervals

2.12.6 | Autonomic responses to interpersonal
distance, social content, and distance

We examined the effect of social content and distance on SCR
using simple t tests. SCR was facilitated by distance (proximal
(M = 1.18, SD = 0.21) compared to distant (M = 0.82, SD = 0.21)
objects) (togo = 14.76, p < .05). SCR was, however, similar to social
characters (M = 1.01, SD = 0.20) and nonsocial cylinders
(M = 0.99, SD = 0.20) (ty9, = 0.94, p = .34). For the interaction
between social content and distance, we calculated the change
score by subtracting proximal and distant trials for social charac-
ters and nonsocial cylinders separately, and then compared the
scores. We found no statistically significant interaction between
social content (M = 0.02, SD = 0.40) and distance (M = 0.358,
SD = 0.42) (ty9, = 0.43, p = .67). Comparing the results between
men and women using two-sample t-tests, we found no statisti-

cally significant main effects [social content: ty9, = 1.83, p = .07,

(women: M = 0.06, SD = 0.39, men: M = 0.03, SD = 0.42); dis-
tance: tygq = 1.23, p = .22, (women: M = 0.39, SD = 0.38, men:
M = 0.32, SD = 0.46); interpersonal space: ty9q = 0.03, p = .98,
(women: M = 0.03, SD = 1.07, men: M = 0.03, SD = 1.08)].

3 | DISCUSSION

The aims of this study were to identify brain areas monitoring inter-
personal distance and estimate genetic influences on neural and auto-
nomic activations (SCR) in a large sample of twins. We found modest
genetic influences on brain activations related to social content and
distance in the OFA and the fusiform face area as well as in the cere-
bellum and parietal cortex. The superficial part of the amygdala, the
lateral occipital cortex, and the OFA were sensitive to the interaction
between social content and distance, consistent with these areas

playing a role in monitoring interpersonal distance. A genetic influence
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FIGURE 6 Comparison of contrast estimates for social content, distance and interpersonal distance in amygdala and hippocampus.
(a) Locations of ROIs are displayed on an anatomical template brain. (b) Bars show mean contrast estimates in the amygdala and hippocampal
regions divided by social content (blue), distance (red) and interpersonal distance (green). Error bars represent 95% confidence intervals

on interpersonal space related activation was evident in the OFA, but
not the amygdala.

In the occipital and fusiform face area, we found a genetic influ-
ence on activation to social content. Responses to faces were previ-
ously reported to correlate between MZ twin pairs (Polk et al., 2007a)
in the fusiform face area. In a more recent publication, genetic effects
on face-related responses were observed in both the occipital and
fusiform face areas, as we also found (Abbasi et al., 2020). These addi-

tive genetic effects explained around 20% of the variance in face-

related activity, which was similar to the effect that we report here.
Further, genetic influence on face-related responses in amygdala were
nonsignificant in the study by Abbasi et al. (2020), which could indi-
cate a stronger environmental influence on face perception in this
brain region, consistent with the idea that the amygdala is involved in
threat learning.

Genetic influences on responses sensitive to proximal viewing
distance were found in early visual cortex and the dorsal visual stream

including areas of the superior parietal sulcus involved in sensory-
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TABLE 2 Brain activation to social content (Bonferroni-corrected p < .05)

Region ta93 —logiop Contrast estimate 95% Cl lower 95% Cl upper
Visual FG4 R 23.16 65.14 0.60 0.55 0.65
Visual hOc4lp R 20.99 57.30 1.01 0.91 1.10
Visual hOc4la R 18.95 49.81 0.62 0.56 0.69
Visual hOc3v R 18.88 49.56 0.62 0.56 0.69
Visual hOc4v R 18.63 48.64 0.70 0.62 0.77
Visual FG2 R 15.94 38.59 0.75 0.66 0.85
Visual hOc3v L 13.06 27.99 0.40 0.34 0.46
Visual hOc5 R 11.81 23.56 0.50 0.42 0.58
Visual hOc4v L 10.58 19.34 0.34 0.28 0.41
Amygdala SF R 10.42 18.80 0.23 0.19 0.28
Visual FG4 L 10.38 18.68 0.20 0.16 0.24
Visual hOc4lp L 8.91 13.97 0.33 0.26 0.40
Amygdala CM R 8.30 12.12 0.17 0.13 0.21
Amygdala SF L 8.05 11.38 0.19 0.15 0.24
OFCFollL 7.74 10.47 0.23 0.17 0.29
Bforebrain 4 R 7.50 9.83 0.13 0.10 0.17
Broca 45 R 7.47 9.73 0.18 0.13 0.22
Amygdala CM L 7.36 9.43 0.15 0.11 0.19
Amygdala LB R 7.23 9.08 0.13 0.10 0.17
Visual FG2 L 7.14 8.83 0.26 0.19 0.34
Amygdala AStr R 6.51 7.19 0.12 0.08 0.15
OFCFol1R 6.40 6.90 0.17 0.12 0.23
Hippocampus HATA R 6.26 6.56 0.14 0.10 0.19
Thalamus Visual R 6.13 6.26 0.10 0.07 0.13
Hippocampus HATA L 5.99 5.92 0.13 0.09 0.18
Bforebrain 4 L 5.94 5.80 0.11 0.07 0.15
Visual hOc4la L 5.89 5.69 0.17 0.11 0.22
Amygdala AStr L 5.37 4.49 0.09 0.06 0.12
Broca 45 L 531 4.36 0.14 0.09 0.19
OFC Fo3 R 5.20 4.13 0.11 0.07 0.15
FrontalPole Fp2 L 5.11 3.95 0.20 0.12 0.28
Amygdala LB L 4.93 3.56 0.09 0.05 0.13
FrontalPole Fp2 R 4.84 3.38 0.16 0.10 0.23
IPL PGa L 4.69 3.08 0.16 0.09 0.23
Hippocampus CA3 L 4.66 3.03 0.09 0.05 0.12
FrontalPole Fp1 L 4.49 2.68 0.14 0.08 0.20
Cingulum 25 L 4.25 224 0.08 0.04 0.12
Hippocampus CA2 R 4.20 2.15 0.06 0.03 0.09
Hippocampus CA2 L 4.06 1.90 0.06 0.03 0.09
FrontalPole Fp1 R 4.00 1.79 0.12 0.06 0.18
Cingulum 25 R 3.85 1.54 0.07 0.04 0.11
Cerebellum Vlla crusl Hem L 3.76 1.39 0.10 0.05 0.15

Abbreviations: L, left hemisphere; R, right hemisphere.

motor integration. Distance-related responses in the OFA and the responses to proximal distance and social content. In this brain region,
medial part of the fusiform gyrus were also genetically influenced. we also found a genetic influence on activity tracking interpersonal

Hence, in the OFA, we observed a genetic influence both on distance. The genetic influence on activations in the OFA is in line
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TABLE 3 Brain activation to distance (Bonferroni-corrected p < .05)

Region

Visual hOc3d R
Visual hOc1 L

Visual hOc3d L
Visual hOc2 L

Visual hOc1 R

Visual hOc2 R

Visual hOc4d R
Visual hOc4v L
Visual FG1 L

Visual FG1 R

Visual hOc4d L
Visual hOc4v R
Visual hOc3v L
Visual hOc3v R
Visual FG3 R

Visual FG4 R

Visual FG3 L

Visual FG4 L
Cerebellum VI Hem L
Visual FG2 L

Visual FG2 R
Cerebellum VI Hem R
SPL7ML

SPL7 MR

Thalamus Visual R
Amygdala SF L
Amygdala LB R
Amygdala LB L
Amygdala SF R
Amygdala CM L
Cerebellum Vlla crusl Hem L
Visual hOcé4lp L
Broca 45 L
Hippocampus EC R
Cerebellum V Hem L
SPL7PL

Amygdala AStr L
Cerebellum VI Verm L
Amygdala CM R
Cerebellum VI Verm R
Amygdala AStr R
Broca 45 R
Bforebrain 4 L
Thalamus Visual L
Hippocampus EC L

Cerebellum Vlla crusl Hem R

tao3
29.96
29.40
29.30
29.29
29.14
28.49
25.52
24.71
24.00
23.87
23.51
20.48
19.29
16.09
15.97
13.76
13.53
13.46
13.38
13.07
12.50
11.68
11.48
11.44
9.98
9.91
9.18
8.97
8.84
8.13
7.63
6.77
6.71
6.58
6.37
6.26
6.24
6.21
6.20
6.13
6.08
6.07
6.03
5.85
5.58
5.39

—logiop
88.19
86.39
86.04
86.00
85.52
83.41
73.40
70.59
68.13
67.66
66.40
55.45
51.06
39.17
38.70
30.56
29.72
29.46
29.17
28.04
25.99
23.11
22.42
22.28
17.38
17.12
14.79
14.14
13.76
11.61
10.18
7.86
7.71
7.38
6.85
6.56
6.53
6.45
6.41
6.26
613
6.11
6.00
5.58
496
454

Contrast estimate
1.11
1.11
1.05
1.04
1.02
0.99
0.92
0.82
0.80
0.79
0.75
0.74
0.70
0.67
0.62
0.55
0.54
0.50
0.35
0.34
0.32
0.31
0.26
0.25
0.25
0.22
0.22
0.21
0.21
0.20
0.20
0.17
0.16
0.16
0.15
0.15
0.15
0.14
0.13
0.13
0.13
0.12
0.11
0.11
0.10
0.10

95% Cl lower
1.03
1.03
0.95
0.93
0.98
0.97
0.85
0.76
0.68
0.68
0.73
0.71
0.56
0.49
0.30
0.30
0.22
0.22
0.27
0.43
0.46
0.21
0.58
0.55
0.12
0.18
0.13
0.13
0.16
0.12
0.16
0.15
0.11
0.08
0.09
0.22
0.06
0.14
0.09
0.13
0.06
0.10
0.08
0.05
0.06
0.09

95% Cl upper
1.18
1.18
1.09
1.06
1.12
1.11
0.99
0.89
0.80
0.81
0.86
0.87
0.69
0.62
0.38
0.40
0.29
0.29
0.36
0.58
0.63
0.29
0.83
0.78
0.18
0.26
0.20
0.20
0.25
0.20
0.27
0.27
0.20
0.15
0.16
0.42
0.12
0.27
0.17
0.26
0.12
0.19
0.15
0.10
0.13
0.20
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TABLE 3 (Continued)
Region ta93 —logiop Contrast estimate 95% Cl lower 95% Cl upper
Bforebrain 4 R 5.27 4.29 0.10 0.06 0.13
Hippocampus HATA L 5.07 3.85 0.10 0.06 0.14
Broca 44 L 5.04 3.80 0.09 0.07 0.16
Cerebellum V Hem R 4.88 345 0.09 0.05 0.12
OFC Fo3 L 4.64 2.98 0.09 0.05 0.13
OFC Fo3 R 4.49 2.70 0.09 0.05 0.12
Hippocampus HATA R 442 2.57 0.08 0.06 0.15
Visual hOc4la L 441 2.55 0.08 0.07 0.18
Hippocampus CA1 R 4.05 1.88 0.05 0.03 0.07
Hippocampus CA1 L 3.73 1.34 0.05 0.02 0.07
Abbreviations: L, left hemisphere; R, right hemisphere.
TA BLE 4 B'rain activation to . Region tao3 —logio p Contrast estimate 95% Cl lower 95% Cl upper
interpersonal distance (Bonferroni-
corrected p < .05) Visual hOc4lpR 699 844 0.26 0.19 0.34
Visual hOc3v R 6.37 6.84 0.22 0.15 0.29
Visual hOc4v R 5.72 5.28 0.22 0.14 0.29
Visual hOc3v L 4.02 1.83 0.14 0.07 0.21
Amygdala SF R 391 1.65 0.11 0.06 0.17
Amygdala SF L 3.84 1.52 0.10 0.05 0.16
Visual hOc4v L 3.81 1.47 0.14 0.07 0.21

Abbreviations: L, left hemisphere; R, right hemisphere.

with findings suggesting that brain activity to social agents in this
region is present already in young infants (Deen et al., 2017). Our
findings suggest that information about distance to social stimuli may
be integrated in the processing of social stimuli in this region and sup-
port that this type of processing is innate.

Responses in the OFA (hOc3v, hOc4v) were greater to human fig-
ures than cylinders as a function of viewing distance, indicating that
this region could play a role in monitoring interpersonal distance. The
OFA has been suggested to be the first node in a face perception net-
work where social features are represented before processing of
increasingly complex facial features in higher face-processing regions
(Kragel et al., 2019). Our finding suggest that interpersonal distance
may be represented at this early processing stage in the face network.

The right lateral occipital cortex (hOc4lp) was the area with the
greatest increase in response to proximal human figures as compared
to cylindrical shapes. This region has previously been implicated in
processing of social stimuli as well as objects (Grill-Spector
et al,, 2017), and it has a preference for visual shapes at least from
6 months of age (Emberson et al., 2017). The lateral occipital cortex
receives major projections from the dorsal visual stream via the verti-
cal occipital fasciculus (Jitsuishi et al., 2020). The vertical occipital fas-
ciculus has been linked to stereoscopic vision, which is important for
depth perception necessary for determining interpersonal distance
(Palejwala et al., 2020). Also, the joint connectivity of the lateral occip-

ital cortex to the dorsal and ventral visual stream, may be a reason for

the involvement of this area in interpersonal distance monitoring. The
lateral occipital cortex is also connected to the medial temporal lobe
via the inferior longitudinal fasciculus (Latini et al., 2017; Palejwala
et al., 2020), and could interact with amygdala and the hippocampus.
Interestingly, responses in the lateral occipital cortex only changed as
a function of viewing distance to proximal human figures, but not to
cylindrical shapes. This suggests that the positions of human figures
could be decoded in this area to a larger extent than the position of
geometrical shapes. Supporting the idea that human positions are dec-
oded here, this area has been reported to be sensitive to socially
meaningful positions, such as whether figures are standing face to
face or facing away from each other (Papeo, 2020). The lateral occipi-
tal cortex also has long range white matter connections with the fron-
tal pole (Orr et al., 2015). Information about social content in visual
images could be transmitted to the medial prefrontal cortex via this
pathway, which could explain activations observed in the frontal pole
and orbitofrontal cortex for social content in our study.

In the amygdala, which is considered an extended part of the face
network, all three subparts that were investigated were activated
bilaterally by both social content and viewing distance. The only area
of the amygdala where proximal viewing distance had greater effect
on responses to human figures than cylindrical shapes was the super-
ficial part, suggesting a role for this region in monitoring interpersonal
distance. Although this finding needs to be interpreted with caution

given our relatively large voxel and smoothing kernel size. The finding
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Left hemisphere S D | Right hemisphere S D | TA,B LE .5 Comparison of activate‘d
brain regions between contrasts. Social

Amygdala AStr L * * Amygdala AStr R * * content (S), distance (D) and

Amygdala CM L * * Amygdala CM R * * interpersonal distance () are tabulated

Amygdala LB L * * Amygdala LB R * * separately, and statistically significant

Amyedala SF L " ; ; Amygdala SF R . " y activation is marked with a star

Bforebrain 4 L * * Bforebrain 4 R * *

Broca 44 L * Broca 45 R * *

Broca 45 L * * Cerebellum V Hem R *

Cerebellum V Hem L * Cerebellum VI Hem R *

Cerebellum VI Hem L * Cerebellum VI Verm R *

Cerebellum VI Verm L * Cerebellum Vlla crusl Hem R *

Cerebellum Vlla crusl Hem L * * Cingulum 25 R *

Cingulum 25 L * FrontalPole Fp1 R *

FrontalPole Fp1 L * FrontalPole Fp2 R *

FrontalPole Fp2 L * Hippocampus CA1 R *

Hippocampus CA1 L * Hippocampus CA2 R *

Hippocampus CA2 L * Hippocampus EC R *

Hippocampus CA3 L * Hippocampus HATA R * *

Hippocampus EC L * OFCFol1R *

Hippocampus HATA L * * OFCFo3R * *

IPL PGa L * SPL7MR *

OFCFollL * Thalamus Visual R * *

OFC Fo3 L * Visual FG1 R *

SPL7M L * Visual FG2 R * *

SPL7PL * Visual FG3 R *

Thalamus Visual L * Visual FG4 R * *

Visual FG1 L * Visual hOc1 R *

Visual FG2 L * * Visual hOc2 R *

Visual FG3 L * Visual hOc3d R *

Visual FG4 L * * Visual hOc3v R * * *

Visual hOc1 L * Visual hOc4d R *

Visual hOc2 L Visual hOc4la R *

Visual hOc3d L Visual hOc4lp R * *

Visual hOc3v L

Visual hOc4v R

Visual hOc4d L Visual hOc5 R
Visual hOc4la L * *

Visual hOcé4lp L * *

Visual hOc4v L * * *

that the amygdala is important for judgment of interpersonal distance
mirrors findings from patients with selective amygdala damage
(Kennedy et al., 2009) also commensurates with neuroimaging studies
(Buades-Rotger et al., 2017). However, these studies have not
parcellated the amygdala into subparts as we did here. Using this divi-
sion of the amygdala revealed that the superficial part is more
involved in interpersonal distance than centromedial and basolateral
parts. One reason for this could be that the different subparts of the
amygdala have different connectivity, as previously reported (Roy

et al., 2020). A more recent publication compared the connectivity of

the same three subdivisions of the amygdala we used in the present
study (Sylvester et al., 2020). While the centromedial part showed
stronger connectivity to the default mode network, the superficial
part was more strongly connected with the dorsal attention network.
The increased connectivity with the dorsal attention network could
partially be a reason for the superficial subdivision of the amygdala
being more strongly associated with interpersonal space manipula-
tions in our study.

The amygdala is known to be central for the acquisition of condi-

tioned fear (LeDoux, 2000). When conditioned fear is acquired to
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cues presented at near or far distance, the connectivity pattern of the
amygdala changes depending on viewing distance (Faul et al., 2020).
This suggests that the amygdala is sensitive to distance manipulations
during fear conditioning. Fear conditioning can also change the pre-
ferred interpersonal distance to cues that have been learned to be
threatening (Ahs et al., 2015). This could imply that amygdala-
dependent plasticity is important for flexibly adapting interpersonal
distance based on previous experience. The increased amygdala acti-
vation that we observed to our interpersonal distance manipulation
could form the basis for such amygdala dependent learning.

A region that has received little attention in the literature on
interpersonal distance is the hippocampus. Subfields CA2 and CA3 of
the hippocampus have been shown to play a role in social memory in
mice (Hitti & Siegelbaum, 2014), in particular CA (Chiang et al., 2018).
In our study, activation to social stimuli in the hippocampus were rela-
tively large in subfields CA2 and CA3, which might indicate that CA2
and CA3 are tuned to social information in humans as they are in
mice. Responses in the entorhinal cortex and subfield CA1, on the
other hand, were more related to the distance manipulation. This find-
ing is also in line with research in mice showing that grid cells and
place cells are found in these areas (Gil et al., 2018). Although we did
not observe an interaction between distance and social content in the
hippocampus, the dissociation between subfields of the hippocampus
in their preference for social content and viewing distance could play
a role for how memories such events are represented.

One limitation with our experimental setup is that we did not control
for effects of agency. Agency or action potential of animate and inanimate
objects has been suggested to regulate interpersonal space boundaries
(Lloyd, 2009). We compared responses to humanoid characters with cylin-
drical objects, and it is possible that a comparison with an animal, would
have vyielded different results for the distance manipulation. Another
potential limitation with our experiment manipulation is that we did not
control for the size of objects with our distance manipulation. Although
our present experiment did not contain a critical control for size, we have
previously shown that smaller-sized characters can elicit greater SCR than
larger-sized spheres (Rosén et al., 2017, 2019). Our previous results there-
fore indicated that type of stimuli, and not size, affected the autonomic
response to proximal objects. However, we also want to emphasize that
size is a determinant of defensive behaviors, as has been shown in studies
of looming, where a circle expanding in size elicits escape responses
(Yilmaz & Meister, 2013). Hence, even if we cannot fully disentangle the
effect of distance and size in our study, both are likely important for brain
responses related to changes in distance. Another possible concern is that
we did not design the experiment to compare differences in brain
responses to the two different male characters. The trials were balanced
for social content and distance but not on individual stimulus features

(type of humanoid character or color of cylinder).

4 | CONCLUSION

In conclusion, we report genetic effects on brain function relevant to

monitoring of interpersonal distance in the OFA. We also found that

activation of the superficial part of the amygdala was related to inter-
personal distance, although the genetic influence in this region was
negligible. Findings suggest that environmental influences on neural
processes regulating interpersonal distance may act at the level of the
amygdala, whereas genetic effects predominantly influence function
in lateral occipital regions.

ACKNOWLEDGMENTS

This research was supported by grants from the Swedish Research
Council (2014-01160; 2018-01322) and Bank of Sweden Tercente-
nary Foundation (P20-0125).

CONFLICT OF INTEREST

Henrik Larsson has served as a speaker for EvolanPharma and Shire/
Takeda and has received research grants from Shire/Takeda; all out-
side the submitted work. All other authors declare no competing

interests.

AUTHOR CONTRIBUTIONS

Joérgen Rosén and Fredrik Ahs: Designed the experiment; original draft
(lead). Granit Kastrati and J6rgen Rosén: Performed the experiments.
Jorgen Rosén and Ralf Kuja-Halkola: Analyzed the data, and J6rgen
Rosén Ralf Kuja-Halkola, Henrik Larsson, and Fredrik Ahs: Contrib-
uted to interpretation of results. All authors substantially read, revised
the manuscript, and approved the manuscript.

DATA AVAILABILITY STATEMENT
All data generated during the current study can be made available

upon reasonable request from the corresponding author.

ORCID

Jorgen Rosén 2 https://orcid.org/0000-0002-3688-3859

Granit Kastrati "> https://orcid.org/0000-0001-9092-4335

REFERENCES

Abbasi, N., Duncan, J., & Rajimehr, R. (2020). Genetic influence is linked to
cortical morphology in category-selective areas of visual cortex. Nature
Communications, 11(1), 709. https://doi.org/10.1038/s41467-020-
14610-8

Ahs, F., Dunsmoor, J. E., Zielinski, D., & LaBar, K. S. (2015). Spatial proxim-
ity amplifies valence in emotional memory and defensive approach-
avoidance. Neuropsychologia, 70, 476-485. https://doi.org/10.1016/].
neuropsychologia.2014.12.018

Ahs, F., Engman, J., Persson, J., Larsson, E.-M., Wikstrém, J., Kumlien, E., &
Fredrikson, M. (2014). Medial temporal lobe resection attenuates
superior temporal sulcus response to faces. Neuropsychologia, 61,
291-298. https://doi.org/10.1016/j.neuropsychologia.2014.06.030

Amunts, K., Mohlberg, H., Bludau, S., & Zilles, K. (2020). Julich-brain: A 3D
probabilistic atlas of the human brain's cytoarchitecture. Science,
369(6506), 988-992. https://doi.org/10.1126/science.abb4588

Benedek, M., & Kaernbach, C. (2010). A continuous measure of phasic
electrodermal activity. Journal of Neuroscience Methods, 190(1), 80-91.
https://doi.org/10.1016/j.jneumeth.2010.04.028

Ben-Shakhar, G. (1985). Standardization within individuals: A simple
method to neutralize individual differences in skin conductance. Psy-
chophysiology, 22(3), 292-299. https://doi.org/10.1111/j.1469-8986.
1985.th01603.x


https://orcid.org/0000-0002-3688-3859
https://orcid.org/0000-0002-3688-3859
https://orcid.org/0000-0001-9092-4335
https://orcid.org/0000-0001-9092-4335
https://doi.org/10.1038/s41467-020-14610-8
https://doi.org/10.1038/s41467-020-14610-8
https://doi.org/10.1016/j.neuropsychologia.2014.12.018
https://doi.org/10.1016/j.neuropsychologia.2014.12.018
https://doi.org/10.1016/j.neuropsychologia.2014.06.030
https://doi.org/10.1126/science.abb4588
https://doi.org/10.1016/j.jneumeth.2010.04.028
https://doi.org/10.1111/j.1469-8986.1985.tb01603.x
https://doi.org/10.1111/j.1469-8986.1985.tb01603.x

2 | WILEY

ROSEN ET AL.

Blokland, G. A. M., McMahon, K. L., Thompson, P. M., Martin, N. G., de
Zubicaray, G. |., & Wright, M. J. (2011). Heritability of working memory
brain activation. Journal of Neuroscience, 31(30), 10882-10890.
https://doi.org/10.1523/jneurosci.5334-10.2011

Buades-Rotger, M., Beyer, F., & Kramer, U. M. (2017). Avoidant responses
to interpersonal provocation are associated with increased amygdala
and decreased Mentalizing network activity. eNeuro, 4(3), ENE-
URO0.0337-0316.2017. https://doi.org/10.1523/eneuro.0337-16.
2017

Chiang, M.-C, Huang, A. J. Y., Wintzer, M. E, Ohshima, T., &
McHugh, T. J. (2018). A role for CA3 in social recognition memory.
Behavioural Brain Research, 354, 22-30. https://doi.org/10.1016/j.bbr.
2018.01.019

Coker-Appiah, D. S., White, S. F., Clanton, R., Yang, J., Martin, A., &
Blair, R. J. (2013). Looming animate and inanimate threats: The
response of the amygdala and periaqueductal gray. Social Neurosci-
ence, 8(6), 621-630. https://doi.org/10.1080/17470919.2013.
839480

Curtis, V. A. (2014). Infection-avoidance behaviour in humans and other
animals. Trends in Immunology, 35(10), 457-464. https://doi.org/10.
1016/j.it.2014.08.006

Deen, B., Richardson, H., Dilks, D. D., Takahashi, A., Keil, B., Wald, L. L.,
Kanwisher, N., & Saxe, R. (2017). Organization of high-level visual cor-
tex in human infants. Nature Communications, 8(1), 13995. https://doi.
org/10.1038/ncomms13995

Eickhoff, S. B., Stephan, K. E., Mohlberg, H., Grefkes, C., Fink, G. R,
Amunts, K., & Zilles, K. (2005). A new SPM toolbox for combining
probabilistic cytoarchitectonic maps and functional imaging data.
Neurolmage, 25(4), 1325-1335. https://doi.org/10.1016/j.
neuroimage.2004.12.034

Emberson, L. L., Crosswhite, S. L., Richards, J. E., & Aslin, R. N. (2017). The
lateral occipital cortex (LOC) is selective for object shape, not
texture/color, at 6 months. The Journal of Neuroscience, 3300-3316,
3698-3703. https://doi.org/10.1523/jneurosci.3300-16.2017

Faul, L., Stjepanovi¢, D., Stivers, J. M., Stewart, G. W., Graner, J. L,
Morey, R. A, & LaBar, K. S. (2020). Proximal threats promote
enhanced acquisition and persistence of reactive fear-learning circuits.
Proceedings of the National Academy of Sciences of the United States of
America, 117(28), 16678-16689. https://doi.org/10.1073/pnas.
2004258117

Fusar-Poli, P., Placentino, A., Carletti, F., Landi, P., Allen, P., Surguladze, S.,
Benedetti, F., Abbamonte, M., Gasparotti, R., Barale, F., Perez, J.,
McGuire, P., & Politi, P. (2009). Functional atlas of emotional faces
processing: A voxel-based meta-analysis of 105 functional magnetic
resonance imaging studies. Journal of Psychiatry & Neuroscience, 34(6),
418-432.

Gil, M., Ancau, M,, Schlesiger, M. I., Neitz, A., Allen, K., De Marco, R. J., &
Monyer, H. (2018). Impaired path integration in mice with disrupted
grid cell firing. Nature Neuroscience, 21(1), 81-91. https://doi.org/10.
1038/541593-017-0039-3

Giuggioli, L., Potts, J. R,, Rubenstein, D. I., & Levin, S. A. (2013). Stigmergy,
collective actions, and animal social spacing. Proceedings of the
National Academy of Sciences of the United States of America, 110(42),
16904-16909. https://doi.org/10.1073/pnas.1307071110

Gomez, J., Zhen, Z., & Weiner, K. S. (2019). Human visual cortex is orga-
nized along two genetically opposed hierarchical gradients with unique
developmental and evolutionary origins. PLoS Biology, 17(7),
e€3000362. https://doi.org/10.1371/journal.pbio.3000362

Graziano, M. S., & Cooke, D. F. (2006). Parieto-frontal interactions, per-
sonal space, and defensive behavior. Neuropsychologia, 44(6), 845-
859. https://doi.org/10.1016/j.neuropsychologia.2005.09.009

Grill-Spector, K., Weiner, K. S., Kay, K., & Gomez, J. (2017). The functional
Neuroanatomy of human face perception. Annual Review of Vision Sci-
ence, 3, 167-196. https://doi.org/10.1146/annurev-vision-102016-
061214

Hitti, F. L., & Siegelbaum, S. A. (2014). The hippocampal CA2 region is
essential for social memory. Nature, 508(7494), 88-92. https://doi.
org/10.1038/nature13028

Holst, K. K., Scheike, T. H., & Hjelmborg, J. B. (2016). The liability threshold
model for censored twin data. Computational Statistics & Data Analysis,
93, 324-335. https://doi.org/10.1016/j.csda.2015.01.014

Holt, D. J, Cassidy, B. S., Yue, X,, Rauch, S. L., Boeke, E. A, Nasr, S.,
Tootell, R. B. H., & Coombs, G. (2014). Neural correlates of personal
space intrusion. Journal of Neuroscience, 34(12), 4123-4134. https://
doi.org/10.1523/jneurosci.0686-13.2014

Jitsuishi, T., Hirono, S., Yamamoto, T., Kitajo, K., Iwadate, Y., &
Yamaguchi, A. (2020). White matter dissection and structural connec-
tivity of the human vertical occipital fasciculus to link vision-associated
brain cortex. Scientific Reports, 10(1), 820. https://doi.org/10.1038/
s41598-020-57837-7

Kanwisher, N., McDermott, J., & Chun, M. M. (1997). The fusiform face
area: A module in human Extrastriate cortex specialized for face per-
ception. The Journal of Neuroscience, 17(11), 4302-4311. https://doi.
org/10.1523/jneurosci.17-11-04302.1997

Kastrati, G., Rosén, J., Thompson, W. H., Chen, X, Larsson, H,
Nichols, T. E., Tracey, I, Fransson, P., Ahs, F., & Jensen, K. B. (2021).
Genetic influence on nociceptive processing in the human brain—A
twin study. Cerebral Cortex, 32, 266-274. https://doi.org/10.1093/
cercor/bhab206

Kennedy, D. P., Glascher, J., Tyszka, J. M., & Adolphs, R. (2009). Personal
space regulation by the human amygdala. Nature Neuroscience, 12(10),
1226-1227. https://doi.org/10.1038/nn.2381

Kragel, P. A,, Reddan, M. C,, LaBar, K. S., & Wager, T. D. (2019). Emotion
schemas are embedded in the human visual system. Science Advances,
5(7), eaaw4358. https://doi.org/10.1126/sciadv.aaw4358

Latini, F., Martensson, J., Larsson, E. M., Fredrikson, M., Ahs, F.,
Hjortberg, M., Aldskogius, H., & Ryttlefors, M. (2017). Segmenta-
tion of the inferior longitudinal fasciculus in the human brain: A
white matter dissection and diffusion tensor tractography study.
Brain Research, 1675, 102-115. https://doi.org/10.1016/j.brainres.
2017.09.005

LeDoux, J. E. (2000). Emotion circuits in the brain. Annual Review of Neuro-
science, 23, 155-184. https://doi.org/10.1146/annurev.neuro.23.
1.155

Lloyd D. M. (2009). The space between us: A neurophilosophical frame-
work for the investigation of human interpersonal space. Neurosci-
ence & Biobehavioral Reviews, 33(3), 297-304. https://doi.org/10.
1016/j.neubiorev.2008.09.007

McBride, G. (1971). Theories of animal spacing: The role of flight, fight and
social distance. In A. H. Esser (Ed.), Behavior and environment: The use
of space by animals and men (pp. 53-68). Springer US.

McBride, G., King, M. G., & James, J. W. (1965). Social proximity effects on
galvanic skin responses in adult humans. The Journal of Psychology,
61(1), 153-157.

Orr, J. M., Smolker, H. R., & Banich, M. T. (2015). Organization of the
Human Frontal Pole Revealed by large-scale DTl-based connectivity:
Implications for control of behavior. PLoS One, 10(5), €0124797.
https://doi.org/10.1371/journal.pone.0124797

Palejwala, A. H., O-Connor, K. P., Pelargos, P., Briggs, R. G., Milton, C. K,,
Conner, A. K., Milligan, T. M., O-Donoghue, D. L., Glenn, C. A, &
Sughrue, M. E. (2020). Anatomy and white matter connections of the
lateral occipital cortex. Surgical and Radiologic Anatomy, 42(3), 315-
328. https://doi.org/10.1007/s00276-019-02371-z

Papeo, L. (2020). Twos in human visual perception. Cortex; a journal
devoted to the study of the nervous system and behavior, 132, 473-478.
https://doi.org/10.1016/j.cortex.2020.06.005

Pernet, C. R., Wilcox, R., & Rousselet, G. A. (2013). Robust correlation ana-
lyses: False positive and power validation using a new open source
Matlab toolbox. Frontiers in Psychology, 3, 606. https://doi.org/10.
3389/fpsyg.2012.00606


https://doi.org/10.1523/jneurosci.5334-10.2011
https://doi.org/10.1523/eneuro.0337-16.2017
https://doi.org/10.1523/eneuro.0337-16.2017
https://doi.org/10.1016/j.bbr.2018.01.019
https://doi.org/10.1016/j.bbr.2018.01.019
https://doi.org/10.1080/17470919.2013.839480
https://doi.org/10.1080/17470919.2013.839480
https://doi.org/10.1016/j.it.2014.08.006
https://doi.org/10.1016/j.it.2014.08.006
https://doi.org/10.1038/ncomms13995
https://doi.org/10.1038/ncomms13995
https://doi.org/10.1016/j.neuroimage.2004.12.034
https://doi.org/10.1016/j.neuroimage.2004.12.034
https://doi.org/10.1523/jneurosci.3300-16.2017
https://doi.org/10.1073/pnas.2004258117
https://doi.org/10.1073/pnas.2004258117
https://doi.org/10.1038/s41593-017-0039-3
https://doi.org/10.1038/s41593-017-0039-3
https://doi.org/10.1073/pnas.1307071110
https://doi.org/10.1371/journal.pbio.3000362
https://doi.org/10.1016/j.neuropsychologia.2005.09.009
https://doi.org/10.1146/annurev-vision-102016-061214
https://doi.org/10.1146/annurev-vision-102016-061214
https://doi.org/10.1038/nature13028
https://doi.org/10.1038/nature13028
https://doi.org/10.1016/j.csda.2015.01.014
https://doi.org/10.1523/jneurosci.0686-13.2014
https://doi.org/10.1523/jneurosci.0686-13.2014
https://doi.org/10.1038/s41598-020-57837-7
https://doi.org/10.1038/s41598-020-57837-7
https://doi.org/10.1523/jneurosci.17-11-04302.1997
https://doi.org/10.1523/jneurosci.17-11-04302.1997
https://doi.org/10.1093/cercor/bhab206
https://doi.org/10.1093/cercor/bhab206
https://doi.org/10.1038/nn.2381
https://doi.org/10.1126/sciadv.aaw4358
https://doi.org/10.1016/j.brainres.2017.09.005
https://doi.org/10.1016/j.brainres.2017.09.005
https://doi.org/10.1146/annurev.neuro.23.1.155
https://doi.org/10.1146/annurev.neuro.23.1.155
http://dx.doi.org/10.1016/j.neubiorev.2008.09.007
http://dx.doi.org/10.1016/j.neubiorev.2008.09.007
https://doi.org/10.1371/journal.pone.0124797
https://doi.org/10.1007/s00276-019-02371-z
https://doi.org/10.1016/j.cortex.2020.06.005
https://doi.org/10.3389/fpsyg.2012.00606
https://doi.org/10.3389/fpsyg.2012.00606

ROSEN €T AL.

WILEY_L*%

Polk, T. A., Park, J., Smith, M. R., & Park, D. C. (2007a). Nature versus nur-
ture in ventral visual cortex: A functional magnetic resonance imaging
study of twins. The Journal of Neuroscience, 27(51), 13921-13925.
https://doi.org/10.1523/jneurosci.4001-07.2007

Rigoli, F., Ewbank, M., Dalgleish, T., & Calder, A. (2016). Threat visibility
modulates the defensive brain circuit underlying fear and anxiety. Neu-
roscience Letters, 612, 7-13. https://doi.org/10.1016/j.neulet.2015.
11.026

Rosén, J., Kastrati, G., & Ahs, F. (2017). Social, proximal and conditioned
threat. Neurobiology of Learning and Memory, 142, 236-243. https://
doi.org/10.1016/j.nlm.2017.05.014

Rosén, J., Kastrati, G., Reppling, A., Bergkvist, K., & Ahs, F. (2019). The
effect of immersive virtual reality on proximal and conditioned threat.
Scientific Reports, 9(1), 17407. https://doi.org/10.1038/s41598-019-
53971-z

Roy, B., Dunbar, M., Agrawal, J., Allen, L., & Dwivedi, Y. (2020). Amygdala-
based altered miRNome and epigenetic contribution of miR-128-3p in
conferring susceptibility to depression-like behavior via Wnt signaling.
The International Journal of Neuropsychopharmacology, 23(3), 165-177.
https://doi.org/10.1093/ijnp/pyz071

Scheike, T. H., Holst, K. K., & Hjelmborg, J. B. (2014). Estimating heritability
for cause specific mortality based on twin studies. Lifetime Data Analy-
sis, 20(2), 210-233. https://doi.org/10.1007/s10985-013-9244-x

Suarez-Jimenez, B., Bisby, J. A, Horner, A. J.,, King, J. A, Pine, D. S., &
Burgess, N. (2018). Linked networks for learning and expressing
location-specific threat. Proceedings of the National Academy of Sci-
ences of the United States of America, 115(5), E1032. https://doi.org/
10.1073/pnas.1714691115

Sylvester, C. M., Yu, Q. Srivastava, A. B., Marek, S., Zheng, A,
Alexopoulos, D., Smyser, C. D., Shimony, J. S. Ortega, M,
Dierker, D. L., Patel, G. H., Nelson, S. M., Gilmore, A. W,
McDermott, K. B., Berg, J. J., Drysdale, A. T., Perino, M. T,
Snyder, A. Z., Raut, R. V., ... Dosenbach, N. U. F. (2020). Individual-
specific functional connectivity of the amygdala: A substrate for preci-
sion psychiatry. Proceedings of the National Academy of Sciences of the

United States of America, 117, 3808-3818. https://doi.org/10.1073/
pnas.1910842117

Vieira, J., Pierzchajlo, S., & Mitchell, D. (2019). Neural correlates of social
and non-social personal space intrusions: Role of defensive and peri-
personal space systems in interpersonal distance regulation. Social
Neuroscience, 1-16, 36-51. https://doi.org/10.1080/17470919.2019.
1626763

Vieira, J. B., Tavares, T. P., Marsh, A. A., & Mitchell, D. G. (2017). Emotion
and personal space: Neural correlates of approach-avoidance tenden-
cies to different facial expressions as a function of coldhearted psy-
chopathic traits. Human Brain Mapping, 38(3), 1492-1506. https://doi.
org/10.1002/hbm.23467

Waser, P. M., & Wiley, R. H. (1979). Mechanisms and evolution of spacing
in animals. In P. Marler & J. G. Vandenbergh (Eds.), Social behavior and
communication (pp. 159-223). Springer US.

Wilcox, L. M., Allison, R. S., Elfassy, S., & Grelik, C. (2003). Personal space
in virtual reality. Proceedings of the Human Factors and Ergonomics Soci-
ety Annual Meeting, 47(20), 2097-2101. https://doi.org/10.1177/
154193120304702004

Yilmaz, M., & Meister, M. (2013). Rapid innate defensive responses of mice
to looming visual stimuli. Current Biology: CB, 23(20), 2011-2015.
https://doi.org/10.1016/j.cub.2013.08.015

SUPPORTING INFORMATION
Additional supporting information may be found in the online version
of the article at the publisher's website.

How to cite this article: Rosén, J., Kastrati, G., Kuja-Halkola,
R, Larsson, H., & Ahs, F. (2022). A neuroimaging study of
interpersonal distance in identical and fraternal twins. Human
Brain Mapping, 43(11), 3508-3523. https://doi.org/10.1002/
hbm.25864



https://doi.org/10.1523/jneurosci.4001-07.2007
https://doi.org/10.1016/j.neulet.2015.11.026
https://doi.org/10.1016/j.neulet.2015.11.026
https://doi.org/10.1016/j.nlm.2017.05.014
https://doi.org/10.1016/j.nlm.2017.05.014
https://doi.org/10.1038/s41598-019-53971-z
https://doi.org/10.1038/s41598-019-53971-z
https://doi.org/10.1093/ijnp/pyz071
https://doi.org/10.1007/s10985-013-9244-x
https://doi.org/10.1073/pnas.1714691115
https://doi.org/10.1073/pnas.1714691115
https://doi.org/10.1073/pnas.1910842117
https://doi.org/10.1073/pnas.1910842117
https://doi.org/10.1080/17470919.2019.1626763
https://doi.org/10.1080/17470919.2019.1626763
https://doi.org/10.1002/hbm.23467
https://doi.org/10.1002/hbm.23467
https://doi.org/10.1177/154193120304702004
https://doi.org/10.1177/154193120304702004
https://doi.org/10.1016/j.cub.2013.08.015
https://doi.org/10.1002/hbm.25864
https://doi.org/10.1002/hbm.25864

	A neuroimaging study of interpersonal distance in identical and fraternal twins
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Subjects
	2.2  Materials
	2.2.1  Stimuli and virtual environment

	2.3  Stimulus presentation software
	2.4  Brain imaging
	2.5  Skin conductance responses
	2.6  Procedure
	2.6.1  Interpersonal distance task

	2.7  Statistical analysis of imaging data
	2.8  Statistical analysis of SCR
	2.9  Sensitivity analysis
	2.10  Estimation of genetic influences on brain function
	2.11  Genetic influence
	2.11.1  Genetic influence on neural responses to social content
	2.11.2  Genetic influence on neural responses tracking distance
	2.11.3  Genetic influence on neural responses showing an interaction between social content and distance
	2.11.4  Genetic influence on SCR

	2.12  Group level fMRI responses
	2.12.1  Neural responses to social content
	2.12.2  Neural responses tracking distance
	2.12.3  Neural responses showing an interaction between social content and distance
	2.12.4  Comparison of responses to social content and distance across ROIs
	2.12.5  Sensitivity analysis
	2.12.6  Autonomic responses to interpersonal distance, social content, and distance


	3  DISCUSSION
	4  CONCLUSION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	AUTHOR CONTRIBUTIONS
	DATA AVAILABILITY STATEMENT

	REFERENCES


