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Background: Changes in the regulation of interpersonal 
distance, or “personal space” (PS), have been repeatedly 
observed in schizophrenia and, in some studies, linked to 
negative symptoms. However, the neurobiological basis of 
these impairments is poorly understood. Methods: Personal 
space measurements, functional connectivity of a brain 
network sensitive to intrusions into PS, and symptoms of 
social withdrawal and anhedonia were assessed, and asso-
ciations among these outcomes measured, in 33 individuals 
with a psychotic disorder (primarily schizophrenia [SCZ]) 
and 36 control subjects (CON). Results: Personal space 
size was significantly higher (P  =  .002) and PS permea-
bility (reflecting the capacity to tolerate intrusions into 
PS) was significantly lower (P = .021) in the SCZ relative 
to the CON group, and both measures were significantly 
correlated with social anhedonia and withdrawal in the full 
sample (all P < .007). Moreover, functional connectivity 
between the PS and default mode (DM) networks was sig-
nificantly correlated with the permeability, but not the size, 
of PS in the full sample and in the SCZ and CON groups 
separately, and with social withdrawal in the SCZ group. 
Lastly, the association between PS-DM network connec-
tivity and social withdrawal in the SCZ group was fully 
mediated by PS permeability. Discussion: Neural and be-
havioral aspects of PS regulation are linked to social moti-
vation in both healthy individuals and those with psychotic 
disorders, suggesting that measurements of PS could serve 
as transdiagnostic markers of social functioning.

Key words:  personal space/social anhedonia/negative 
symptoms/psychotic disorders/parietal cortex/default 
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Introduction

Negative symptoms and the impairments in social 
functioning associated with schizophrenia are strong 

predictors of the day-to-day disability commonly ob-
served in the disorder.1,2 Yet, the neurobiological mechan-
isms underlying these symptoms are poorly understood, 
hindering the development of effective treatments for 
them. However, there is some evidence that relatively au-
tomatic behaviors that are involved in social interactions, 
such as facial expressions,3,4 gestures,5,6 and eye move-
ments,7,8 are altered in schizophrenia and may contribute 
to these symptoms. Thus, understanding the mechanisms 
underlying these abnormalities may lead to the develop-
ment of new treatments that could improve social func-
tioning in people with schizophrenia.

One such easily measurable behavior is the regulation 
of the physical space or distance maintained between in-
dividuals during social interactions, or “personal space” 
(PS). Numerous studies have shown that PS regulation 
is altered in some individuals with schizophrenia9–16 and 
may be linked to symptoms of the illness, including 
negative symptoms.10,12,13,17 However, it remains unclear 
whether these changes represent a contributing cause or 
a long-term consequence of having these symptoms.

The automatic regulation of PS during encounters 
with others is a form of nonverbal social communication, 
similar to facial expressions and other types of “body 
language.” 18 Maintaining a greater distance from an-
other person may signal respect or fear, whereas smaller 
distances have been linked to greater intimacy and affil-
iation.19–23 These nonverbal messages can also convey an 
understanding of social norms.24,25

Although features of  PS are sensitive to 
context-dependent or environmental influences,26 PS 
size and “permeability” (the capacity to tolerate PS 
intrusions27) also have a relatively fixed, “trait-level” 
component following adolescence.24,28 These stable fea-
tures of  PS vary substantially across individuals24,27,28 
and can be measured reliably in controlled laboratory 
settings.29–31
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Although the neurophysiological basis of PS (as de-
fined as the “comfort zone” required when interacting 
with others) has been little studied, the related concept 
of “peripersonal space” (PPS), defined as the space sur-
rounding the body in which physical actions of an indi-
vidual can occur,32,33 has been studied extensively in both 
nonhuman primates and humans. A  network of pari-
etal and frontal cortical regions (the PPS network20,34,35) 
increases its activity in response to a range of sensory 
stimuli (visual, tactile, and auditory) near or approaching 
the body.36–39 Also, stimulation of neurons within regions 
of the PPS network can generate stereotyped, defensive 
motor responses to such stimuli.40,41 Recent studies have 
also shown that the 2 primary nodes of this PPS net-
work, the dorsal parietal cortex and the ventral premotor 
cortex, increase their activity in response to images of 
human faces that appear to cross into PS,42,43 suggesting 
that the regulation of PS boundaries may also rely on the 
PPS network.

In addition, associations between the magnitude of 
functional connectivity between the dorsal parietal and 
ventral premotor cortices (and the connectivity of the 
dorsal parietal cortex with the anti-correlated default net-
work) and the size and permeability of PS have been ob-
served in healthy subjects42 as well as in individuals with 
schizophrenia,10 and negative symptom severity in schiz-
ophrenia has been linked with PS enlargement and the 
strength of parietal-frontal connectivity.10

Thus, based on these previous findings, in the current 
study, we examined clinical, behavioral, and resting-state 
connectivity functional magnetic resonance imaging 
(fMRI) data in order to test the hypothesis that charac-
teristics of PS (ie, its size and permeability) in humans 
are linked to variation in (1) functional connectivity of 
a network of parietal and frontal regions sensitive to 
PS intrusions10,42,43 and (2) social functioning. Because 
we found similar relationships among these measures in 
healthy and schizophrenia groups previously, we used 
a transdiagnostic (Research Domain Criteria [RDoC]-
informed)44,45 dimensional approach in our primary 
analysis, testing our main hypotheses in the combined 
schizophrenia and healthy sample. We tested the predic-
tion that a greater size and lower permeability of PS are 
linked to: (1) greater impairment in social functioning (ie, 
higher levels of social anhedonia and withdrawal) and (2) 
poorer connectivity of a PS-sensitive network.

Methods

Participants

Healthy control subjects without psychiatric illnesses 
were recruited via advertisement, and patients treated in 
the Massachusetts General Hospital (MGH) Psychosis 
Clinical and Research Program who met diagnostic cri-
teria46 for schizophrenia, schizoaffective disorder, or an-
other non-affective psychotic disorder were invited to 

participate in this study. For all subjects, exclusion cri-
teria included having any chronic medical or neurolog-
ical illness, an IQ lower than 80, active substance abuse 
within the previous 3 months, or any contraindications 
for having an MRI scan. Written informed consent was 
obtained from all subjects prior to enrollment, and all 
procedures were approved by the Mass General Brigham 
Institutional Review Board. The healthy control group 
(CON) and the psychotic disorder/schizophrenia spec-
trum group (SCZ) were matched for sex, age, and socio-
economic status (table 1).

Measures

Symptoms. We focused on social withdrawal and social 
anhedonia as indicators of social functioning and moti-
vation. In all participants, social withdrawal was meas-
ured using the self-report Time Alone Questionnaire 
(TAQ),10,42 and social anhedonia was measured using the 
Chapman Social Anhedonia Scale-Revised (SAS-R).47 
In addition, in the SCZ group, the Positive and Negative 
Syndrome Scale (PANSS)48 was used to assess the positive 
and negative symptoms of schizophrenia and social with-
drawal specifically (with  the passive social withdrawal 
item). See Supplementary Methods for additional details.
Personal Space. The size and permeability of PS size 
were measured using the well-validated and reliable 
(kappa ~0.8) Stop Distance Procedure (SDP)24 (supple-
mentary figure  1). This procedure begins with the sub-
ject and an “experimenter” (typically a research assistant) 
standing 3 meters apart. The experimenter walks slowly 
toward the subject while maintaining eye contact and 
a neutral facial expression. The subject is instructed to 
say “stop” at 2 different distances. The first is when the 
experimenter reaches the distance preferred by the sub-
ject when encountering someone they have not met pre-
viously, distance 1 (D1, PS size). The experimenter then 
continues to walk slowly toward the subject, who says 
“stop” again when their PS boundary has been crossed, 
at distance 2 (D2). The ratio of D1 and D2 (100 − ((D2 * 
100)/D1)) is a measure of the subject’s level of reactivity 
to PS intrusions, the “permeability” of PS.27 The SDP 
was conducted with both male and female experimenters 
(in a counterbalanced order across subjects).

MRI Data Collection and Analysis Procedures

Data Collection. In total, 34 individuals with a DSM-V 
diagnosis of a non-affective psychotic disorder (31 with 
schizophrenia, 1 with schizoaffective disorder, and 2 with 
Psychosis not otherwise specified (NOS), referred to as 
the “schizophrenia group” [SCZ]) and 36 healthy con-
trol subjects participated in a single scan session.49 MRI 
data were collected using a 3T Siemens Tim Trio MRI 
scanner (Erlangen) with a 32-channel head coil. Among 
other scans,49 one T1 anatomical scan (spatial resolution 
1  mm isotropic, repetition time (TR)  =  2530  ms, echo 
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time (TE)  =  1.64  ms, flip angle 7°) and one 6-minute, 
20-second-long resting-state blood oxygenation level-
dependent (BOLD) scan (3  mm isotropic, 124 slices, 
TR = 3000 ms, TE = 30 ms, flip angle 85°) were collected 
and used in the current analyses. 
Data Analyses. All brain images were visually inspected 
for brain coverage and proper registration. Only resting-
state BOLD data with a signal-to-noise (SNR) ratio 
>125 were included in the analyses. All the MRI data 
were analyzed using FreeSurfer version 6.0 (http://surfer.
nmr.mgh.harvard.edu). The regions of interest used in 
the functional connectivity analyses were delineated in 
an independent dataset (n  =  130), in which fMRI data 
were collected using a paradigm in which human faces 
appearing to move toward or away from the subject are 
presented.43,50 Areas of the brain that responded prefer-
entially to the faces that approach (vs withdraw from) 
the subject were identified as nodes of a PS-intrusion 
sensitive network. This network is highly overlapping 
with the well-characterized PPS network that has 
been characterized by its responses to multisensory 
stimuli close to, approaching, or on the body.42,43,50 See 
Supplementary Methods for further details about the 
quality control procedures, preprocessing stream, and  
the construction of the regions of interests/seeds used  
in the functional connectivity analyses (also see sup-
plementary figure 2 and supplementary tables 1 and 2). 
Based on previous work,10,42 3 functional connectivity 
measurements were calculated: (1) within-PS and (2) 
within-default mode (DM) network connectivity, and (3) 
connectivity between the PS and DM networks.

Correlational and Mediation Analyses

Independent samples t-tests were used to test for differ-
ences between the two groups. Pearson’s correlations were 
used to assess associations between the PS, symptom, and 
connectivity measures. Correlations were first assessed in 
the full cohort, followed by separate analyses in the 2 sub-
ject groups, given prior evidence for the predicted associ-
ations in both schizophrenia and healthy populations and 
our primary dimensional hypothesis. In follow-up sensi-
tivity analyses using linear regressions, we controlled for 
group membership to assess whether the effects in the full 
cohort were driven by group differences. Pearson corre-
lation coefficients (r) are reported for bivariate analyses, 
and standardized beta coefficients (ß) are reported for 
multivariate sensitivity analyses.

In addition, based on the correlations identified, a 
simple mediation model was tested using the PROCESS 
macro for SPSS.51 This approach employs bias-corrected 
bootstrap confidence intervals as a measure of the indi-
rect effect of a mediation. With this approach, if  zero is 
not contained in the confidence interval, the indirect ef-
fect is considered significant.

Results

Behavioral and Symptom Measures

Between-Group Comparisons. Means for each group are 
listed in table 1. The size of PS was significantly larger 
(t(52.4) = −3.093, P = .003), and the permeability of PS 
was significantly lower (t(67)  =  2.363, P  =  .021) in the 
SCZ compared with the CON group, and there was 

Table 1. Demographic and Clinical Characteristics of the Subjects

 CON (n = 36) SCZ (n = 33) 
Group Comparison  

Test P-value 

Sex (% male) 61.10 66.70 .632
Age (y) 28.94 (5.83) 29.97 (6.02) .475
Parental education (y) 15.96 (2.75) 14.92 (3.74) .194
IQ 107.21 (9.81) 103.69 (10.51) .185
Personal space size (cm) 52.53 (25.75) 78.61 (41.69) .003
Personal space permeability (%) 67.12 (17.54) 57.84 (14.82) .021
Social anhedonia 5.75 (3.70) 12.70 (8.10) <.001
Social withdrawal (%) 35.61 (17.27) 58.54 (24.75) <.001
PANSS total — 66.91 (2.76) —
PANSS Positive Symptom Subscale — 16.30 (0.99) —
PANSS Negative Symptom Subscale — 18.24 (0.91) —
PANSS Passive Social Withdrawal — 3.30 (1.65) —
PANSS General Symptom Subscale — 32.36 (1.34) —
CPZ equivalents — 470.0 (57.90) —

Note: Variables listed include gender (percentage of males) in the control and schizophrenia groups, with the P-value of the between-
group comparison (chi-square), and average (mean (standard deviation)) age (y), parental education (y), IQ (the American National 
Adult Reading Test score), personal space size (centimeters), personal space permeability (percentage), social anhedonia (the Chapman 
Social Anhedonia Scale-Revised Total Score), and social withdrawal (the Time Alone Questionnaire score (percentage of time pre-
ferred alone)) of the 2 groups, with P-values of the between-group comparisons (independent t-tests) of these measures. Average (mean 
(standard deviation)) scores of the Positive and Negative Syndrome Scale (Total and Positive, Negative, and General subscales, and the 
passive social withdrawal item score) and chlorpromazine equivalents for the schizophrenia group are also listed. CON, control group; 
SCZ, schizophrenia group; PANSS, Positive and Negative Syndrome Scale; CPZ, chlorpromazine equivalents.
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much variation in these measures within each group, as 
expected. Also, levels of social withdrawal and social 
anhedonia were significantly higher in the SCZ com-
pared with the CON group (t(67)  =  −4.495, P < .001; 
t(44.0) = −4.513, P < .001, respectively).
Correlations in the Full Sample. In the full sample of 
subjects (n = 69), both the size and the permeability of PS 
were significantly correlated with both social withdrawal 
(size: r = .408, P < 0.001; permeability: r = −.326, P = .006) 
and social anhedonia (size: r =  .423, P < 0.001; permea-
bility: r = −.380, P = .001; figure 1; supplementary table 3). 
When controlling for group membership, these associations 
remained significant or near significant (P  =  .012  −.061; 
supplementary table 4).
Correlations in the Separate SCZ and CON Groups. In 
the CON group alone (n = 36), the size, but not the per-
meability, of PS correlated with social withdrawal (size: 
r = .446, P = .006; permeability: r = −.253, P = .137) but 
not with social anhedonia (size: r = .278, P = .100; per-
meability: r = −.085, P = .623).

In the SCZ group alone (n = 33), the permeability, but 
not the size, of PS correlated with: (1) social anhedonia 
(size: r = .314, P = .076; permeability: r = −.463, P = .007), 
(2) social withdrawal measured by the PANSS passive 
social withdrawal item (size: r = .089, P = .622; permea-
bility: r = −.503, P = .003), and (3) total negative symptom 
severity (size: r =  .118, P =  .51; permeability: r = −.501, 
P = .003). See supplementary table 5 for additional details.

Lastly, additional secondary analyses conducted in the 
SCZ group revealed that there were no correlations be-
tween PS measures and positive symptom severity (size: 
r =  .083, P =  .645; permeability: r = −.169, P =  .348), 
antipsychotic dose (size: r = .024, P = .896; permeability: 
r = −.149, P = .407), or duration of illness (size: r = .218, 
P = .224; permeability: r = −.212, P = .235).

PS and DM Network Resting-State Functional 
Connectivity

General Patterns of Within- and Between-Network 
Connectivity for the PS and DM Networks. In all groups, 

Fig. 1. Correlations between personal space and social functioning measures. Scatter plots illustrating the significant correlations (all P 
< .007) between the size (A and B) and permeability (C and D) of personal space and social anhedonia (A and C) and social withdrawal 
(B and D) in the full sample of subjects (n = 69) are shown. The datapoints of the control group (n = 36) are labeled blue, and the 
datapoints of the schizophrenia group (n = 33) are labeled orange. Note: CON, control subjects; SCZ, schizophrenia subjects.

significant within-PS or within-DM resting-state func-
tional connectivity was reflected by positive correlations 
among the resting BOLD activity of regions within the 
PS or the DM network. However, the resting BOLD ac-
tivity of the PS and DM networks were negatively cor-
related with one another (anti-correlated), as observed in 
previous studies10,42 (see figure 2A).
Between-Group Comparisons. There were no signif-
icant differences between the SCZ and CON groups 
in the overall average magnitude of within-network 
PS (t(53.6)  =  −.537, P  =  .593), within-network DM 
(t(45.2) = 1.031, P = .308), or between-network PS-DM 
(t(67) = −.530, P = .598) functional connectivity.
Correlations. The magnitude of the within-network con-
nectivity of both the PS and the DM networks was not 
significantly correlated with either PS size or permea-
bility, nor with social withdrawal or anhedonia in any of 
the 3 analyses (supplementary table 6). 

However, in all 3 analyses (ie, conducted in the full 
sample and the separate SCZ and CON samples), PS-DM 
between-network connectivity was significantly negatively 
correlated with PS permeability (full sample: r = −.372, 
P  =  .002; CON: r  =  −.382, P  =  .02; SCZ: r  =  −.360, 

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbac052#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbac052#supplementary-data
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Fig. 1. Correlations between personal space and social functioning measures. Scatter plots illustrating the significant correlations (all P 
< .007) between the size (A and B) and permeability (C and D) of personal space and social anhedonia (A and C) and social withdrawal 
(B and D) in the full sample of subjects (n = 69) are shown. The datapoints of the control group (n = 36) are labeled blue, and the 
datapoints of the schizophrenia group (n = 33) are labeled orange. Note: CON, control subjects; SCZ, schizophrenia subjects.

significant within-PS or within-DM resting-state func-
tional connectivity was reflected by positive correlations 
among the resting BOLD activity of regions within the 
PS or the DM network. However, the resting BOLD ac-
tivity of the PS and DM networks were negatively cor-
related with one another (anti-correlated), as observed in 
previous studies10,42 (see figure 2A).
Between-Group Comparisons. There were no signif-
icant differences between the SCZ and CON groups 
in the overall average magnitude of within-network 
PS (t(53.6)  =  −.537, P  =  .593), within-network DM 
(t(45.2) = 1.031, P = .308), or between-network PS-DM 
(t(67) = −.530, P = .598) functional connectivity.
Correlations. The magnitude of the within-network con-
nectivity of both the PS and the DM networks was not 
significantly correlated with either PS size or permea-
bility, nor with social withdrawal or anhedonia in any of 
the 3 analyses (supplementary table 6). 

However, in all 3 analyses (ie, conducted in the full 
sample and the separate SCZ and CON samples), PS-DM 
between-network connectivity was significantly negatively 
correlated with PS permeability (full sample: r = −.372, 
P  =  .002; CON: r  =  −.382, P  =  .02; SCZ: r  =  −.360, 

P = .04; figures 2B–D). Specifically, since the resting-state 
activity of the PS and DM networks were anti-correlated 
overall, weaker PS-DM anti-correlations (resulting in 
a net positive correlation in a few cases) were linked to 
lower permeability of PS. When controlling for group 
membership, the association in the full sample remained 
significant (P = .002).

In addition, in the SCZ group alone, PS-DM connec-
tivity correlated with levels of passive social withdrawal 
(r =  .362, P =  .039; supplementary figure 3). Thus, the 
weaker the PS-DM anti-correlation, the higher the level 
of passive social withdrawal in the SCZ subjects.

Lastly, there were no correlations between PS-DM 
connectivity and PS size, levels of positive symptoms, an-
tipsychotic dose, or duration of illness (supplementary 
table 7).

Mediation Model

Given the significant correlations in the SCZ group 
among PS-DM connectivity, permeability, and passive 
social withdrawal, we tested the hypothesis that PS per-
meability mediates (M) the relationship between PS-DM 

Fig. 2. Consistent relationships between personal space permeability and PS-DM network functional connectivity were observed across 
groups. (A) A whole-brain map of functional connectivity of the dorsal intraparietal sulcus (DIPS), a key hub of the personal space 
(PS) network, in the independent sample (n = 130) used to define the 2 networks of interest is displayed (threshold P = 10−16). This map 
was used to define the nodes of the PS and default mode (DM) networks, the networks of interest in the analyses. Warm colors indicate 
vertices with a positive correlation with the DIPS seed, whereas cool colors indicate vertices with a negative correlation with the DIPS 
seed. The scatter plots illustrate the significant associations (all P < .041) between PS-DM functional connectivity and personal space 
permeability in the: (B) control (CON; n = 36), (C) schizophrenia (SCZ; n = 33), and (D) full (CON + SCZ; n = 69) samples. Note: R, 
right hemisphere; MF, middle frontal area; DIPS, dorsal intraparietal sulcus; AG, angular gyrus; MTG, medial temporal gyrus; PM, 
premotor cortex (with a dorsal and ventral component); mPFC, medial prefrontal cortex; PCC, posterior cingulate cortex.

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbac052#supplementary-data
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connectivity (X) and passive social withdrawal (Y) in 
schizophrenia. Specifically, we tested for an indirect effect 
of PS-DM connectivity on passive social withdrawal, me-
diated by permeability.

Greater PS-DM connectivity (or weaker anti-
correlations between these 2 networks) predicted lower 
PS permeability (a = −15.112, P = .040), which then pre-
dicted greater social withdrawal (b  =  −.050, P  =  .014) 
(figure 3). A bias-corrected bootstrap 95% confidence in-
terval for this indirect effect (ab = .7556) based on 5000 
bootstrap samples did not contain zero (.0395-1.7628). 
Furthermore, there was a nonsignificant direct effect 
of PS-DM connectivity on passive social withdrawal 
(c′ = .970, P = .218), suggesting that PS permeability fully 
mediates the relationship between PS-DM connectivity 
and passive social withdrawal (supplementary table 8).

Discussion

Summary of Main Findings

In this study, PS was found to be, on average, larger and 
less permeable in individuals with schizophrenia com-
pared with controls, generally  consistent with previous 
findings.9–11,16 In addition, significant associations be-
tween both the size and permeability of PS and levels of 
social withdrawal and anhedonia were observed in the 
full (schizophrenia plus control) sample. Moreover, par-
tially consistent with this pattern, the permeability, but 
not the size, of PS correlated with social withdrawal and 
social anhedonia, as well as overall negative symptom se-
verity, in the schizophrenia group.

In addition, we found that weaker anti-correlations 
between a PS-sensitive network and the DM network 
were linked with lower PS permeability in the full sample 
and both groups separately, and with greater social 

withdrawal in the schizophrenia group. A subsequent 
mediation analysis revealed that the association between 
PS-DM network anti-correlations and social withdrawal 
in the schizophrenia group was fully mediated by PS 
permeability.

Taken together, these results suggest that variation in 
PS regulation may contribute to (or represent markers of) 
social withdrawal and social anhedonia. Moreover, the as-
sociations found here across the full sample are consistent 
with our previous findings of correlations among social 
withdrawal, PS-DM network connectivity, and PS per-
meability in an independent sample of healthy subjects.42 
Thus, associations between PS regulation, the function 
of related neural circuitry, and social behavior and drive 
may be present in both healthy and clinical populations, 
although these relationships may differ across groups in 
magnitude and in their specific behavioral manifestations.

Abnormalities in PS in Schizophrenia

Our finding of a significantly larger size and lower perme-
ability of PS in the schizophrenia group, compared with 
controls, is broadly consistent with previous findings,9,11,16 
although, in our earlier, smaller study, group differences 
were only observed in PS size (not permeability).10 Given 
that the size and permeability of PS tend to be moder-
ately negatively correlated across subjects, and there is a 
high degree of variation in PS measurements within both 
healthy and clinical populations, the specific effects de-
tected in each sample may depend in part on other (eg, 
neurocognitive and clinical) characteristics of the indi-
viduals of that sample.

The permeability of PS is thought to represent a be-
havioral index of the arousal response that occurs as a 
person’s PS boundary is crossed.27 The current findings 

Fig. 3. Personal space permeability mediates the relationship between PS-DM network connectivity and social withdrawal in 
schizophrenia. Unstandardized coefficients and P-values of the hypothesized mediation model in the SCZ group (n = 33) are shown. 
Path a shows the significant negative effect of PS-DM network connectivity on personal space permeability; path b shows the significant 
negative effect of personal space permeability on passive social withdrawal, after controlling for PS-DM network connectivity; and path 
c shows the significant positive total effect of PS-DM network connectivity on passive social withdrawal. Path c′ shows the nonsignificant 
direct effect of this relationship after accounting for personal space permeability. Note: PS, personal space; DM, default mode; SCZ, 
schizophrenia group.

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbac052#supplementary-data
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suggest that some individuals with schizophrenia may 
exhibit elevated arousal responses during PS intrusions 
and have a more rigid PS boundary than control subjects. 
Higher arousal responses to PS intrusions could also re-
flect a less well-defined PS boundary.52

Some previous studies have used tasks that identify 
the boundaries of peri-personal space (PPS), often de-
fined experimentally as the area around the body where 
multisensory facilitation of stimulus detection occurs,34,37 in 
individuals with schizophrenia and controls. Some of these 
studies have found evidence for a smaller PPS in schizo-
phrenia relative to control subjects52,53 (but also see Noel et 
al).54 One potential explanation for this apparent discrep-
ancy with the evidence for enlarged PS in schizophrenia9–16 
comes from several studies in healthy subjects which sug-
gest that the size of PS and PPS may be influenced by sit-
uational factors (such as external threats and tool use) in 
opposite ways.55–57 One integrated model has proposed that 
PPS represents a “working space,” whereas PS serves as a 
“protective space”,58 and the mechanisms defining these 
spaces may be reciprocally regulated. For example, the size 
of the working space in which one can physically act (ie, 
PPS) may decrease when there is a need for a larger, pro-
tective zone of safety around the body (ie, PS). Additional 
studies in which these 2 constructs are measured in the 
same subjects under similar conditions will shed further 
light on how they are related to each other and affected in 
schizophrenia.

Links Between PS Permeability, Resting-State 
Functional Connectivity, and Social Withdrawal

The correlations between PS permeability and connec-
tivity between the PS and DM networks were robust and 
highly consistent (ie, found in all cohorts), suggesting that 
interactions between these 2 networks play a central role 
in the generation of arousal responses to PS intrusions. 
Moreover, the mediation of the association between 
PS-DM network connectivity and social withdrawal in 
the schizophrenia group by PS permeability suggests that 
one way that the interactions between these 2 networks 
impact social behavior is via PS regulation.

Moreover, changes in PS observed in autism-spectrum 
conditions59,60 and in association with loneliness in healthy 
subjects61 suggest that a wide range of social impairments 
may be linked to altered PS regulation and the associated 
neural manifestations.

Coupling Between the PS-Sensitive and DM Networks

The activity of  “task-positive” networks involved in at-
tending to the environment is diminished when atten-
tion is directed toward internally generated information, 
when the reciprocally engaged DM network increases 
its activity.62–64 Consistent with this overall pattern, the 
magnitude of  activity of  the PS and DM networks is 

negatively correlated during both tasks and resting 
states.10,42,43

The degree of anti-correlated activity between task-
positive and task-negative networks has been linked to 
cognitive functioning in previous studies. For example, 
greater deactivation of the DM network during attention-
demanding tasks has been associated with better task 
performance.65,66 Reduced task-related suppression of 
the DM network and correspondingly poorer task per-
formance67,68 and weaker anti-correlations between the 
DM and task-positive networks69,70 have been observed 
in people with schizophrenia and in those who are at risk 
for developing psychosis.71 Also, weaker anti-correlations 
between the DM and task-positive networks have been 
observed in first-degree relatives of people with schizo-
phrenia,70 suggesting that poorer differentiation of these 
reciprocally opposing systems in psychotic disorders may 
have a genetic basis and could serve as a marker of risk 
for psychosis.

Limitations and Future Directions

The interpretation of these findings must be considered 
in light of several limitations of this study, such as its 
cross-sectional design, which limits the inferences that 
can be drawn from the mediation analysis. Also, in fu-
ture work, measurements of the functioning of parietal-
frontal circuits that are anatomically near to the network 
involved in PS regulation, such as those involved in eye 
movements72–75 and gestures,76 which are behaviors that 
are also affected in schizophrenia,7,77–79 could be assessed 
in parallel to PS-related behaviors, to investigate the spec-
ificity of the effects observed in the current study. In addi-
tion, other processes that may contribute to the ability to 
distinguish the self  from others and from the surrounding 
environment could be measured, since a wide range of 
abnormalities in this overall domain have been observed 
in psychotic individuals.80–83

Supplementary Material

Supplementary material is available at https://academic.
oup.com/schizophreniabulletin/. 

Acknowledgments

The authors would like to gratefully acknowledge the 
study’s participants. The authors have declared that there 
are no conflicts of interest in relation to the subject of 
this study.

Funding

This work was supported by the National Institute of 
Mental Health (5R01MH109562).

https://academic.oup.com/schizophreniabulletin/
https://academic.oup.com/schizophreniabulletin/


Page 1082 of 1084

S. L. Zapetis et al

References

 1. Hunter  R, Barry  S. Negative symptoms and psychosocial 
functioning in schizophrenia: neglected but important targets 
for treatment. Eur Psychiatry. 2012;27(6):432–436.

 2. Fett  AK, Viechtbauer  W, Dominguez  MD, Penn  DL, 
van  Os  J, Krabbendam  L. The relationship between 
neurocognition and social cognition with functional out-
comes in schizophrenia: a meta-analysis. Neurosci Biobehav 
Rev. 2011;35(3):573–588.

 3. Kohler CG, Walker JB, Martin EA, Healey KM, Moberg PJ. 
Facial emotion perception in schizophrenia: a meta-analytic 
review. Schizophr Bull. 2010;36(5):1009–1019.

 4. Park S, Matthews N, Gibson C. Imitation, simulation, and 
schizophrenia. Schizophr Bull. 2008;34(4):698–707.

 5. Lavelle M, Healey PG, McCabe R. Is nonverbal communica-
tion disrupted in interactions involving patients with schizo-
phrenia? Schizophr Bull. 2013;39(5):1150–1158.

 6. Matthews N, Gold BJ, Sekuler R, Park S. Gesture imitation 
in schizophrenia. Schizophr Bull. 2013;39(1):94–101.

 7. Morita K, Miura K, Kasai K, Hashimoto R. Eye movement 
characteristics in schizophrenia: a recent update with clinical 
implications. Neuropsychopharmacol Rep. 2020;40(1):2–9.

 8. Levy  DL, Sereno  AB, Gooding  DC, O′Driscoll  GA. Eye 
tracking dysfunction in schizophrenia: characterization and 
pathophysiology. Curr Top Behav Neurosci. 2010;4:311–347.

 9. Deus V, Jokić-Begić N. Personal space in schizophrenic pa-
tients. Psychiatr Danub. 2006;18(3-4):150–158.

 10. Holt DJ, Boeke EA, Coombs G, et al. Abnormalities in per-
sonal space and parietal–frontal function in schizophrenia. 
Neuroimage Clin. 2015;9:233–243.

 11. de la Asuncion J, Docx L, Sabbe B, Morrens M, de Bruijn ER. 
Converging evidence of social avoidant behavior in schizo-
phrenia from two approach-avoidance tasks. J Psychiatr Res. 
2015;69:135–141.

 12. Nechamkin  Y, Salganik  I, Modai  I, Ponizovsky  AM. 
Interpersonal distance in schizophrenic patients: re-
lationship to negative syndrome. Int J Soc Psychiatry. 
2003;49(3):166–174.

 13. Park S-H, Ku J, Kim J-J, et al. Increased personal space of 
patients with schizophrenia in a virtual social environment. 
Psychiatry Res. 2009;169(3):197–202.

 14. Srivastava  P, Mandal  MK. Proximal spacing to facial af-
fect expressions in schizophrenia. Compr Psychiatry. 
1990;31(2):119–124.

 15. Duke MP, Mullens MC. Preferred interpersonal distance as 
a function of locus of control orientation in chronic schizo-
phrenics, nonschizophreic patients, and normals. J Consult 
Clin Psychol. 1973;41(2):230–234.

 16. Horowitz  MJ, Duff  DF, Stratton  LO. Body-buffer zone; 
exploration of personal space. Arch Gen Psychiatry. 
1964;11:651–656.

 17. Schoretsanitis  G, Kutynia  A, Stegmayer  K, Strik  W, 
Walther S. Keep at bay!—Abnormal personal space regula-
tion as marker of paranoia in schizophrenia. Eur Psychiatry. 
2016;31:1–7.

 18. Hall JA, Horgan TG, Murphy NA. Nonverbal communica-
tion. Annu Rev Psychol. 2019;70:271–294.

 19. Dosey MA, Meisels M. Personal space and self-protection. J 
Pers Soc Psychol. 1969;11(2):93–97.

 20. Graziano  MSA, Cooke  DF. Parieto-frontal interactions, 
personal space, and defensive behavior. Neuropsychologia. 
2006;44(13):2621–2635.

 21. Lourenco SF, Longo MR, Pathman T. Near space and its rela-
tion to claustrophobic fear. Cognition. 2011;119(3):448–453.

 22. Kahn  A, McGaughey  TA. Distance and liking: when 
moving close produces increased liking. Sociometry. 
1977;40(2):138–144.

 23. Collett P. Training Englishmen in the non-verbal behaviour 
of Arabs. Int J Psychol. 1971;6(3):209–215.

 24. Hayduk  LA. Personal space: where we now stand. Psychol 
Bull. 1983;94(2):293–335.

 25. Mehta V. The new proxemics: COVID-19, social distancing, 
and sociable space. J Urban Des. 2020;25(6):669–674.

 26. Hunley  SB, Lourenco  SF. What is peripersonal space? An 
examination of unresolved empirical issues and emerging 
findings. Wiley Interdiscip Rev Cogn Sci. 2018;9(6):e1472.

 27. Hayduk  LA. The permeability of personal space. Can J 
Behav Sci. 1981;13(3):274–287.

 28. Bar-Haim  Y, Aviezer  O, Berson  Y, Sagi  A. Attachment in 
infancy and personal space regulation in early adolescence. 
Attach Hum Dev. 2002;4(1):68–83.

 29. Hayduk LA. The shape of personal space: an experimental 
investigation. Can J Behav Sci. 1981;13(1):87–93.

 30. Hayduk  LA. Personal space: the conceptual and measure-
ment implications of structural equation models. Can J 
Behav Sci. 1985;17(2):140–149.

 31. Tootell RBH, Zapetis SL, Babadi B, et al. Psychological and 
physiological evidence for an initial “Rough Sketch” calcula-
tion of personal space. Sci Rep. 2021;11(1):20960.

 32. Rizzolatti  G, Fadiga  L, Fogassi  L, Gallese  V. The space 
around us. Science. 1997;277(5323):190–191.

 33. Iachini  T, Coello  Y, Frassinetti  F, Ruggiero  G. Body space 
in social interactions: a comparison of reaching and com-
fort distance in immersive virtual reality. PLoS One. 
2014;9(11):e111511.

 34. Cléry J, Guipponi O, Wardak C, Ben Hamed S. Neuronal bases 
of peripersonal and extrapersonal spaces, their plasticity and 
their dynamics: knowns and unknowns. Neuropsychologia. 
2015;70:313–326.

 35. di Pellegrino G, Làdavas E. Peripersonal space in the brain. 
Neuropsychologia. 2015;66:126–133.

 36. Sereno MI, Huang RS. A human parietal face area contains 
aligned head-centered visual and tactile maps. Nat Neurosci. 
2006;9(10):1337–1343.

 37. Serino A. Peripersonal space (PPS) as a multisensory inter-
face between the individual and the environment, defining the 
space of the self. Neurosci Biobehav Rev. 2019;99:138–159.

 38. Colby CL, Duhamel JR, Goldberg ME. Ventral intraparietal 
area of the macaque: anatomic location and visual response 
properties. J Neurophysiol. 1993;69(3):902–914.

 39. Fogassi  L, Gallese  V, Fadiga  L, Luppino  G, Matelli  M, 
Rizzolatti  G. Coding of  peripersonal space in in-
ferior premotor cortex (area F4). J Neurophysiol. 
1996;76(1):141–157.

 40. Cooke  DF, Graziano  MS. Sensorimotor integration in the 
precentral gyrus: polysensory neurons and defensive move-
ments. J Neurophysiol. 2004;91(4):1648–1660.

 41. Cooke DF, Taylor CS, Moore T, Graziano MS. Complex move-
ments evoked by microstimulation of the ventral intraparietal 
area. Proc Natl Acad Sci USA. 2003;100(10):6163–6168.

 42. Holt DJ, Cassidy BS, Yue X, et al. Neural correlates of per-
sonal space intrusion. J Neurosci. 2014;34(12):4123–4134.

 43. Nasiriavanaki Z, Barbour T, Farabaugh AH, et al. Anxious 
attachment is associated with heightened responsivity of a 



Page 1083 of 1084

Personal Space, Social Withdrawal, and Brain Connectivity in Schizophrenia 

parietofrontal cortical network that monitors peri-personal 
space. Neuroimage Clin. 2021;30:102585.

 44. Morris  SE, Cuthbert  BN. Research domain criteria: cog-
nitive systems, neural circuits, and dimensions of behavior. 
Dialogues Clin Neurosci. 2012;14(1):29–37.

 45. Insel T, Cuthbert B, Garvey M, et al. Research domain criteria 
(RDoC): toward a new classification framework for research 
on mental disorders. Am J Psychiatry. 2010;167(7):748–751.

 46. First MB, Spitzer RL, Gibbon M, Williams JBW. Structured 
Clinical Interview for DSM-IV-TR Axis I Disorders, Research 
Version, Patient Edition. (SCID-I/P). New York, NY: 
Biometrics Research, New York State Psychiatric Institute; 
2002.

 47. Chapman LJ, Chapman JP, Raulin ML. Scales for physical and 
social anhedonia. J Abnorm Psychol. 1976;85(4):374–382.

 48. Kay SR, Fiszbein A, Opler LA. The Positive and Negative 
Syndrome Scale (PANSS) for schizophrenia. Schizophr Bull. 
1987;13(2):261–276.

 49. Tuominen L, DeCross SN, Boeke E, et al. Neural abnormal-
ities in fear generalization in schizophrenia and associations 
with negative symptoms. Biol Psychiatry Cogn Neurosci 
Neuroimaging. 2021;6(12):1165–1175.

 50. Barbour T, Holmes AJ, Farabaugh AH, et al. Elevated amyg-
dala activity in young adults with familial risk for depression: 
a potential marker of low resilience. Biol Psychiatry Cogn 
Neurosci Neuroimaging. 2020;5(2):194–202.

 51. Hayes  AF, Scharkow  M. The relative trustworthiness of 
inferential tests of the indirect effect in statistical medi-
ation analysis: does method really matter? Psychol Sci. 
2013;24(10):1918–1927.

 52. Di  Cosmo  G, Costantini  M, Salone  A, et  al. Peripersonal 
space boundary in schizotypy and schizophrenia. Schizophr 
Res. 2018;197:589–590.

 53. Lee HS, Hong SJ, Baxter T, et al. Altered peripersonal space 
and the bodily self  in schizophrenia: a virtual reality study. 
Schizophr Bull. 2021;47(4):927–937.

 54. Noel JP, Failla MD, Quinde-Zlibut JM, et al. Visual-tactile 
spatial multisensory interaction in adults with autism and 
schizophrenia. Front Psychiatry. 2020;11:578401.

 55. Patané  I, Farnè  A, Frassinetti  F. Cooperative tool-use re-
veals peripersonal and interpersonal spaces are dissociable. 
Cognition. 2017;166:13–22.

 56. Graydon MM, Linkenauger SA, Teachman BA, Proffitt DR. 
Scared stiff: the influence of anxiety on the perception of ac-
tion capabilities. Cogn Emot. 2012;26(7):1301–1315.

 57. Sambo CF, Iannetti GD. Better safe than sorry? The safety 
margin surrounding the body is increased by anxiety. J 
Neurosci. 2013;33(35):14225–14230.

 58. de  Vignemont  F, Iannetti  GD. How many peripersonal 
spaces? Neuropsychologia. 2015;70:327–334.

 59. Asada  K, Tojo  Y, Osanai  H, Saito  A, Hasegawa  T, 
Kumagaya  S. Reduced personal space in individ-
uals with autism spectrum disorder. PLoS One. 
2016;11(1):e0146306.

 60. Gessaroli  E, Santelli  E, di  Pellegrino  G, Frassinetti  F. 
Personal space regulation in childhood autism spectrum dis-
orders. PLoS One. 2013;8(9):e74959.

 61. Layden EA, Cacioppo JT, Cacioppo S. Loneliness predicts a 
preference for larger interpersonal distance within intimate 
space. PLoS One. 2018;13(9):e0203491.

 62. Buckner  RL, Vincent  JL. Unrest at rest: default ac-
tivity and spontaneous network correlations. Neuroimage 
2007;37(4):1091–1096; discussion 1097.

 63. McKiernan  KA, Kaufman  JN, Kucera-Thompson  J, 
Binder  JR. A parametric manipulation of factors affecting 
task-induced deactivation in functional neuroimaging. J 
Cogn Neurosci. 2003;15(3):394–408.

 64. Binder JR, Frost JA, Hammeke TA, Bellgowan PS, Rao SM, 
Cox  RW. Conceptual processing during the conscious 
resting state. A  functional MRI study. J Cogn Neurosci. 
1999;11(1):80–95.

 65. Weissman  DH, Roberts  KC, Visscher  KM, Woldorff  MG. 
The neural bases of momentary lapses in attention. Nat 
Neurosci. 2006;9(7):971–978.

 66. Hampson M, Driesen N, Roth JK, Gore JC, Constable RT. 
Functional connectivity between task-positive and task-
negative brain areas and its relation to working memory per-
formance. Magn Reson Imaging. 2010;28(8):1051–1057.

 67. Whitfield-Gabrieli  S, Thermenos  HW, Milanovic  S, et  al. 
Hyperactivity and hyperconnectivity of the default net-
work in schizophrenia and in first-degree relatives of 
persons with schizophrenia. Proc Natl Acad Sci USA. 
2009;106(4):1279–1284.

 68. Meyer-Lindenberg AS, Olsen RK, Kohn PD, et al. Regionally 
specific disturbance of dorsolateral prefrontal-hippocampal 
functional connectivity in schizophrenia. Arch Gen Psychiatry. 
2005;62(4):379–386.

 69. Chai  XJ, Whitfield-Gabrieli  S, Shinn  AK, et  al. Abnormal 
medial prefrontal cortex resting-state connectivity in bipolar 
disorder and schizophrenia. Neuropsychopharmacology. 
2011;36(10):2009–2017.

 70. Liu H, Kaneko Y, Ouyang X, et al. Schizophrenic patients and 
their unaffected siblings share increased resting-state connect-
ivity in the task-negative network but not its anticorrelated 
task-positive network. Schizophr Bull. 2012;38(2):285–294.

 71. Shim  G, Oh  JS, Jung  WH, et  al. Altered resting-state con-
nectivity in subjects at ultra-high risk for psychosis: an fMRI 
study. Behav Brain Funct. 2010;6:58.

 72. Colby  CL, Goldberg  ME. Space and attention in parietal 
cortex. Annu Rev Neurosci. 1999;22:319–349.

 73. Gnadt JW, Andersen RA. Memory related motor planning 
activity in posterior parietal cortex of macaque. Exp Brain 
Res. 1988;70(1):216–220.

 74. Baltaretu  BR, Monaco  S, Velji-Ibrahim  J, Luabeya  GN, 
Crawford  JD. Parietal cortex integrates saccade and ob-
ject orientation signals to update grasp plans. J Neurosci. 
2020;40(23):4525–4535.

 75. Schröder  R, Kasparbauer  AM, Meyhöfer  I, Steffens  M, 
Trautner  P, Ettinger  U. Functional connectivity 
during smooth pursuit eye movements. J Neurophysiol. 
2020;124(6):1839–1856.

 76. Fridman  EA, Immisch  I, Hanakawa  T, et  al. The role of 
the dorsal stream for gesture production. Neuroimage. 
2006;29(2):417–428.

 77. Okada  KI, Miura  K, Fujimoto  M, et  al. Impaired inhib-
ition of return during free-viewing behaviour in patients with 
schizophrenia. Sci Rep. 2021;11(1):3237.

 78. Walther  S, Vanbellingen  T, Müri  R, Strik  W, Bohlhalter  S. 
Impaired gesture performance in schizophrenia: particular 
vulnerability of meaningless pantomimes. Neuropsychologia. 
2013;51(13):2674–2678.

 79. Walther  S, Mittal  VA, Stegmayer  K, Bohlhalter  S. Gesture 
deficits and apraxia in schizophrenia. Cortex. 2020;133:65–75.

 80. Hur  J-W, Kwon  JS, Lee  TY, Park  S. The crisis of minimal 
self-awareness in schizophrenia: a meta-analytic review. 
Schizophr Res. 2014;152(1):58–64.



Page 1084 of 1084

S. L. Zapetis et al

 81. van der Weiden A, Prikken M, van Haren NEM. . Self–other 
integration and distinction in schizophrenia: a theoretical 
analysis and a review of the evidence. Neurosci Biobehav Rev. 
2015;57:220–237.

 82. Bleuler E. Dementia praecox oder Gruppe der Schizophrenien. 
Leipzig: Deuticke; 1911.

 83. Kraepelin  E. Psychiatrie. Ein Lehrbuch für Studierende und 
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