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ABSTRACT
Objectives: Social dysfunction is one of the most common signs of major neuropsychiatric dis-
orders. The Default Mode Network (DMN) is crucially implicated in both psychopathology and
social dysfunction, although the transdiagnostic properties of social dysfunction remains
unknown. As part of the pan-European PRISM (Psychiatric Ratings using Intermediate Stratified
Markers) project, we explored cross-disorder impact of social dysfunction on DMN connectivity.
Methods: We studied DMN intrinsic functional connectivity in relation to social dysfunction by
applying Independent Component Analysis and Dual Regression on resting-state fMRI data,
among schizophrenia (SZ; N¼ 48), Alzheimer disease (AD; N¼ 47) patients and healthy controls
(HC; N¼ 55). Social dysfunction was operationalised via the Social Functioning Scale (SFS) and
De Jong-Gierveld Loneliness Scale (LON).
Results: Both SFS and LON were independently associated with diminished DMN connectional
integrity within rostromedial prefrontal DMN subterritories (pcorrected range¼ 0.02–0.04). The
combined effect of these indicators (Mean.SFSþ LON) on diminished DMN connectivity was
even more pronounced (both spatially and statistically), independent of diagnostic status, and
not confounded by key clinical or sociodemographic effects, comprising large sections of rostro-
medial and dorsomedial prefrontal cortex (pcorrected¼0.01).
Conclusions: These findings pinpoint DMN connectional alterations as putative transdiagnostic
endophenotypes for social dysfunction and could aid personalised care initiatives grounded in
social behaviour.
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Introduction

Adaptive social functioning is critical to human sur-
vival and heavily dependent on complex neurocogni-
tive systems unique to human beings (Holt-Lunstad
et al. 2010; Porcelli et al. 2019; van der Wee et al.
2019). Social dysfunction is accordingly one of the first

and most common signs of major neuropsychiatric

disorders. This is likely because of the enormous

amount and complexity of brain network processes

required to initiate and maintain adaptive social

behaviour (Porcelli et al. 2019; van der Wee et al.

2019). Stimulated by clinical observations, converging
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lines of research report shared negative symptomatol-
ogy such as social dysfunction across multiple neuro-
psychiatric disorders (Winograd-Gurvich et al. 2006;
Insel et al. 2010; Porcelli et al. 2019; Ike et al. 2020).
This advocates for a neurobiological correlate at the
basis of social dysfunction that is possibly distinct and
partly independent of the current neuropsychiatric
nosologies (Buckholtz and Meyer-Lindenberg 2012;
Porcelli et al. 2019). Empirical data in support of this
notion, however, are lacking and this tends to pre-
clude a thorough understanding of social dysfunction
as a transdiagnostic phenotype rather than a symptom
of psychiatric nosologies (Kas et al. 2007; Insel et al.
2010). To this end, the pan-European PRISM
(Psychiatric Ratings using Intermediate Stratified
Markers) project examined the cross-disorder value of
social dysfunction and its putatively distinct neurobio-
logical correlates in two distinctive disorders,
Schizophrenia (SZ) and Alzheimer’s Disease (AD) (Kas
et al. 2019). Whereas these two disorders differ in core
symptoms, genetic profile, and underlying neurobiol-
ogy, they importantly overlap considerably in social
deficits (i.e. social withdrawal, interpersonal dysfunc-
tion, loneliness) (Kas et al. 2019; Cuthbert 2019). This
renders them therefore as ideal candidates to address
the PRISM study objectives. Using distinctively differ-
ent neuropsychiatric disorders mitigates confounding
effects and allows identification of truly transdiagnostic
effects/associations (Kas et al. 2019). This aligns nicely
with the RDoC perspective that clinical psychological
problems are best defined along functional domains
with shared neurobiological substrates, regardless of
diagnostic nosologies, to attain novel insights and
advance treatment (Insel et al. 2010).

A neurobiological system potentially relevant to
both social (dys)function and SZ/AD pathophysiology
is the brain’s Default Mode Network (DMN), which cru-
cially shapes various aspects of human social behav-
iour (Buckner et al. 2008; Mars et al. 2012; Mazza et al.
2013; Andrews-Hanna et al. 2014; Li et al. 2014;
Padmanabhan et al. 2017; Badhwar et al. 2017; Hu
et al. 2017; Pievani et al. 2017; Lefort-Besnard et al.
2018; Spreng et al. 2020). The complexity of DMN
function is reflected by the broad scope of brain areas
involved in the DMN (Buckner et al. 2008; Andrews-
Hanna et al. 2010, 2014; Spreng and Andrews-Hanna
2015). The core DMN system mainly processes person-
ally relevant, sociocognitive information, with the ros-
tromedial prefrontal cortex (PFC) and posterior
cingulate cortex being its key nodes (Buckner et al.
2008; Andrews-Hanna et al. 2010, 2014; Spreng and
Andrews-Hanna 2015). The medial temporal section of

DMN is associated with recollection of experiences
and autobiographical processing and is comprised of
the hippocampal formation, retrosplenial cortex, infer-
ior parietal lobule, and ventromedial PFC (Buckner
et al. 2008; Andrews-Hanna et al. 2010, 2014; Spreng
and Andrews-Hanna 2015). The dorsomedial section of
DMN, on the other hand, is predominantly involved in
socially coloured, meta-cognitive processes and men-
talizing (i.e. inferences about others’ internal state)
and is anchored in the temporoparietal junction (TPJ),
superior frontal gyrus (SFG) and dorsomedial PFC
(Buckner et al. 2008; Andrews-Hanna et al. 2010, 2014;
Spreng and Andrews-Hanna 2015). DMN sub-sections
are highly intertwined and this allows for whole-net-
work parallel functioning, which is a key ingredient to
DMN modulation of complex human social behaviours
(Spreng and Andrews-Hanna 2015). Crucially, the DMN
largely overlaps with the so-called ‘social brain’, for
which perturbations among SZ/AD patients have been
suggested and linked to social impairment (Porcelli
et al. 2019).

Alterations in DMN connectional integrity among
SZ and AD patients have been described per disorder
in several overview papers and linked to deficits in
social, cognitive, and affective processes that the DMN
seems to subserve (e.g. self-referential processing,
mentalising, emotion recognition/resonance) (Mazza
et al. 2013; Badhwar et al. 2017; Hu et al. 2017;
Pievani et al. 2017; Lefort-Besnard et al. 2018; Porcelli
et al. 2019; Li et al. 2019). The most consistent finding
in both SZ and AD is altered functional connectivity
patterns within and between cortical midline sections
of the DMN (Whitfield-Gabrieli and Ford 2012; Mazza
et al. 2013; Anticevic et al. 2015; Badhwar et al. 2017;
Hu et al. 2017; Pievani et al. 2017; Lefort-Besnard et al.
2018; Li et al. 2019; Porcelli et al. 2019). Of note, DMN
disturbances are also observed in other neuropsychi-
atric disorders characterised by severe social dysfunc-
tion, including autism, social phobia, and depression
(Maresh et al. 2014; Kaiser et al. 2015; Mulders et al.
2015; Padmanabhan et al. 2017; Dixon et al. 2020;
Saris et al. 2020), further corroborating the importance
of DMN to both normal and disturbed social function-
ing. It is assumed that large-scale brain network dysre-
gulations, particularly those in the DMN, may
contribute to core deficits in social, general cognitive,
and affective functions, which in turn, could trigger
(pre)clinical symptomologies in neuropsychiatric disor-
ders such as SZ and AD (Menon 2011). Hence, a brain
network approach towards social dysfunction in these
distinct disorders offers a powerful means to trans-
diagnostically investigate how dysfunctional brain
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architecture could interfere with adaptive social
behaviour. Suboptimal DMN integrity has indeed been
reported in relation to general social dysfunction as
well as subjective feelings of loneliness (Cacioppo
et al. 2014; Schm€alzle et al. 2017). Most convincing
piece of evidence in this regard was recently pre-
sented in the massive UK Biobank dataset (N�38000),
which robustly linked DMN dysconnectivity to subject-
ive feelings of loneliness (Spreng et al. 2020).

Yet, no study has thus far directly examined the
association between social dysfunction and DMN con-
nectional integrity across SZ/AD patients and matched
healthy controls. As such, we lack an integrated
account of underlying mechanisms or a consensus
regarding the framework of these relationships. The
current study hence innovatively addressed this issue,
by examining whether DMN connectivity is transdiag-
nostically coupled with social dysfunction, both its
behavioural component and its subjective experience,
as these are often observed in SZ/AD patients and
tend to co-occur with DMN disintegrity (Porcelli et al.
2019; Cacioppo et al. 2014; Schm€alzle et al. 2017).
Diagnostic nosologies were accounted for in all analy-
ses to identify truly transdiagnostic effects. Key clinical
and demographic variables were corrected for to fur-
ther aid robustness and specificity of findings.
Importantly, all data collection (including MRI) and
participant-level assessments were performed accord-
ing to fully harmonised protocols across sites. We
aimed to include patients with a relatively recent dis-
ease onset in order to capture as much as possible of
the underlying neurobiology of social dysfunction
rather than long-term consequences of psychopath-
ology or neurodegeneration. Post hoc analyses add-
itionally examined whether any brain–behaviour
relationship documented here is specific/exclusive to
the DMN. Based on prior work on DMN and social
(dys)functioning, we hypothesised social dysfunction
to transdiagnostically relate to diminished DMN con-
nectional integrity, especially within its cortical midline
sections (Mazza et al. 2013; Badhwar et al. 2017; Hu
et al. 2017; Pievani et al. 2017; Lefort-Besnard et al.
2018; Porcelli et al. 2019; Li et al. 2019; Saris et al.
2020). We also anticipated these effects to be distinct
and (partly) independent of that of diagnostic status
(Porcelli et al. 2019).

Methods and materials

Participants

Data for the current study were derived from the
PRISM study and included 48 SZ and 47 AD patients,

along with 55 matched HC participants (28 HC
younger (18–45 years) and 27 HC older (50–80 years))
(Kas et al. 2019; Bilderbeck et al. 2019). Participants
were recruited between April 2017 and April 2019
from three sites in the Netherlands (University Medical
Centre Utrecht, VU University Medical Centre, and
Leiden University Medical Centre) and two sites in
Spain (Hospital General Universitario Gregorio
Mara~n�on and Hospital Universitario de La Princesa).
Table 1 provides an overview of participant inclusion
per site. Importantly, all data collection and partici-
pant-level assessments were performed according to
fully harmonised protocols across sites. All participants
provided verbal and written informed consent prior to
participation and were considered as sufficiently com-
petent to participate by researchers and caregivers.

Clinical assessment

DSM-IV diagnosis of SZ was confirmed using the Mini-
International Neuropsychiatric Interview (M.I.N.I.-
screen), with at least one psychotic episode and max-
imum of 15-year disease duration since diagnosis
(Sheehan et al. 1998). SZ patients had to be on stable
antipsychotic/anticholinergic/antidepressant medica-
tion dosage for at least eightweeks, and 18–45 years
of age. SZ patients were excluded if they scored �22
on the seven-item positive symptoms subscale of the
PANSS, to rule out an active psychotic episode pos-
sibly hampering adequate study participation (Kay
et al. 1987; Bilderbeck et al. 2019). Diagnosis of prob-
able AD was established according to the National
Institute on Ageing and the Alzheimer’s Association
criteria (McKhann et al. 2011). AD patients had to add-
itionally score 20–26 (i.e. mild AD pathology) on the
mini-mental state examination (MMSE), and be
50–80 years of age (Folstein et al. 1975). AD patients
with history of strokes, either based on clinical judge-
ment, medical history or imaging results, were
excluded. As the patient groups differed significantly
in age, we also included two age-matched healthy
control groups in the study to mitigate age effects,
while additionally correcting for age and age-squared
in all analyses. HC participants exclusion criteria were
any history of psychopathologies (as confirmed by the
MINI) or neurological disorders, and usage of psycho-
tropics and central nervous system affecting medica-
tion. More detail regarding participant in- and
exclusion criteria is provided in the Supplement.
Cognitive dysfunction was estimated in AD patients
using the Alzheimer’s Disease Assessment Scale –
Cognitive subscale (ADAS-cog) (Rosen et al. 1984).
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Current states of positive and negative symptoms of
schizophrenia were measured using the PANSS (posi-
tive and negative syndrome scale) (Kay et al. 1987).

Indicators of social dysfunction

The current study examined both the behavioural
component and subjective experience of social dys-
function (Maresh et al. 2014; Kaiser et al. 2015). The
behavioural aspect of social dysfunction was indexed
with the Social Functioning Scale (SFS) (Birchwood
et al. 1990). The SFS multidimensionally examines
social functioning with seven subscales: social with-
drawal, interpersonal functioning, prosocial activities,
recreational activities, competence and performance
independence and employment. The subscale
‘employment’ was not used for total scale analyses,
since most participants were retired in the older HC
and AD group introducing a bias in line with reporting
in a previous study (V�azquez Morej�on et al. 2000). All
subscales had different raw maximum scores ranging
from 18–39. Questions were largely quantitative in
nature such as: ‘how often do you go to… ’. We
reverse scored the individual subscales so that a
higher score would indicate more social dysfunction.
The total score on the SFS, following the original SFS
scoring guidelines with provided conversion table, was
used for the final imaging analyses (Birchwood et al.
1990). The Jong-Gierveld Loneliness (LON) question-
naire was employed to assess the subjective experi-
ence of social dysfunction in the form of feelings of
loneliness, with higher total scores indicating more
loneliness, with questions such as: ‘do you have some-
one in whom you can confide’ (de Jong-Gierveld et al.
1985). The LON questionnaire consists of 11 items
scored on a 3-point Likert scale, with a maximum
score of 33. The two questionnaires were moderately
correlated (Spearman’s r¼ 0.54, p< 0.001), suggesting
that while having some overlap they capture partly
different aspects of social dysfunction. We also exam-
ined the average cumulative effect of the behavioural
aspect and subjective experience of social dysfunction
(Mean.SFSþ LON) on DMN connectional integrity.

MRI data acquisition and pre-processing

Resting-state fMRI and structural MRI data were
acquired according to fully harmonised protocols
across sites (see Supplementary data). Philips Achieva
3 T MRI scanners were used at the Dutch sites, while a
Siemens Prisma 3 T MRI scanner was used at the
Spanish site. All MRI assessments for both Spanish

recruiting sites were performed on a single MRI scan-
ner. An extensive quality assurance protocol was
implemented to mitigate any scanner-specific effects,
which included harmonised scanning protocols, pilot
testing with a ‘traveling head’, and correction for site
in all statistical analyses (see Supplementary data for
details). All data were subsequently pre-processed and
cleaned according to established protocols and cur-
rent standards, using FSL software (V6.0; http://fsl.
fmrib.ox.ac.uk/fsl/fslwiki/, see also Supplementary
data). Additional (micro)motion-related artefact
removal (ICA-AROMA), and white matter/cerebrospinal
fluid signal removal was implemented to further elim-
inate noise.

DMN functional connectivity and social
dysfunction

Figure 1 depicts the analytical pipeline employed in
this study, with detailed description provided in the
Supplement. In short, probabilistic Independent
Component Analysis (ICA) within FSL’s MELODIC mod-
ule was used for data-driven decomposition of the
entire pre-processed RS-fMRI dataset into 20 tempor-
ally and spatially independent components (i.e. intrin-
sic functional brain networks) (Nickerson et al. 2017).
This level of granularity is typically used to identify
large-scale, canonical brain networks (Smith et al.
2009; Laird et al. 2011). The group-average set of com-
ponents (i.e. resting state networks) generated by
MELODIC was then used to generate subject-specific
versions of them (spatial maps and associated time
courses) via FSL’s Dual Regression tool (Nickerson
et al. 2017). The DMN was identified based on its dis-
tinct topological architecture, as described in seminal
overview papers and subjected to further analysis
(Figure 1; Smith et al. 2009; Laird et al. 2011).

We explored the transdiagnostic effects of social
dysfunction on DMN whole-network connectivity,
using non-parametric, permutation-based General
Linear Model (GLM) analyses with FSL’s Randomise
tool (5000 permutations). The GLM included the indi-
vidual participants’ SFS (i.e. behavioural social dysfunc-
tion) and LON (i.e. subjective experience social
dysfunction) total scores as separate regressors,
wherein both the unique and the average cumulative
effects of these two constructs on DMN connectional
integrity were examined. This dimensional analysis
tested whether across the sample any linear associa-
tions can be found between DMN connectivity and
individual participant’s SFS and/or LON scores.
Diagnostic status (i.e. SZ/AD/HC-younger/HC-older)
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was also entered in the GLM as regressor, in order to
correct for it and disentangle its impact on DMN from
that of social dysfunction. Key clinical (psychotropic
medication, comorbid symptomology) and sociodemo-
graphic (age, age squared, sex, education, scan site/type)
factors were corrected for in the analyses to aid robust-
ness and reliability of findings (added as regressors in
GLM). All variables were demeaned across groups, with
statistical thresholding and correction for multiple

comparisons achieved through Threshold-Free Cluster
Enhancement (TFCE) with family-wise error (FWE) correc-
tion at p< 0.05 (Smith and Nichols 2009).

Results

Sample characteristics

The sample characteristics are listed in Table 1. As
expected, a large majority of SZ patients used

Figure 1. Functional connectivity analyses of the Default Mode Network (DMN). Collected resting-state fMRI data were first pre-
processed and cleaned. Data from all participants was concatenated across time and submitted to a probabilistic group independ-
ent component analysis (ICA) using MELODIC. The group ICA produced a set of 20 independent spatial maps/components (i.e.
functional networks). The set of spatial maps generated by MELODIC was then used to generate subject-specific versions of these
spatial maps, and associated time courses, using Dual Regression. That is, for each subject, the group-average set of spatial maps
was regressed (as spatial regressors in multiple regression) onto the subject’s 4 D space-time dataset. This resulted in a set of sub-
ject-specific time series, one per group-level spatial map. Next, these time series were regressed (as temporal regressors, again
using multiple regression) against the same 4D dataset, resulting in a set of subject-specific spatial maps, one per group-level
spatial map. Our component of interest (i.e. DMN) was then selected based on spatial similarity to functional networks described
in prior seminal papers on DMN connectivity and architecture. Finally, permutation testing (N¼ 5000) was used to examine the
association between DMN connectivity and social dysfunction proxies, while correcting for key clinical and sociodemographic fac-
tors. Results were adjusted for multiple comparisons using Threshold-Free Cluster Enhancement with Family-Wise Error correction
at p< 0.05. Adapted and reprinted with permission from Wiley Periodicals, Inc.: Human Brain Mapping (Smith et al. 2015).
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antipsychotic medication (89.4%), with some also
using antidepressants (20.8%). Nearly half of the AD
patients used AD-specific medication (e.g. acetylcholin-
esterase inhibitor and/or NDMA receptor antagonist)
(44.7%). Mean positive and negative symptoms in SZ
patients was 11.0 and 14.9, respectively, as measured
with the PANSS (indicating mild pathology, matching
stable outpatient clinic characteristics). Mean dementia
symptomatology was 26.8 on the ADAS-cog for the
AD group (indicating mild dementia symptomatology).
Compared to age-matched controls, patients had in
general more depressive symptomatology and less
positive affect, though none of the groups reached
clinical depression levels, as participants with clinical
depression were excluded before the analyses. The
SFS and LON total scores differed between patient
groups and their age-matched HC participants (p’s
<0.001), except for LON scores between the AD
patients and older healthy controls (p¼ 0.19). The
patient groups (AD and SZ patients) differed signifi-
cantly in their SFS, LON and mean SFSþ LON scores (p
< 0.001).

DMN connectivity and social dysfunction

The analyses revealed a transdiagnostic association
between behavioural aspects of social dysfunction
(SFS) and diminished DMN connectional integrity, spe-
cifically within the rostromedial PFC subterritory of the
DMN (TFCE & FWE corrected, p¼ 0.02) (Figure 2(A)). A
similar link was found between participants’ subjective
experience of social dysfunction (LON) and diminished
DMN connectional integrity in the rostromedial PFC
(TFCE & FWE corrected, p¼ 0.04) (Figure 2(B)). The
mean cumulative effect of SFS and LON on diminished
DMN connectivity was even more pronounced (both
spatially and statistically), comprising large sections of
the rostromedial and dorsomedial PFC (p¼ 0.01)
(Figure 2(C)). Post hoc analyses additionally revealed
that above-mentioned effects were not moderated
(interaction) by diagnostic status (p’s> 0.05), thus fur-
ther corroborating their transdiagnostic nature.

On top of our transdiagnostic analyses of social
dysfunction–DMN relationships, our GLM model simul-
taneously also investigated the impact of diagnostic
status on DMN connectivity, so to fully appreciate the
unique contributions of social dysfunction to DMN
integrity. Of note, these analyses thus mainly serve as
sensitivity tests, and were not set up to examine the
DMN-correlates of SZ/AD diagnostic status (already
described extensively) (Badhwar et al. 2017; Hu et al.
2017). The analyses showed that SZ patients exhibited

abnormally increased DMN connectivity within rostro-
medial PFC and temporoparietal territories, in compar-
isons to their age-matched healthy control peers (TFCE
& FWE corrected, p¼ 0.01) (see Figure S1 in
Supplementary data). No differences were found in
DMN connectivity between the AD patients and older
HC participants. These disorder-specific findings (or
their lack of) clearly diverge from those of social dys-
function, being spatially different and directionally dis-
tinctive (increased vs. decreased connectivity), further
corroborating the specificity of the social dysfunction-
DMN relations we documented.

Network-specificity analyses

Post hoc analyses assessed whether brain-social behav-
iour relationships documented here are specific to the
DMN. We therefore reran our dimensional brain-social
dysfunction analyses, though now focussing on two
other canonical brain networks often implicated in
neuropsychiatric disorders: The Salience Network (SN;
serves saliency mapping) and the Central Executive
Network (CEN; governs executive functions & behav-
ioural control). The influential triple network model of
psychopathology posits that functional disorganisation
within the DMN and these two networks collectively
spur susceptibility for maladaptive social behaviour
and mental disorders, including SZ and AD (Menon
2011). The SN and CEN were part of our 20 network
MELODIC-ICA solution (see Methods), which automat-
ically split up the CEN into a right- and left-lateralized
network assembly. GLM modelling and analytical
sequence proceeded exactly as described for the
DMN-social dysfunction analyses, though statistical
inferences were additionally Bonferroni corrected for N
networks to control for multiple testing (TFCE & FWE;
P 0.05/3¼ 0.017). No significant link between social
dysfunction and SN or CEN connectivity emerged
though (P’s> 0.05), indicating that the brain-behaviour
relationships reported here are specific to DMN.

Discussion

The current study examined how behavioural aspects
and subjective experiences of social dysfunction trans-
diagnostically associate with DMN connectional integ-
rity, among SZ/AD patients and age-matched healthy
controls. We found that the behavioural aspect and
subjective experience of social dysfunction are both
transdiagnostically linked to decreased prefrontal DMN
connectivity, with their cumulative effect being even
more pronounced (both spatially and statistically).
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Figure 2. Social dysfunction transdiagnostically associated with DMN connectivity. The upper panel (A) depicts medial views of
the DMN (yellow-orange), with the effects site (rmPFC; blue) for the transdiagnostic negative association between DMN connectiv-
ity and the SFS superimposed on it (TFCE & FWE corrected, p¼ 0.02). The middle panel (B) depicts medial views of the DMN (yel-
low-orange), with the effects site (rmPFC; blue) for the transdiagnostic negative association between DMN connectivity and LON
superimposed on it (TFCE & FWE corrected, P¼ 0.04). The lower panel (C) depicts medial views of the DMN (yellow-orange), with
the effects site (rmPFC & dmPFC; blue) for the transdiagnostic negative association between DMN connectivity and Mean
SFSþ LON superimposed on it (TFCE & FWE corrected, p¼ 0.01). The last panel (D) depicts the DMN constellation as generated
per our resting-state fMRI pipeline. The yellow-orange scalar bar represents connectivity strengths (Z-value) within DMN, while the
blue scalar bar reflects significance level (P-value) of social dysfunction-DMN associations. The scatter plots (A, B, C) provide a
quantitative visualisation of this effect, wherein mean connectivity estimates from the DMN effect sites (y axis) are plotted against
social dysfunction scores (x axis). The values on y and x axis are Z-score residuals. The black solid line depicts the slope of the
association, with the dotted bands indicating the 95% confidence interval of the slope. Higher positive values on the x axis indi-
cate more severe social dysfunction. LON: de Jong-Gierveld Loneliness questionnaire; SFS: Social Functioning Scale
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These effects were independent of diagnostic status,
not confounded by key clinical (psychotropic medica-
tion, comorbid symptomology) and sociodemographic
(age, sex, education, scan location) factors, and highly
specific to the DMN. These findings pinpoint DMN
connectional alterations as putative transdiagnostic
endophenotypes for social dysfunction, and could
plausibly aid personalised care initiatives grounded in
social behaviour.

DMN connectivity and social dysfunction

Our analyses revealed that the behavioural aspect and
subjective experience of social dysfunction are both
uniquely and transdiagnostically associated with
decreased DMN connectivity across SZ/AD/HC partici-
pants. The main effect site for this negative association
comprised the rmPFC subsection of the DMN, and to
a lesser extent its dmPFC subterritory. Findings largely
echo the growing body of literature emphasising that
the DMN is central to adaptive social functioning
(Buckner et al. 2008; Schilbach et al. 2008; Andrews-
Hanna 2012; Che et al. 2014; Spreng and Andrews-
Hanna 2015). Social dysfunction has recently been
associated with decreased connectivity in the rmPFC
as part of the DMN in various neuropsychiatric disor-
ders (Padmanabhan et al. 2017; Fox et al. 2017; Saris
et al. 2020), though our study is the first to showcase
this in a transdiagnostic sample. Although in close
topological proximity, the rmPFC and dmPFC have dif-
ferential functions within the DMN (Li et al. 2014;
Andrews-Hanna et al. 2014; Dixon et al. 2017). The
rmPFC is a key node of the core DMN system in add-
ition to the PCC, (Andrews-Hanna et al. 2014; Buckner
et al. 2008; Spreng and Andrews-Hanna 2015) and as
such actively involved in coupling of the DMN subsys-
tems. The rmPFC mainly functions within the core
DMN system to support self-referential thoughts, self-
other dichotomies, and socioemotional processing
(Buckner et al. 2008; Andrews-Hanna et al. 2014;
Spreng and Andrews-Hanna 2015; Dixon et al. 2017).
The core DMN system is active when constructing
future scenes based on autobiographical experiences,
as well as when we are thinking of friends and individ-
uals similar to ourselves (Benoit et al. 2010; Spreng
and Andrews-Hanna 2015). Data on the rmPFC sup-
port the concept that self-referential processes are
also employed for thinking about others (Benoit et al.
2010). The dmPFC on the other hand is part of the
dorsomedial DMN (dmDMN) subsystem, which add-
itionally comprises the TPJ and SFG (Andrews-Hanna
et al. 2010; Benoit et al. 2010; Dixon et al. 2017). The

dmDMN subsystem is predominantly active during
higher order social processes such as self-reflective
judgements, or when we are inferring upon the men-
tal states of others (i.e. mentalizing) (Andrews-Hanna
et al. 2014; Li et al. 2014; Spreng and Andrews-
Hanna 2015).

In this study, more severe social dysfunction (mean
cumulative effect of behavioural and affective social
dysfunction) was associated with more widespread
perturbations in the DMN, with diminished recruit-
ment of the dmPFC (i.e. dmDMN subsystem node) in
addition to the rmPFC (i.e. core DMN node). This sup-
ports the notion that the connectional disturbances in
the core DMN could lead to dysconnectivity in the
dmDMN subsystem as well (Menon 2011; Buckholtz
and Meyer-Lindenberg 2012; Spreng and Andrews-
Hanna 2015; Kaiser et al. 2015; Saris et al. 2020).
However, it remains unclear if social dysfunction gives
rise to DMN dysconnectivity or the other way around.
The cross-sectional nature of this study does not allow
for causal inferences, yet tentative empirical data
tends to support the DMN dysconnectivity as the
causal factor. Clinical examples include rTMS and psy-
chotropic medication that manage to normalise DMN
functional and connectional integrity, followed by
altered (more favourable) social behaviour (Anderson
et al. 2016; Pievani et al. 2017, Lorenzi et al. 2011;
Goveas et al. 2011; Bais et al. 2017). Moreover, animal
data describing stimulation/manipulation of key DMN
subregions/circuits, moreover, show stark changes in
social behaviour (Shemesh et al. 2016; Filiano et al.
2016; Mills et al. 2016; Zott et al. 2018; Missault et al.
2019; Ike et al. 2020). Additionally, top hits from a
recently performed GWAS of the sociability trait were
most heavily expressed in frontal DMN regions/circuits,
with sociability and loneliness moreover being genet-
ically linked (Bralten et al. 2019). Thus, irrespective of
the origin of the perturbed functional connectivity
within the DMN, disturbances in this crucial brain net-
work appear to give rise to a wide variety of core defi-
cits in sociocognitive and socioaffective functioning,
which are likely to trigger (sub)clinical symptomatalo-
gies (Kaiser et al. 2015).

Our post hoc analyses did not find any significant
links between social dysfunction and SN or CEN con-
nectivity (P’s> 0.05, Bonferroni corrected), which was
performed to probe the specificity of DMN disintegrity
to social dysfunction. This is somewhat in contrast to
current literature on large-scale networks and human
behaviour or neuropsychiatry (Menon 2011). The triple
network model of psychopathology, for instance, pos-
tulates that an imbalance within or between large-
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scale brain networks could derail key cognitive and
emotional processes. Specifically, the SN mainly seems
to serve as a crucial switch from the internal oriented
DMN with the more externally oriented CEN (Menon
2011; Uddin 2015; Seeley 2019). Whereas the DMN is
directly linked to self-related and social processes, the
SN seems to differentiate between internal and extra
personal stimuli in order to guide (social) behaviour.
While the roles of the SN and CEN are notable in
adaptive behavioural processes, findings from current
and prior research indicate that the DMN is highly
specific for social dysfunction. This is most convin-
cingly illustrated in the massive UK Biobank study
(N�38000) where there was a link between impaired
social behaviour and the DMN, but no other brain net-
work (Spreng et al. 2020).

DMN connectivity and diagnostics

Though this study was not designed to replicate dys-
function previously well described changes in the
DMN as a function of SZ or AD diagnosis, we did
include categorical diagnostics in the model to pin-
point the unique transdiagnostic effect of social dys-
function on the DMN. This mainly served as a
sensitivity test, and was not set up to examine the
DMN-correlates of SZ/AD diagnostic status (described
extensively elsewhere (Badhwar et al. 2017; Hu et al.
2017). We found disorder-specific increased connectiv-
ity in the DMN among SZ patients relative to their HC
peers, mainly in the TPJ and rostromedial PFC.
Although inconsistencies exist in the field showing
both hypo- and hyper-connectivity of the DMN in SZ
patients, most evidence points towards hyperconnec-
tivity of the DMN (Whitfield-Gabrieli and Ford 2012;
Mazza et al. 2013; Anticevic et al. 2015; Hu et al. 2017;
Lefort-Besnard et al. 2018; Li et al. 2019; Doucet et al.
2020). The TPJ, for example, seems to govern the bal-
ance between external and internal stimuli, between
sensory information and social cognition or the mirror
system (Schilbach et al. 2008; Mars et al. 2012;
Schilbach et al. 2012; Bzdok et al. 2013; Amft et al.
2015; Lefort-Besnard et al. 2018). An imbalance in this
area might thus lead to altered integration of context-
dependent information (Bzdok et al. 2013).

Commonly described disruptions of the DMN within
AD patients are located in the medial temporal lobe
and posterior cingulate cortex/precuneus, spreading to
the lateral parietal and medial frontal regions of the
DMN as the disease progresses (Pievani et al. 2011;
Mohan et al. 2016). In contrast to these earlier find-
ings, we found no dysconnectivity of the DMN in AD

patients relative to their age-matched healthy controls.
To reiterate, however, this study was not designed to
replicate previously implicated changes in the DMN as
a function of AD or SZ diagnosis. We only included
categorical diagnostics in the model to pinpoint the
unique transdiagnostic effects of social dysfunction on
the DMN (over and above diagnostics), thus simply
serving as a sensitivity test rather AD diagnostic corre-
lates. Moreover, our relatively small and mildly
impaired AD sample, along with the social dysfunc-
tion-oriented GLM models may have further contrib-
uted to this null finding.

The disorder-specific findings (or their lack of)
clearly diverge from those of social dysfunction, being
spatially different and directionally distinctive
(increased vs. decreased connectivity). In short, while
patient-status may affect DMN connectivity, it import-
antly does not account for the above-mentioned find-
ings on social dysfunction-DMN coupling. In fact, our
findings robustly showcase that DMN connectional
changes are a neurobiological correlate of social dys-
function that is distinct and independent of current
neuropsychiatric nosologies. Findings thus support the
ongoing paradigm shift from the traditional noso-
logical perspective on neuropsychiatry towards a more
transdiagnostic approach of key functional domains
and their neurobiobehavioral underpinnings, such as
social (dys)function (Insel et al. 2010; Buckholtz and
Meyer-Lindenberg 2012).

Strengths and limitations

Our study has a number of limitations that need to be
acknowledged. For example, the cross-sectional nature
of this study does not allow for causal inferences.
Ideally, longitudinal studies with additional neuro-
psychiatric disorders (e.g. depression/anxiety) should
further explore and validate the findings reported
here. We examined the link between DMN connec-
tional integrity and social dysfunction, as measured
independently by two different questionnaires and
their mean cumulative score. However, questionnaires
remain a self-reported proxy for social dysfunction of
which we know it to be different – at least to some
extent – from the social dysfunction perceived by
others (Belfort et al. 2018; Jongs et al. submittted).
The use of questionnaires to capture the notoriously
complex phenomenon of social dysfunction is a vast
simplification. However, to date, it is the best proxy
available for easily accessible and reliable assessments
until more sophisticated techniques are employed in
this population (Eskes et al. 2016; Jongs et al. 2020).
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We included patients with a relatively recent disease
onset and few comorbidities, in order to capture as
much as possible the underlying neurobiology of
social dysfunction rather than long-term consequences
of psychopathology or neurodegeneration. Despite
these efforts, we acknowledge that we cannot fully
rule out such effects. We also did not specifically
probe possible AD-specific grey matter atrophy, which
is typical to more severe cases, whereas our AD
patients had recent disease onset and few comorbid-
ities. Moreover, it is good to highlight that the focus
of the current paper is not on grey matter morph-
ology but large-scale network functional connectivity,
which is less susceptible to focal morphological atro-
phy. Our extensive image pre-processing pipeline and
the data-driven network construction furthermore
safeguard against confounding impact of many neuro-
biological features, including atrophy. In fact, the ICA/
Dual Regression approach implemented here is strik-
ingly apt in representing the topological architecture
of the DMN in a reliable and consistent manner across
various populations, irrespective of age, sex, or diag-
nostic status (Smith et al. 2009; Laird et al. 2011).
Finally, the current paper has a strong transdiagnostic
approach and the link between DMN disintegrity and
social dysfunction is seen across the groups, not just
in the AD participants (Figure 2). That is in fact the
beauty and strength of modern transdiagnostic psych-
iatry, it aims to pinpoint neuro-bio-behavioural rela-
tions independent of diagnostic classifications and their
respective sequelae (Morris and Cuthbert 2012;
Cuthbert 2015). Nonetheless, it is important to
acknowledge that distinct neurobiological processes
might underlie the link between DMN and social dys-
function in AD versus SZ patients. More specifically,
while this link in AD patients may be propelled by
DMN degeneration (i.e. loss of neuronal activity and
subsequent network dysfunction), in SZ patients this
could be more akin to circuit imbalances and neuro-
developmental anomalies within the DMN. While
beyond the scope of the current study, future research
should address these issues, ideally by combining lon-
gitudinal task-based and resting-state fMRI measures
of DMN integrity, so to grasp activity-connectivity
interdependencies.

In spite of these limitations, the study certainly
adds to our understanding of transdiagnostic social
dysfunction and its putative neurobiology (Insel et al.
2010; Kas et al. 2019). All data collection (including
MRI) and participant-level assessments were moreover
performed according to fully harmonised protocols
across sites, and key clinical/sociodemographic factors

corrected for, to boost robustness and reliability of
our study results. We also ran network-sensitivity anal-
yses, which reaffirmed that the documented social
dysfunction effects are truly specific to the DMN. The
study moreover has an innovative approach, combin-
ing two distinctive neuropsychiatric disorders with dif-
fering disease characteristics on the important topic of
social dysfunction. Current findings on social dysfunc-
tion may therefore aid data-driven patient stratifica-
tion initiatives given their transdiagnostic dimensional
feature. Perhaps more importantly, these findings may
also inform the development of more robust bio-
markers and effective treatment strategies that are
rooted in social behaviour, and its neurobehavioral
underpinnings (Insel et al. 2010; Kas et al. 2019).

Conclusions

In summary, our findings suggest that social dysfunc-
tion transdiagnostically associates with DMN connec-
tional disintegrity across SZ/AD patients and healthy
controls. These findings pinpoint DMN connectional
alterations as putative transdiagnostic endopheno-
types for social dysfunction, and could plausibly aid
personalised care initiatives grounded in social behav-
iour. These initial exploratory findings should be fur-
ther validated, for example through multimodal
examination of DMN connectivity and complex net-
work analyses, to attain a more fine-grained under-
standing of DMN contributions to social (dys)function.
The current findings could plausibly serve as a point
of departure or source of hypothesis generation for
these future endeavours.
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