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Impairments of social cognition are well documented in
patients with schizophrenia (SCZ), but the neural basis
remains poorly understood. In light of evidence that suggests
that the “mirror neuron system” (IVINS) and the “mentaliz-
ing network” (MENT) are key substrates of intersubjectiv-
ity and joint action, it has been suggested that dysfunction of
these neural networks may underlie social difficulties in SCZ
patients. Additionally, MINS and MENT might be associated
differently with positive vs negative symptoms, given prior
social cognitive and symptom associations. We assessed rest-
ing state functional connectivity (RSFC) in meta-analytically
defined MINS and MENT networks in this patient group.
Magnetic resonance imaging (MRI) scans were obtained
from 116 patients and 133 age-, gender- and movement-
matched healthy controls (HC) at 5 different MRI sites.
Network connectivity was analyzed for group differences and
correlations with clinical symptoms. Results demonstrated
decreased connectivity within the MINS and also the MENT
in patients compared to controls. Notably, dysconnectivity
of the MINS was related to symptom severity, while no such
relationship was observed for the MENT. In sum, these find-
ings demonstrate that differential patterns of dysconnectivity
exist in SCZ patients, which may contribute differently to the
interpersonal difficulties commonly observed in the disorder.

Key words: model-based analysis/functional
connectivity/resting state fMRI/mirror neuron
system/mentalizing network/schizophrenia

Introduction

Schizophrenia (SCZ) is a complex mental disorder, whose
underlying neurobiology is only incompletely understood.
Due to its early peak age of onset, severity of symptoms,
and associated disability, SCZ is one of the costliest men-
tal disorders in terms of human suffering and economic
expenditure.! Concerning psychopathology, SCZ is charac-
terized by delusions and hallucinations (positive symptom
dimension), but also alterations of drive and volition (nega-
tive symptom dimension), cognitive symptoms and affec-
tive dysregulation.?

Furthermore, impairments of social cognition are well
documented in patients with SCZ* with a general consen-
sus that social cognition is distinct from, though related to,
basic neurocognition and other clinical features (for review
Green et al®) and shows unique relationships to functional
outcome, above and beyond basic cognition’ thus providing
an even better target for intervention than basic cognition.
On the one hand, patients with SCZ are thought to “hyper-
mentalize,” ie, attribute more meaning to their surround-
ings than usual as reflected in positive symptoms such as
delusions and paranoia.! On the other hand, alterations
of social cognition in SCZ have been described as a “loss
of natural evidence” for being in a world that is implicitly
and intersubjectively shared with others, thereby leading to
alienation and social withdrawal.® The latter changes have
been specifically related to the negative symptom dimension
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of SCZ, which is known to be highly relevant for prognosis
and socioeconomic outcome.'*!!

Neuroimaging has indicated the involvement of 2 dis-
tinct large-scale neural networks in social cognition: The
so-called “mentalizing network” (MENT) has been shown
to be activated by tasks, which require study participants to
explicitly think about the mental states of others or engage
in joint attention with them, but is also engaged during
states of unconstrained cognition, which are known to
give rise to “social” thoughts.”>" It has furthermore been
suggested that the human “mirror neuron system” (MNS)
plays an important role in social cognition by providing
a pre-reflexive sense of being and acting with others.!¢2
Moreover, activity in this latter network has been shown to
be subject to modulations induced by social interactions.>'=*
In light of these studies pointing towards the importance of
both the MNS and the MENT for social cognition, it can
be hypothesized that the neurobiological underpinnings of
social impairments in SCZ may arise from aberrant func-
tioning of either one or both of these networks.>>2

Indeed, several recent findings have already pointed
towards aberrant functional connectivity in SCZ patients
between brain regions that are discussed as important net-
work hubs of the MNS and MENT.?**30 Also, it has been
proposed that using measures of functional dysconnectiv-
ity rather than neuroanatomical alterations, such as volume
changes, could help to establish a more sensitive and clini-
cally relevant biomarker of SCZ, one that might lend itself
to early detection and therapeutic endeavors.® Resting state
functional magnetic resonance imaging (fMRI) analyses as a
clinically available measure of functional connectivity could,
therefore, provide a particularly powerful approach to inves-
tigate network dysfunctions in SCZ. Most importantly, in
contrast to task-based neuroimaging, such analyses are less
confounded by cognitive and/or motivational impairments,
which are commonly observed in SCZ patient populations
and often impair sufficient task performance.’>*

The reliable assessment of functional connectivity net-
works is, however, challenged by various methodological

issues.* Solely data-driven approaches do not allow the
investigation of aberrant functional connectivity in a pri-
ori brain networks that are objectively related to the pro-
cesses of interest, here, the MNS and MENT networks.
Thus, to circumvent these problems we relied on meta-
analytically defined network maps of the MNS and the
MENT to study fMRI resting-state functional connectiv-
ity using a seed-based approach (resting state functional
connectivity [RSFC]) in SCZ (MNS: Caspers et al*;
MENT: Schilbach et al’*¢%; see figure 1 for illustration and
table 1 for further information).

Based on the “dysconnection hypothesis” of SCZ and in
light of well-known social impairments associated with the
disorder, the current study pursues the idea that functional
connectivity in neural networks relevant for social cogni-
tion (MNS and MENT) could be disturbed in SCZ.3%3738 In
that way, specific points of vulnerability may be identified
which may contribute to the impaired social functioning fre-
quently reported.* To investigate this hypothesis, we used
meta-analytically defined network maps of the MNS and
MENT to interrogate RSFC in a group of SCZ patients and
matched controls. Furthermore, the relationship between
RSFC in the MNS and MENT and clinical characteristics
was tested, as symptom severity has been shown to influence
social cognition* and functional connectivity.*!

Material and Methods

Meta-analytically Derived Network Models

The MNS network was based on results of a recent large-
scale meta-analysis of neuroimaging studies on activa-
tion observation and action imitation (Caspers et al*’; see
figure 1 in red and table 1). This meta-analysis included
data from 87 neuroimaging studies. The MENT network
was derived from another meta-analysis of neuroimag-
ing studies, which had focused on self-referential and
social cognition (Schilbach et al*%; see figure 1 in blue and
table 1). This meta-analysis included data from 608 neu-
roimaging studies.

Fig. 1. Significant results of the mirror neuron system (MNS, displayed in red) and mentalizing network (MENT; displayed in blue)
meta-analyses used for the functional connectivity analysis in healthy controls and patients (taken from: Caspers et al* & Schilbach

et al®). BA 44: Broca’s area, DMPFC: dorso-medial prefrontal cortex, FG: fusiform gyrus, MTG: middle temporal gyrus, IPL: inferior
parietal lobe, IPS: intraparietal sulcus, PREC: precuneus, SMA: supplementary motor area, TPJ: temporo-parietal junction, V5:

extrastriate visual area.

1136

220z 1snBny /| uo Jasn sansnr jo uswedaq ‘S'N Aq 9¥8E L ¥2/SE L L/S/ZT/RIe/unB|INgeIUSIYdoZIYOS/W0D dno olwapeo.//:Sd)y Wolj PaPEojUMOQ



Table 1. “Centers of Gravity” of MNS Network (Conjunction
Between “Action Observation” and “Action Imitation,” Taken
From: Caspers et al*, See Also figure 1 in Red) and MENT
Network (Conjunction Between “Social Cognition” and “Default
Mode Network”, Taken From: Schilbach et al®, See Also figure 1
in Blue)

MNI Coordinates
Macroanatomical Location X y z
MNS network
LIFG (BA 44) -56 8 28
R IFG (BA 44) 58 16 10
L SMA -1 16 52
L IPS/IPL -38 -40 50
R IPL 51 =36 50
L MTG -54 =50 10
LV5 =52 =70 6
R V5 54 —64 4
R FG 44 -54 =20
MENT network
L PreC -6 -54 24
L DMPFC -2 52 14
R TPJ 52 -62 16
L TPJ -46 -66 18

Note: pMTG, posterior middle temporal gyrus; SMA,
supplementary motor area (hidden within the interhemispheric
fissure); IPS, intraparietal sulcus; MTG, middle temporal gyrus;
FG, fusiform gyrus; PreC, Precuneus; DMPFC, dorsomedial
prefrontal cortex; TPJ, temporo-parietal junction; MENT,
mentalizing network; MNS, mirror neuron system; IPL, inferior
parietal lobe; V5, extrastriate visual area; BA 44, Broca’s area;
MNI, Montreal Neurological Institute. All peaks are assigned to
the most probable brain areas as revealed by the SPM Anatomy
Toolbox.

Participants

We investigated RSFC within the meta-analytically
defined networks described above in 116 patients
with SCZ (recruited at 5 sites: Aachen, Alberquerque,
Gottingen, Groningen, and Utrecht) and 133 age- and
gender-matched healthy controls (HC; recruited at the
same 5 sites) without any record of neurological or psy-
chiatric disorders (for group characteristics see table 2),
confirmed via structured clinical interview (SCID).
Diagnosis of SCZ was confirmed via clinical examina-
tion of the attending psychiatrist in accordance with the
International Classification of Diseases (ICD-10) or the
Diagnostic and Statistical Manual for Mental Disorders
(DSM-IV-TR). Except for 1 patient, all patients received
their regular medication as prescribed by the attending
psychiatrist. There was a considerable variability in the
exact compounds that were used. Many patients also
received combination drug therapy (see table 3 for more
information). We were, thus, not able to perform sub-
analyses of patients with different medication status, but
rather regard differences in medication and their poten-
tial effects on functional connectivity as a nonsystematic
source of variance in the patient group. In this context,

Differential Patterns of Dysconnectivity

Table 2. Group Characteristics for Age and Gender

Site Age Mean (SD) P-value Males (n) Females (n)
Site 1 Controls 33.75(12.34) .882¢ 9 3
Patients 34.46 (11.35) 10 3
Site 2 Controls 31.65 (12.29) .838¢ 11 9
Patients  32.39 (9.38) 11 7
Site 3 Controls 38.14 (14.18) 4812 7 7
Patients 34.45 (9.35) 4 6
Site 4 Controls 31.30 (9.12) .898¢ 21 6
Patients 30.96 (9.93) 23 5
Site 5 Controls 36.25 (12.07) .849¢ 44 16
Patients 36.71 (13.33) 39 10
All  Controls 34.53 (11.91) .8532 92 41
Patients  34.25 (11.58) 87 31

Note: Site 1 = Aachen, Site 2 = Groningen, Site 3 = Utrecht, Site
4 = Gottingen, Site 5 = COBRE/The MIND Research Network.
aStatistical comparison performed via ¢ test.

Table 3. Information on How Many of the Patients Were
Medicated or Unmedicated at Time of Measurement and Mean
Medication (CPZ-equivalents) per Site

Mean CPZ-
Site Unmedicated (1) Medicated (n) equivalents (SD)
Aachen 0 13 505.46 (363.7)
Groningen 0 18 415.33 (322.8)
Gottingen 1 25 366.83 (287.4)
Utrecht 0 10 344.50 (199.3)
COBRE 0 49 289.42 (240.2)
Total 1 115 384.31 (282.7)

it should be noted that the variability in the patient pool
potentially introduced by this heterogeneous medication
should make it harder for the statistical analysis to iden-
tify consistent differences between patients and controls
due to the increased variance in the patient group.

All participants gave written informed consent to
participate in the study as approved by the ethics com-
mittees of the universities of Aachen, Albuquerque,
Goettingen, Utrecht, and Groningen (for information on
MRI-protocols see table 4). Joint re-analysis was
approved by the ethics committee of the Heinrich-Heine
University Duesseldorf.

Clinical Scales and Parameters

Symptom severity was assessed by use of the Positive
and Negative Syndrome Scale (PANSS*). Moreover,
we assessed duration of illness and age at onset in all
patients. Additionally, chlorpromazine-equivalents (CPZ-
equivalents) were estimated as described previously.*

Resting State fMRI Data: Imaging

For each participant, resting state EPI (echo-planar-imaging)
images were acquired using a standard blood-oxygen-level-
dependent (BOLD) contrast (please see table 4 for details on

1137

220z 1snBny /1 uo sasn sonsnr Jo Juswpedaq ‘S'N Ad 9¥8E LFZ/SE L L/S/ZH/o10E/UNR|INEIUSIYA0ZIYOS/WO0D"dNO"OILSPEOE)/:SARY W) PAPEOUMOQ



L. Schilbach et al

Table 4. Information on Scanning Sites Including Scanner Type and MRI Parameters

Number  Slice- Gap  Flip In-plane Volumes Measure
Site Scanner TR/TE (ms) of Slices Thickness (mm) (mm) Angle Orientation Resolution Acquired Time (s)
Site 1 ~ Siemens 2000/28 34 33 0.3 77° Axial 3.6 X3.6mm? 210 420
3T Tim Trio
Site 2 Philips 2400/28 43 3 - 85° Axial 3.44x3.44mm> 200 480
Achieva 3T
Site 3 Philips 21.75/32.4* 40 4 - 10° Coronal 4 X4 mm? 600 366
Achieva 3T
Site 4 Siemens 2000/30 33 3 0.6 70° Axial 3 x3mm? 156 312
3T Tim Trio
Site 5 Siemens 2000/29 32 3.5 1 75° Axial 3.75%3.75mm? 150 300
3T Tim Trio

Note: MRI, magnetic resonance imaging; TR, repetition time; TE, echo time. Site 1 = Aachen, Site 2 = Groningen, Site 3 = Utrecht, Site

4 = Gottingen, Site 5 = Alberquerque (COBRE).

aUtrect used a PRESTO-SENSE Sequence. This scan sequence achieves full brain coverage within 609 ms by combining a 3D-PRESTO
pulse sequence with parallel imaging in 2 directions (8-channel SENSE headcoil).

EPI sequence for each site; notably, Utrecht [site 3] used a
PRESTO-SENSE sequence which typically has shorter rep-
etition time [TR] than echo time [TE] times). Participants
were instructed to lie still during the scanning session and to
let their mind wander, but not to fall asleep. The latter was
confirmed during a post-scan debriefing interview. While
it obviously would have been advantageous to have exactly
matching protocols, this unfortunately was not possible in
this retrospective pooling of data. While we acknowledge dif-
ferences in acquisition parameters as a weakness of our study,
we would argue that this should not influence our results as
we explicitly removed any potential site-effects prior to statis-
tical inference. In this context, we would raise attention to the
fact that patients and controls were closely matched within
each site, not only for age and gender but also movement-
matching (DVARS, FD and RMD) was performed (all P
values > .3). This balanced design, therefore, allows estimat-
ing and removing any global site-associated effects that may
be related to scanner and imaging parameters.

Resting State fM RI Data. Preprocessing

Prior to further processing (using SPMS, www.fil.ion.ucl.
ac.uk/spm) the first 4 images were discarded allowing for
magnetic field saturation. The EPI images were corrected
for head movement by affine registration using a 2-pass
procedure. The mean EPI image for each subject was then
spatially normalized to the MNI ICBM-152 template
using the “unified segmentation” approach,* the ensuing
deformation field was applied to the individual EPI vol-
umes and the output images were smoothed by a 5-mm
FWHM Gaussian kernel.

In order to reduce spurious correlations induced by
motion,* variance that could be explained by the head
motion was removed from each voxel’s time series. In par-
ticular, according to published evaluations,* we removed:
(1) the 6 motion parameters derived from the image
realignment, (2) their first derivative, and the respective
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squared terms (ie, 24 parameter regression). These correc-
tions have been shown*’* to increase specificity and sen-
sitivity of the analyses and to detect valid correlation and
anti-correlations during rest, which are not an artifact of
the preprocessing method, but may reflect valid biologi-
cal signals and can be used to robustly identify group-dif-
ferences in resting-state functional connectivity.* In turn,
given recent reports of spurious effects in between group
comparisons due to global signal removal,*! we did not
employ global signal regression.

Using a matlab code from the CONN toolbox (https://
www.nitrc.org/projects/conn), data was band pass filtered
preserving frequencies between 0.01 and 0.08Hz*? apply-
ing a frequency-domain filter. The time course for each
of the regions identified in the meta-analyses described
above was extracted for each subject as the first eigen-
variate of all gray-matter (identified using segmentation
in SPMR) voxels located within the volumes of interest
(VOD).

Resting State fM RI Data: Individual and Group Level
Analyses

For each subject and network (MNS and MENT),
we computed linear (Pearson) correlation coefficients
between the extracted time series, which were subse-
quently transformed into Fisher’s Z-scores representing
the functional connectivity for each connection in each
subject. As part of a confound-removal procedure, any
variance that could be explained by the factors “site,”
“age,” and “gender,” as well as their 2-way interactions
was removed from these scores to prevent site-diagno-
sis interactions. Group comparison between patients
and controls was then performed by a non-parametric
approach using 10 000 realizations of the null hypoth-
esis (label exchangeability) in a Monte-Carlo simula-
tion. Results were regarded as significant if they passed
P < .05, following Bonferroni-correction for multiple
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comparisons, ie, P values were divided by the number of
possible edges (MNS: 36, MENT: 6). Thus, to reach sig-
nificance P values had to be below P = .0013 in the MNS
and below P = .008 in the MENT.

Furthermore, relationships between RSFC and clinical
characteristics (PANSS subscale scores and PANSS total
scores, illness duration) were tested by means of linear
correlation analyses.

Brain Volume. Image Acquisition and Analysis

To analyze possible group differences in brain volume,
a high-resolution anatomical image was acquired using
an MPRAGE (3-D Magnetization Prepared Rapid
Gradient Echo) sequence consisting of 160 sagittal slices
(TR =1900ms, TE = 2.52ms, 1 X 1 X 1 mm resolution, field
of view (FOV) 25 X% 25cm, slice oversampling = 18.2%, flip
angle [FA] = 9°). Anatomical scans were preprocessed with
VBMS toolbox (dbm.neuro.uni-jena.de/vbm) in SPM8
using standard settings (DARTEL normalization, spatially
adaptive nonlinear means denoising). Within a unified
segmentation model,* images were corrected for biasfield
inhomogenities. Brain tissue was classified into gray matter,
white matter, and cerebrospinal fluid (adjusted for partial
volume effects, spatially normalized to the MNI template,
nonlinear modulation of segmented images to adjust for
the amount of expansion and contraction applied during
normalization using the nonlinear only modulation func-
tion within the VBMS toolbox). We computed the volumes
for all of the network regions by integrating the (nonlin-
early) modulated voxel-wise gray matter probabilities for
each participant. Age was included as a nuisance vari-
able. The (nonlinearly modulated) calculated gray matter
volume represents the amount of gray matter corrected
for individual brain size. We tested for group differences
in gray matter volume of the network-specific regions by
applying 2-sample ¢ tests with group as factor. To evaluate
the effect of gray matter volume on significant functional
connectivity differences, ANCOVAs with gray matter vol-
ume of both included regions as covariate were performed.
Additionally in patients, we tested for associations between
clinical parameters and regional volume differences using
structural covariance analyses.

Results

Functional Connectivity Differences in MNS Network

Resting-state functional connectivity differences between
SCZ patients and HC were assessed between all nodes
of the MNS (figure 1, table 1). Significant differences (P
< .05, Bonferroni corrected for multiple comparisons
across all connections) in RSFC between patients and
controls were found along several edges of the MNS net-
work model: In particular, functional connectivity of left
middle temporal gyrus (MTGQG), supplementary motor
area (SMA), right fusiform gyrus (FG), and right inferior

Differential Patterns of Dysconnectivity

frontal gyrus (BA44) with left and right extrastriate cor-
tex (V5) was decreased. Furthermore, RSFC between left
and right V5 did also show a decrease in patients with
SCZ. Moreover, functional connectivity between right
FG and left MTG, right FG and SMA, as well as left
MTG and right BA44 was decreased in patients (see fig-
ure 2 and table 5). We did not find any connections show-
ing increased RSFC in patients compared to controls.

Functional Connectivity Differences in MENT Network

For the MENT network, significant differences in func-
tional connectivity (P < .05, Bonferroni corrected for mul-
tiple comparisons across all connections) were observed
between patients and controls, indicating decreased func-
tional connectivity between the precuneus (PREC) and
dorsomedial prefrontal cortex (DMPFC), as well as left
temporo-parietal junction (TPJ) with right TPJ in the
patient group (see figure 3 and table 5 for details).

Correlations With Clinical Characteristics

Correlational analyses further indicated statistically sig-
nificant relationships between measures of functional
connectivity within the MNS and clinical characteristics
in the examined group of SCZ patients: With regard to
overall symptom severity (PANSS total) we observed a
negative relationship with RSFC of right inferior pari-
etal lobe (IPL) and left V5 (r = —.27, P = .003; figure 2).
For PANSS general, a negative relationship with RSFC
between right IPL and left IPS and left V5 was observed
(right IPL — left V5: r = =.25, P = .007; left IPS — left V5:
r=-.24, P = .011; figure 2). No statistically significant
relationships between measures of functional connectivity
and clinical characteristics were observed for the MENT
network. No significant correlations emerged with dura-
tion of illness or CPZ-equivalents (all Ps > .139).

Gray Matter Volumes: Group Differences

Significant group differences in gray matter volume
emerged for the DMPFC (1 =4.376, P <.001), right BA44
(t = 4.439, P < .001), right TIPS (z = 2.993, P = .003), as
well as for left STG (z = 4.082, P < .001) correction indi-
cating smaller volumes in patients. No other comparison
survived Bonferroni correction (all Ps > .040).

Additional analyses on the significant group differences
in RSFC by controlling for gray matter volume differences
in these regions revealed the same pattern as described
above and no significant effect of volume (DMPFC:
P = 828; right BA44: P > .198; left MTG: P > .469).

Gray Matter Volumes: Correlation Analyses With
Clinical Parameters and Duration of Illness

Correlation analyses revealed significant negative associ-
ations between PANSS negative and PANSS total scores
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Fig. 2. (Left) Schematic illustration of significant resting state functional connectivity (RSFC) differences in the mirror neuron system
(MNS) network depicting reduced RSFC in patients. (Right) Correlations with clinical characteristics. BA 44: Broca’s area, FG: fusiform
gyrus, MTG: superior temporal gyrus, IPL: inferior parietal lobe, IPS: intraparietal sulcus, SMA: supplementary motor area, V5:

extrastriate visual area.

and right BA44 volume (PANSS negative: r =—.239,
P = .012; PANSS total: r = —.256, P = .007). No other
correlation with symptom severity or CPZ-equivalents
reached significance after Bonferroni correction (all Ps
> .019). Furthermore, significant negative correlations
with duration of illness and gray matter volume were
observed (DMPFC: r = —.324, P = .003; right BA44:
r = -.362, P = .001; left IPS: r = —.350, P = .001; left
MTG: r = —.342, P = .002).

Discussion

Here, we assessed RSFC aberrations in SCZ patients
using 2 a priori defined neural networks, which are
thought to constitute the neural substrates of social cog-
nition (MNS and MENT). Furthermore, we investigated
correlations with clinical characteristics based upon the
idea that RSFC aberrations in the different networks
could be related to different symptom dimensions®!® and
use measures of gray matter volume to control the pos-
sible influence of volumetric group differences on RSFC.
Our results demonstrated region-specific differences in
the functional connectivity profiles of the MNS and the
MENT network when comparing SCZ patients to HC.
Moreover, connectivity within the MNS, but not the
MENT, was related to clinical symptoms in the patient
group. In sum, these findings demonstrate that differen-
tial patterns of functional dysconnectivity exist in SCZ,
which affect both investigated networks.

Dysconnectivity of the MNS in SCZ

Visual Cortex (V5). As a key finding our results dem-
onstrate reduced connectivity of most MNS regions with
V5 bilaterally. V5 is richly connected with cortical and
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subcortical structures™ and has long been known to be
of particular importance for the processing of visual
motion> and eye-movements*® as it appears to integrate
local visual motion signals into the global motion percept
of complex objects. Deficits in the magnocellular visual
pathway have been reported in SCZ indicating a global
visual processing deficit.””-*® Specifically, velocity discrim-
ination seems to be disturbed.* Investigation of the neu-
ral correlates of speed and direction discrimination point
to the posterior extrastriate cortex (V5), with diminished
activation of this region in patients.®® Reduced connectiv-
ity of visual areas has been reported during task-perfor-
mance,®¢? also affecting memory performance.®® Previous
studies investigating resting-state functional connectivity
frequently reported reduced connectivity of visual areas
in SCZ'41,64,65

Fusiform Gyrus. Apart from V5, we also observed
dysconnectivity of the fusiform gyrus. While not usu-
ally described as a “classical” MNS area, the fusiform
face and body area have been shown to be consistently
involved in studies of non-hand action observation.*
Consistent with our findings, recent studies have demon-
strated dysconnectivity of the fusiform gyrus in SCZ.
Furthermore, a loss of gray matter volume in this brain
region has also been described in SCZ,% which—in the
absence of gray matter volume loss in this region in our
cohort—raises the possibility that functional connectiv-
ity alterations may actually be a precursor to brain atro-
phy. The observed dysconnectivity of FG with SMA in
the current study, may not only be important for action
observation and consequent action preparation, but also
recognition of “abstract” motor behavior.® More pre-
cisely, deficits in facial emotion recognition (for review
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Table 5. Overview on Functional Connectivities in SCZ and Controls, Listing Fisher’s Z and ¢ and P Values

Connectivity SCZ Patients Fishers Z Controls Fishers Z d P

MNS
V5 left < V5 right 0.580 0.833 -0.82 <.001
V5 left & FG 0.398 0.504 -0.42 <.001
V5 left < IPL left 0.433 0.523 -0.37 .005
V5 left <> IPL right 0.271 0.338 -0.28 .049
V5 left & MTG 0.350 0.520 -0.63 <.001
V5 left <> SMA 0.156 0.275 -0.58 <.001
V5 left < BA 44 left 0.351 0.428 -0.33 .008
VS5 left < BA 44 right 0.282 0.386 -0.43 <.001
V5 right & FG 0.379 0.578 -0.78 <.001
V5 right < IPL left 0.338 0.445 -0.39 .006
V5 right <> TPL right 0.270 0.334 -0.27 .054
V5 right > MTG 0.338 0.498 -0.60 <.001
V5 right & SMA 0.185 0.266 -0.41 <.001
VS5 right & BA 44 left 0.267 0.375 -0.48 <.001
V5 right & BA 44 right 0.300 0.420 -0.53 <.001
FG < IPL left 0.271 0.361 -0.40 .005
FG < IPL right 0.228 0.288 -0.26 105
FGo MTG 0.166 0.349 -0.78 <.001
FG & SMA 0.158 0.250 -0.46 <.001
FG < BA 44 left 0.247 0.322 -0.35 .018
FG < BA 44 right 0.259 0.341 -0.36 .018
IPL left <> IPL right 0.516 0.572 -0.22 319
IPL left < MTG 0.235 0.315 -0.33 .019
IPL left & SMA 0.297 0.339 -0.18 140
IPL left <> BA 44 left 0.499 0.567 -0.28 .046
IPL left «> BA 44 right 0.363 0.425 -0.25 .053
IPL right & MTG 0.175 0.265 -0.38 .006
IPL right < SMA 0.250 0.312 -0.27 .022
IPL right <> BA 44 left 0.424 0.490 -0.29 .035
IPL right <> BA 44 right 0.531 0.577 -0.19 243
MTG < SMA 0.226 0.283 -0.29 .030
MTG < BA 44 left 0.288 0.361 -0.30 .030
MTG < BA 44 right 0.221 0.355 -0.58 <.001
SMA < BA 44 left 0.278 0.350 -0.28 .017
SMA < BA 44 right 0.292 0.375 -0.36 .010
BA 44 left < BA 44 right 0.526 0.615 -0.32 .015

MENT
PREC & DMPFC 0.501 0.598 -0.45 .001
PREC < TPJ left 0.562 0.556 0.02 842
PREC « TPIJ right 0.466 0.488 -0.08 485
DMPFC <« TPJ left 0.379 0.417 -0.18 211
DMPFC « TPJ right 0.318 0.351 -0.16 262
TPJ left < TPJ right 0.526 0.628 -0.39 .009

Note: SCZ, schizophrenia. Significant group differences (following Bonferroni correction) are marked in bold, always indicating a

decrease in functional connectivity in SCZ.

see Kohler et al®), empathy (behavior™’!; neural activa-
tion’>7) and approach-avoidance tendencies™ are well-
documented in SCZ patients. Future studies might want
to directly test this assumption by linking behavioral per-
formances with resting-state connectivity.

Middle Temporal Gyrus. The MTG is known to be
involved in biological motion,” while BA44 is mostly
responsible for the initiation and termination of simple
actions.”® While we assume that the connectivity between
FG and SMA might be particularly essential for face

processing and consequent preparation of actions, the
connectivity between MTG and BA44 might be particu-
larly essential for the processing and imitation of simple
action movements. This fits to the observed difficulties
in simple hand and mouth imitation in SCZ.”” However,
authors also observed a deficit in complex emotional face
imitation in SCZ. Here it would be interesting to see,
whether complex and simple imitation deficits are associ-
ated with different neural networks.

Taken together our findings of decreased functional
connectivity within the MNS support the assumption
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MENT NETWORK

- Decreased connectivity in SCZ

Fig. 3. Schematic illustration of significant resting state
functional connectivity (RSFC) differences in the mentalizing
network (MENT) network, depicting reduced RSFC in patients.
TPJ: temporo-parietal junction, PREC: precuneus, DMPFC:
dorsomedial prefrontal cortex.

that dynamic action processing is deficient in SCZ. The
observed dysconnectivity within the MNS may play a
critical role in the frequently reported impairments in
imitation, simulation, learning, and execution of action
in SCZ, thus basic competencies helping us to under-
stand the actions and intentions of others and to learn
new skills.

Dysconnectivity of the MENT in SCZ

For the MENT, decreased functional connectivity
between the PREC and DMPFC, as well as bilateral TPJ
in SCZ was evident.

Precuneus.  Activation of the PREC has frequently been
linked to spatial attention, mental and motor imagery
and memory-related processes. Moreover, this region also
plays a particular role when humans are engaged in self-
related mental representations (ie, self-agency and self-
processing), as well as social cognition.’*’8” In particular,
PREC has both been associated with top-down control
of attention and indirectly with sensorimotor integration
thereby providing a coherent self-representation across
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space and time.® Dysfunctional activation of PREC
in SCZ was reported in studies assessing attributional
biases®! empathy* and executive function.?®?

Dorsomedial Prefrontal Cortex. The DMPFC has also
been involved in various aspects of social cognition,
including “theory of mind”%** and moral reasoning,®
but also “non-social” semantic processing® and autobi-
ographical memory retrieval.® Thus, the DMPFC may
also subserve sophisticated manipulations of social infor-
mation. Both PREC and DMPFC have been described
as key nodes of the so-called “default mode network”
(DMN?) which—consistent with our findings—has pre-
viously been shown to exhibit substantial dysconnectivity
in SCZ.%% Interestingly, DMN dysconnectivity has also
been observed in drug-naive first-episode patients,* but
seems to be intact in persons at high-risk for psychosis.®
In the current study, we observed significantly reduced
connectivity between PREC and DMPFC in SCZ com-
pared to HC. While the PREC may be critical to direct
attention to self- or other-related mental representation,
the DMPFC may render these representations by adding
autobiographical memory or reasoning.

Temporo-Parietal Junction. Apart from PREC and
DMPFC, the TPJ, too, has been reported to play a pivotal
role in social interaction, namely being involved in per-
spective-taking and empathy,’°*°! “theory of mind,”*¢%
directing attention to salient events,”® and self-agency.’*%
While these roles have mainly been ascribed to the right
TPJ (for a review see Decety and Lamm®®), several studies
indicate that the left TPJ is also vitally engaged in pro-
cessing socially meaningful cues such as gaze direction
and goal-directed action,”®® affective speech compre-
hension,” perception of social threat,'™ orientation of
attention or retrieving stimulus-driven attention,'™ and
temporal order judgments.'” Reduced TPJ activation has
previously been reported in SCZ (for a review see Bosia
et al'®),

Hence, our findings of decreased functional connectiv-
ity within the MENT may contribute to the impairments
in directing attention to self- or other-related mental
representations and the rendering of these via adding of
autobiographical memory or reasoning.

Interhemispheric Dysconnectivity

Besides reduced connectivity of bilateral TPJ, we also
observed functional alterations of interhemispheric con-
nectivity of V5. Consistent with our findings of decreased
RSFC, decreased interhemispheric connectivity of amyg-
dala, orbitofrontal cortex and temporal pole,'™ occipital
regions, the thalamus and cerebellum,'® language-related
cortical regions, particularly Broca’s area in the prefron-
tal cortex,'® and the PREC, the precentral gyrus, STG,
middle occipital gyrus and fusiform gyrus.*
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Taken together, interhemispheric dysconnectivity
seems to involve a wide range of brain regions in SCZ,
ranging from frontal to cerebellar, from cortical to sub-
cortical parts of the brain. It has been proposed that the
lateralized abnormality in SCZ can be explained either
by hemispheric dysfunction, or by impaired interhemi-
spheric coupling, leading to a failure of the dominant
hemisphere to over-rule nondominant homologous
areas.'” More evidence for this longstanding abnormal
asymmetry hypothesis in SCZ comes from tract-tracing
and automated imaging studies, which have consistently
demonstrated the impaired integrity of white matter
(WM) fibers interconnecting the 2 hemispheres, such
as the corpus callosum (CC) and anterior commissure
(AC).""" Interestingly, Penades and colleagues'® have sug-
gested that treatment success after cognitive remediation
therapy in SCZ patients could be related to an increase
of interhemispheric information transfer between bilat-
eral prefrontal cortices. It remains to be tested, whether
therapeutic treatment and success also improve inter-
hemispheric connections other than prefrontal cortices.

Correlations With Clinical Characteristics

With regard to correlations between measures of func-
tional connectivity and clinical characteristics, we
expected to find a relationship between MNS-based con-
nectivity differences in SCZ and the negative (rather than
positive) symptom dimension, while MENT-based con-
nectivity was thought to be related to the positive (rather
than negative) symptom dimension. These hypotheses
were based on the suggestion of “hypermentalizing,”
ie, an excess of mental state attribution and assignment
of social meaning, as a characteristic feature of positive
symptoms observed during acute psychotic episodes,?
which could be related to neurofunctional alterations
in the MENT. The more permanent and arguably more
fundamental alterations of social cognition that consti-
tute a main reason why many patients with SCZ cannot
live independently, hold jobs, establish personal relation-
ships, and manage everyday social interactions, on the
other hand, are thought be closely related to the negative
symptom dimension!®31% and were hypothesized to be
related to dysfunctional connectivity of the MNS, which
normally provides an implicit sense of being in world that
is shared and acted upon with others.

Our correlational analyses, however, demonstrated a
negative and significant relationship for functional con-
nectivity for the connections between right IPL and left
V5 and the PANSS total score, as well as PANSS gen-
eral score. Moreover, measures of connectivity between
left IPL and left V5 were found to correlate with PANSS
general (figure 2). Evidence has accumulated that connec-
tivity of specific parts of the parietal cortex, in particu-
lar IPS and IPL, contributes to a finely tuned interplay
between stimulus-oriented and stimulus-independent

Differential Patterns of Dysconnectivity

cognition.!'® An alteration of these connections might,
therefore, lead to impairments of the ability to flexibly
produce attentional shifts, which are particularly relevant
for our capacity to navigate the social environment.!!!!!2
Given that we observe these correlations in the MNS,
which is known to play an important role for providing
a pre-reflexive sense of being and acting with others, it
is tempting to interpret such alterations as contributing
to—what has become known as—a “loss of natural evi-
dence” for being in a world that is intersubjectively shared
with others in patients with SCZ.° However, including
CPZ equivalents as covariate in these correlation analyses
(partial correlations) diminished the significant associa-
tions to trend level (PANSS total) or even nonsignificant
findings (PANSS general). Therefore, interactions of
medication and symptom severity are apparent that have
to be further analyzed in future studies.

Correlations of RSFC in the MENT were neither
observed for PANSS negative, positive, general symp-
toms nor total scores. In our view, these findings suggest
that it is alterations of RSFC in the MNS (rather than
the MENT), which may present an essential and possi-
bly enduring pathophysiological feature of SCZ. Against
our expectations, we did not observe significant correla-
tions with PANSS positive/negative symptom scores or
other clinical characteristics such as duration of illness.
Apparently, the initially assumed dichotomy of positive
symptoms being particularly associated with alterations
in the MENT and negative symptoms correlating specifi-
cally with alterations in the MNS may be too simplistic.
Based on our findings, rather more general worries and
the totality of symptoms as assessed with the PANSS
general and total scale are related to alterations in func-
tional connectivity, here in the MNS.

Gray Matter Volume

We observed significantly reduced gray matter volume in
4 of our target regions, ie, DMPFC, right BA44, right
IPS, left MTG, in patients and thus resemble recent meta-
analytic findings including morphometry data from 8327
medicated SCZ patients by Haijma et al.!'* Notably, these
volume changes do not explain the reported RSFC find-
ings, indicating that volume and connectivity measures
are somewhat independent from each other.

Moreover, performing correlation analyses between
gray matter volume and clinical parameters revealed sig-
nificant negative associations with PANSS negative and
total scores and right BA44 volume, ie, the higher the
scores the more reduced the volume. Additionally, sig-
nificant negative correlations with duration of illness and
gray matter volume of DMPFC, right BA44, left IPS, and
left MTG occurred. Our data thus support the notion that
gray matter volume changes in SCZ are coupled to ill-
ness progress and symptom severity!!' but cannot explain
reduced RSFC in MNS and MENT networks. However,
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longitudinal studies that gather both, RSFC and brain
morphometry data are necessary to clarify this issue.

Limitations

As listed in table 3, all but 1 patient were medicated in our
study. Antipsychotic drugs are a common covariate in this
field of research and have been shown to alter RSFC,!!
as well as functional activation in SCZ.!'"® Hence, anti-
psychotic treatment could be a confounding factor and
more research on duration of intake, dosage and com-
pliance needs to be performed in future studies. In this
study we focused on characterizing 2 distinct neural net-
works in SCZ. To do so, we restricted our analysis on an
a priori selection of brain regions. Due to this approach,
other neural networks and their connectivity were not
analyzed. Another limitation is that we do not have
behavioral measures of social cognitive abilities or social
functioning” that could further support our assumption
that these dysfunctions in RSFC of MENT and MNS
contribute significantly to the social impairments associ-
ated with the disorder.

Moreover, we were not able to collect information from
all sites whether participants were instructed to keep
their eyes open or closed. This instruction however may
change connectivity patterns as has been shown previ-
ously.!'” Previous resting-state fMRI studies in SCZ have
mostly focused on the “default mode network” report-
ing mixed results, ranging from increased connectivity to
expansion of the DMN, but also reduced connectivity
has been reported.’® Particularly connectivity between the
posterior cingulate cortex and the precuneus, 2 key hubs
in the DMN, has been targeted and DMN dysfunction
has been postulated to be a central neurobiological fea-
ture of the disorder.* However, using data-driven meth-
ods (eg, ICA) makes it harder to compare findings across
different patient samples, because the network architec-
ture is detected in relationship to a given data set. In our
study, we circumvent this issue by using meta-analytically
defined networks in a hypothesis-driven manner to inves-
tigate functional connectivity. Regarding the significant
group differences, we only observed decreased connectiv-
ity, which fits to results from seed-based RSFC analyses
in SCZ (for review Yu et al*®). Future studies might want
to address and compare the meta-analytically derived
networks with the DMN or other ICA-derived networks
in order to better characterize the contribution of altera-
tions within these networks to the current symptomatol-
ogy and pathology of SCZ.

Conclusion

Taken together, our findings indicate that alterations
of RSFC in the MNS and the MENT may present an
important pathophysiological feature of SCZ. In particu-
lar, our data suggest that V5 and fusiform gyrus play a
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major role regarding functional connectivity alterations
in the MNS network in SCZ. In particular, the observed
neurofunctional alterations may lead to impairments of
social interaction by disallowing for the rapid integration
of sensory processing with the motor system (MNS) and
difficulties directing attention to self- or other-related
mental representation, as well as reasoning about them
(MENT). Within the MNS we also observed significant
correlations with general severity of symptomatology
suggesting that aberrant connectivity may also be linked
to dysfunctional social cognition in SCZ that is not sim-
ply linked to positive or negative symptoms but more
general disease-related burden. In conclusion, our find-
ings demonstrate that analyses of RSFC can advance
our understanding of the neural bases of social cognitive
dysfunctions in SCZ and point towards network-specific
dysconnectivity patterns.

Based on the assumption that psychiatric disorders
can be reconstructed as disorders of social cognition,
attempts have been made to relate social cognitive defi-
cits in patient populations to possible dysfunctions of
the “social brain.” While there is great merit to be found
in this approach, it may have underrepresented those
processes that are most relevant for successful participa-
tion in real-time social interactions. Consequently, the
knowledge of alterations of neurofunctional systems
which are relevant for successful participation in real-
life social interaction is still limited, which has impeded
translational social neuroscience approaches. Future
research, therefore, needs to examine how these spe-
cific disruptions of connectivity contribute to impaired
social cognition and, in particular, real-life social func-
tioning in SCZ. Moreover, further research is manda-
tory to investigate whether and how the network-specific
dysconnectivity patterns reported here could be used to
contribute to, evaluate or guide treatment regimes and
their focus on either biological or social and psychother-
apeutic factors.
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