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Background and Hypothesis: Individuals with schizo-
phrenia or bipolar disorder have attenuated auditory mis-
match negativity (MMN) responses, indicating impaired
sensory information processing. Computational models
of effective connectivity between brain areas underlying
MMN responses show reduced connectivity between
fronto-temporal areas in individuals with schizophrenia.
Here we ask whether children at familial high risk (FHR)
of developing a serious mental disorder show similar alter-
ations. Study Design: We recruited 67 children at FHR
for schizophrenia, 47 children at FHR for bipolar disorder
as well as 59 matched population-based controls from the
Danish High Risk and Resilience study. The 11-12-year-
old participants engaged in a classical auditory MMN par-
adigm with deviations in frequency, duration, or frequency
and duration, while we recorded their EEG. We used dy-
namic causal modeling (DCM) to infer on the effective
connectivity between brain areas underlying MMN. Study
Results: DCM yielded strong evidence for differences in
effective connectivity among groups in connections from
right inferior frontal gyrus (IFG) to right superior temporal
gyrus (STG), along with differences in intrinsic connec-
tivity within primary auditory cortex (A1). Critically, the
2 high-risk groups differed in intrinsic connectivity in left
STG and IFG as well as effective connectivity from right
Al to right STG. Results persisted even when controlling
for past or present psychiatric diagnoses. Conclusions: We
provide novel evidence that connectivity underlying MMN

responses in children at FHR for schizophrenia and bipolar
disorder is altered at the age of 11-12, echoing findings that
have been found in individuals with manifest schizophrenia.
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Introduction

Being an offspring of parents with either schizophrenia
or bipolar disorder is one of the largest known risk fac-
tors for developing either of these disorders.' Studying
children born to parents with schizophrenia or bipolar
disorder has the potential to identify abnormal devel-
opmental trajectories that are expressed before onset of
clinical illness. This may help to identify mechanisms pro-
tecting against or leading to clinical manifestation.

One promising neurophysiological readout is the
so-called mismatch negativity (MMN)*® which can be
readily detected with electroencephalography (EEG)
when unpredictable deviant sounds are interspersed in a
stream of frequently occurring standard sounds. Within
the framework of predictive coding, the MMN reflects an
error response caused by a mismatch between incoming
sensory input and a predicted expectation formed by an
internal model of the statistical regularities.” In this way,
the MMN can be viewed as a measure of the ability to
learn the underlying statistical sequence of sounds. MMN
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amplitude reductions are highly replicated in schizo-
phrenia,*? first-episode schizophrenia,’ first-degree rela-
tives'®!! as well as in clinical high-risk for psychosis!>"?
who subsequently convert to psychosis.!*!>!7 Likewise,
it is found reduced in bipolar disorder albeit to a lesser
extent and less replicated.>*!® This suggests that MMN
is reduced along the continuum of psychosis’® and can
be viewed as an index of psychopathology shared across
those disorders. Studies on familial high-risk (FHR) are
scarce and often include participants with a large age
span., leaving a gap in the current literature.? Since a
wide age range has the risk of obscuring results due to
age effects on neurocognitive and brain maturation, this
current gap can be minimized by introducing studies in-
cluding participants with a narrow age range.”

The relationship between MMN alterations and psy-
chopathology depends on the type of deviation in the
acoustic sequence generating the MMN. The MMN
evoked by deviants in the duration of the sound is altered
along all clinical stages of psychosis, while the MMN
elicited by a frequency deviant develops more gradually
along illness progression.?» Given the complexity of
schizophrenia and bipolar disorder, impairments in ei-
ther of these deviants may not be present in all patients
and more research are needed considering combinations
of markers in the quest to find a best predictor of illness
stage.

In addition to the assessment of MMN responses at
the ERP level, modeling the connectivity patterns that
generate these responses can give additional insights by
providing information on the mechanisms behind the re-
sponses. In dynamic causal modeling (DCM) of MMN
responses, changes in forward connections (from lower
to higher cognitive areas) is believed to reflect sensi-
tivity to prediction errors, which is sent to higher levels.
Computational models of effective connectivity between
brain areas underlying MMN responses revealed an at-
tenuated connectivity between fronto-temporal areas
in individuals with schizophrenia?*2® and individuals at
genetically high risk for schizophrenia.?®3* The intrinsic
(self-connection) connection within right inferior frontal
gyrus (IFG) and the backward connection from right
IFG to superior temporal gyrus (STG) have been linked
to the degree of psychopathology.?”?%3!32 Within the
framework of predictive coding, these 2 types of con-
nections (intrinsic and top-down) have been attributed
to adaptation and prediction processes, respectively. In
this framework, increases in intrinsic connectivity may
encode progressive increases in the estimated precision
of top-down predictions, responsible for suppressing
prediction error. These changes could be mediated by
adaptation-like mechanisms in the auditory cortices to
repeated sounds. Changes in forward connections may
reflect changes in sensitivity to prediction error that is
conveyed to higher levels. These higher levels form pre-
dictions so that backward connections can provide
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contextual guidance to lower levels. In this view, the
MMN represents a failure to predict bottom-up input
and consequently, a failure to suppress prediction error.
The MMN changes associated with schizophrenia, there-
fore, suggest that both processes are affected by varying
degrees of psychopathology. Although research within
this area is growing, it is still unknown whether these al-
terations in connectivity underlying MMN responses,
are reduced in children at FHR of either schizophrenia
or bipolar disorder.

We have previously presented MMN data from a sub-
group of the Danish High Risk and Resilience cohort,
providing moderate evidence for higher MMN ampli-
tudes for duration MMN responses in children at FHR
of bipolar disorder compared to population-based con-
trols.* Here, we take a step further, and investigate MMN
responses from a slightly larger cohort (final sample from
the Danish High Risk and Resilience study, VIA11) and
specifically target the connectivity changes underlying
MMN responses. This is the first study to assess the con-
nectivity pattern underlying MMN responses in children
at FHR of schizophrenia and bipolar disorder with a
narrow age range.

Methods

Participants

A total of 173 children from the Danish High Risk and
Resilience study,*** participated in the current study.
Of these, 67 children had at least one parent with a di-
agnosis of schizophrenia spectrum disorder (FHR-SZ),
47 children had either one or 2 parents with a diagnosis
of bipolar disorder (FHR-BP), and finally 59 children
with parents without any of these disorders (PBC).*
The Danish High Risk and Resilience study is a longi-
tudinal register-based cohort study starting when the
children were age 7 years (the VIA7 study).** The EEG
data presented here were collected at the first follow-up at
age 11 years (the VIA11 study)® at the Danish Research
Center for Magnetic Resonance, Copenhagen University
Hospital Hvidovre.

Clinical Variables

We used the child behavior checklist (CBCL) school-age
version to assess problem behavior*® and the Children’s
Global Assessment Scale (CGAS) to assess the level of
general functioning in the previous month.?*’

Current or past presence of any axis-I disorder were
identified through the semi-structured interview for
Affective Disorders and Schizophrenia for School-Age
Children-Present and Lifetime Version (K-SADS-PL),%*
see Gregersen et al. (2021) for a full description of pro-
cedures.” None of the participants in the present study
met criteria for axis 1 psychotic disorder (DSM 298.9/29
8.8/297.1/292.30/295.90).
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Mismatch Negativity

Participants were presented with a classic auditory odd-
ball paradigm introducing 3 deviant types, frequency, du-
ration, and a combined frequency and duration (referred
to as combined deviant in the following). 1800 tones were
binaurally presented through insert earphones (E-A-
RTONE 3A), at a sound pressure level of 75dB, using
PsychToolbox3 running in Matlab. We used an external
soundcard (RME Babyface 22-Channel, 192 kHz Bus-
powered, Haimhausen, Germany). Standard tones (1000
Hz, 50 ms) were presented with a probability of 76% and
the 3 deviant types each had a probability of 8%, see
figure 1. Frequency deviants were 1200 Hz and 50 ms,
duration deviants were 1000 Hz and 100 ms and finally,
the combined deviants were 1200 Hz and 100 ms. The
interstimulus interval were randomly jittered between 400
and 600 ms, resulting in a total duration of approx. 16
minutes. Children were seated in a comfortable adjust-
able chair in a quiet room and instructed to relax while
ignoring the auditory stimuli they were presented with.
While the tones were played, children watched a silent
movie. On a few occasions, the parent stayed in the room
during the EEG recordings to make the child comfort-
able. The testers were blinded towards high-risk status.

EEG Preprocessing

EEG data were recorded using a 128-channel Biosemi ac-
tive 2 system (BioSemi, Amsterdam, Netherlands) and a
sampling frequency of 4096 Hz. All offline preprocessing
was performed using SPMI12 (http://www.fil.ion.ucl.
ac.uk/spm/) running in Matlab. Preprocessing steps in-
cluded high and low pass filtering with a fifth-order
Butterworth filter with a cutoff of 0.5 Hz and 40 Hz, re-
spectively. Data were epoched with a peristimulus interval
of =100 ms to 400 ms, with baseline correction applied

A B
di d2 d3

SSSS S$SSSSS SSSSSS SS
ISI: 400-600ms
s: standard d2: frequency deviant

d1: duration deviant d3: combined deviant

Auditory input

from —100 ms to 0 ms. Artifact rejection was performed
using a simple threshold technique rejecting trials if amp-
litudes exceeded 100 pV, and finally, the signals were ref-
erenced to the average of all electrodes. MMN responses
were extracted by subtracting responses to the standard
tones from responses to the deviant tones. The MMN
peak value were identified at the group level (pooled
across groups) and individual MMN amplitudes were ex-
tracted by taking the mean around the peak MMN (50
ms before and 50 ms after). Mean values were extracted
in the following time windows; frequency MMN: 110—
210 ms, duration MMN: 100-200 ms and finally the com-
bined frequency and duration MMN: 95-195 ms.

Assessing Group Differences in MMN Responses

Group differences in the amplitudes of the MMN re-
sponses were assessed through 3 independent analyses
of covariance models (ANCOVAs), one for each of the
deviant types (frequency, duration, and combined fre-
quency and duration). Since participants included are in
a sensitive period regarding brain development,*’ poten-
tially affecting maturation of auditory responses,* age is
included in the models as covariates. Sex differences are
commonly observed during brain development,* and
we therefore also include sex is included as a covariate.
We performed both a traditional frequentist statistical
approach reporting P-values as well as a Bayesian ap-
proach reporting Bayes factors (BF, ). All statistical ana-
lyses were performed in R using the packages car and
BayesFactor.

In addition to the traditional hypothesis-driven single-
channel approach, we also performed an unbiased search
over the full-time-sensor space. The epoched EEG data
were converted into scalp-map images of dimension 32
X 32. These were obtained using interpolation followed
by smoothing using a Gaussian kernel specified by a

‘ IFG j
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DCM full model architecture

Fig. 1. (A) The MMN paradigm. S are standard tones, where d1, d2, and d3 are the different deviant types. Interstimulus interval (IST)
was jittered between 400 and 600 ms. (B) Anatomical presentation of the prior locations of sources used in the dynamic causal modeling
(DCM) analysis. The auditory input is received by the primary auditory cortex (Al: primary auditory cortex, STG: superior temporal
gyrus, IFG: inferior frontal gyrus. (C) Hierarchical presentation of the full DCM architecture. The black connections are included in the
B-matrix (can be modulated by prediction). The gray connections are present (in the A-matrix) but fixed across conditions (Bmatrix).
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FWHM of 8 mm? in the spatial dimension and 10 ms
in the temporal dimension ([8 8 10]). Group differences
were assessed using a factorial design with factors group
(FHR-SZ, FHR-BP, and PBC) and condition (standard
and deviant). All P-values reported are thresholded using
alpha = 0.05 FWE corrected at cluster level.

Dynamic Causal Modeling

We used DCM to model the underlying microcircuitry of
prediction in the 3 groups. The 3 different MMN types
(frequency, duration, and combined frequency and du-
ration) were modeled separately, and we were interested
in what specific connections encoding prediction differed
between groups. The architecture of the MMN has previ-
ously been established*'* to include bilateral primary au-
ditory cortex, the STG and the IFG. In line with this, we
made a fully connected network comprising intrinsic, lat-
eral, forward, and backward connections at all levels. The
prediction effect was modeled with the standards as base-
line, 0 and deviants as 1. All connections except lateral,
were modeled in the B matrix. Each full model (figure
1B and 1C) was inverted for each individual participant.
Results reported are from the B matrix (ie, connections
modulated by the MMN).

Modeling Group Differences of Connectivity in the
Network Underlying MMN Responses

We used a hierarchical model over the parameters as
implemented in the parametric empirical Bayes frame-
work in SPM12.4 This framework allows to have
regressors of interest as well as covariates. We added
2 regressors for group membership; one modeling the
main effect of being at FHR (1 for PBC, -1 for FHR).
The second regressor of interest modeled the difference
between the FHR groups (0 for PBC, 1 for FHR-SZ,
and -1 for FHR-BP). As covariates we added age
and sex and all regressors were mean-centered. Using
these regressors, we can tap into which connections

Table 1. Demographic Data of the Cohort.
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are overall different between the FHR groups and the
population-based controls as well as assess which con-
nections are different between the 2 high-risk groups.
For clarity, we show results exceeding 75% exceedance
probability. We have marked all connections surviving
the threshold of 99% exceedance probability in black,
indicating very strong evidence that these connections
are indeed modulated.

Following up on the main analysis which assessed
group differences in the MMN network, we performed
a post-hoc analysis to test how potential group effects
within the connectivity network are related to the mani-
festation of past and present axis 1 disorder. In this way,
we were able to test whether any group difference was sta-
tistically driven by those children that have a mental dis-
order. We created a separate model mirroring the model
described above only now with an additional regressor
added, coding for the presence of an axis 1 disorder. Axis
1 disorder was included as a binary variable without dis-
tinguishing whether one or 2-lifetime diagnoses were
present. The follow-up analyses also put us in the posi-
tion to examine which connections were modulated by
the presence of an axis 1 disorder irrespective of high-risk
status.

Results

The mean age of the children was 12.1 at the time of ex-
amination (see table 1). The 3 groups of children were
comparable regarding age and sex. CBCL total and ex-
ternalizing problem scores were higher (indicating more
problems) in both FHR groups compared to the PBC
group, while CBCL internalizing problem scores showed
no statistical difference across groups. Scores of general
functioning as measured with CGAS were also lower in
both FHR groups compared to PBC. The presence of
any lifetime axis 1 diagnosis did not significantly differ
between groups. table 1 lists the summary statistics for
each group.

Total FHR-SZ FHR-BP PBC P-value

Children, N 173 67 47 59 —

Females, N (%) 85 (49) 31 (46) 23 (49) 31(53) 823

Age, mean (SD) 12.10 (0.28) 12.10 (0.29) 12.11 (0.28) 12.11 (0.28) 794

CBCL, mean (SD)

CBCL, Total 17.58 (17.58)  21.94(20.76)  19.98 (15.23)  13.26 (14.39) .006
CBCL, internalizing 6.00 (6.11) 6.91 (6.67) 5.89 (4.99) 5.09 (6.23) .100
CBCL, externalizing 3.85(5.06) 5.06 (6.24) 3.85(4.56) 2.50 (3.49) .005

CGAS 70.34 (15.72) 6591 (15.46)  70.11 (14.88)  75.41(15.41) <.001

Lifetime Axis 1 disorder, excl. elimination disorders, N (%) 75 (43) 33 (49) 22 (47) 20 (34) 178

Note: FHR, familial high risk; CBCL, Child Behavior Check List; CGAS, Children’s Global Assessment Scale. Group Differences in
Sex and Presence of Axis 1 Disorder was Performed Using a Kruskal-Wallis Test. Group Differences in Age, CBCL and CGAS was Per-

formed With One-Way ANOVA.
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Event-Related MMN Responses

We have reported on the MMN responses using a simple
single-channel approach elsewhere in a slightly smaller
sample than presented in the current article,* see supple-
mentary table 1 for demographics on the original sample.
For the sake of completeness, we show the MMN re-
sponses here since the present cohort is slightly larger,
see figure 2A and 2B. Across deviant types, MMN ampli-
tudes were comparable across groups (frequency MMN:
F(zw) =1.920, P = .150, BF ; = 0.299; duration MMN:

cien = 2.057, P = .131, BF,, = 0.341, combined fre-
quency duration MMN: F, = 0.687, P = .505, BF |
= (.111). Bayes factors indicated anecdotal to moderate
evidence against differences among groups, in line with
a previous study.® This result differs from our previous
MMN analysis which only included 131 individuals
of the final sample and yielded a moderate evidence in
favor of a group difference in MMN responses between
children at FHR when compared to PBC children.* This
shift in the sign of evidence indicates that the degree of
uncertainty is too high to reliably infer whether or not the
MMN amplitude is affected in children at FHR of severe
mental illness.

Results from the assumption-free spatiotemporal
analysis revealed a main effect of group for the du-
ration deviant at mid-central channels at 234 ms, see
figure 2C. This group effect was driven by FHR-BP
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having a larger response across conditions in this time
period. The same was observed at 162 at mid-central
as well as left-lateralized occipital channels. At the re-
ported thresholds, no results were significant for the
frequency MMN and the combined duration and fre-
quency MMN, although present when lowering the
threshold.

Effective Connectivity Underlying MMN Responses is
Modulated by Group Membership. Compared to children
without parental risk, the 2 high-risk groups showed de-
creased effective connectivity from left STG to left IFG
(100%). This decrease was present across all 3 MMN
types. At 78% exceedance probability increased effective
connectivity was observed from right IFG to right STG
along with increased intrinsic connectivity within right
primary auditory cortex (Al, 85%) in the FHR groups
compared to the PBC group (figure 3, left column). This
between-group difference in effective connectivity was
again consistent across MMN types, although with subtle
differences in probabilities.

The effective connectivity patterns of the 2 high-risk
groups differed in 4 connections. The right-hemispheric
connection from right Al to right STG and left-
hemispheric connection from IFG to STG as well as in
intrinsic connections in left STG and left IFG were rel-
atively attenuated in FHR-SZ children compared to
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Fig. 2. (A) MMN responses for the 3 different deviant types, frequency, duration, and combined frequency and duration, all from
channel Fz. . (B) Topographical distribution of MMN responses in the time period of the MMN, for each of the MMN types and

each of the 3 groups. Color bar represents amplitude intensity averaged across the MMN window. (C) Main effect of group for the
spatiotemporal analysis, here shown for the duration deviant. The time axis displays the timing of significant activity for the contrast, as
indicated with gray shading. The significant areas (over electrodes) for a given contrast are visualized within the topographic plot. The
color indicates the T-statistic above significance. Group differences are observed at 162 ms as well as 234 ms.
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Fig.3. Groupwise connectivity results. (A) results from the main difference between familial high risk (FHR) and PBC. (B) results

on the difference between the 2 high-risk groups, FHR-SZ and FHR-BP. First row results from the frequency MMN, second row is
duration MMN and finally last row is the combined frequency and duration MMN. Gray arrows show results with threshold of 75%
exceedance probability, black arrows with a threshold of 99% exceedance probability. Exceedance probabilities are shown next to each
individual connection. Effect sizes are shown with bar plots for each of the highlighted connections. Positive effects for the PBC#FHR
show connections where PBC>FHR (population-based controls show higher connectivity compared to the 2 high-risk groups together),

likewise negative effect sizes show PBC.

FHR-BP children (figure 3, right column). This expres-
sion was consistent across deviant types.

Effect of Lifetime Axis 1 Diagnosis Modulates Brain
Connectivity Within the MMN Network. We wished to
examine whether the presence of any lifetime axis 1 di-
agnosis has an impact on the groupwise connectivity find-
ings, see figure 4. To this end, we repeated the groupwise
analysis, now including the presence of a lifetime axis 1
diagnosis as a regressor in our model. The difference be-
tween the 2 FHR groups persisted after controlling for

axis 1 diagnosis. Notably, the group difference between
the FHR groups and PBC groups showed stronger results
for the duration MMN when adding the axis 1 diagnosis
to the model (figure 4). Here, the connection from right
IFG to right STG showed 100% exceedance probability,
together with the intrinsic connection within right Al.
The extended analysis also enabled us to ask which con-
nections within the network that are modulated by the
presence of a lifetime axis 1 diagnosis, Figure 4C. Here,
connections from right IFG to right STG were decreased
with the presence of an axis 1 disorder vs. no presence.
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Fig. 4. Results for groupwise analysis with the presence of a lifetime axis 1 disorder included in the model. (A) group differences

between PBC and both familial high-risk (FHR) groups now controlling for axis 1 diagnosis. Positive effects mean PBC shows increased
connectivity when compared to the 2 high-risk groups. Negative effects mean PBC has decreased connectivity compared to both FHR
groups. (B) difference between the 2 FHR groups, negative effects mean FHR-SZ express less connectivity when compared to FHR-BP.
(C) modulatory effect of axis 1 diagnosis on the connectivity network underlying MMN. Exceedance probabilities are shown next to each
individual connection. Positive effects are axis+ (having an axis 1 diagnosis) > axis- (not having an axis 1 diagnosis).

Likewise, increased connectivity from right STG to right
A1l was present in individuals with an axis 1 diagnosis
compared to those without an axis 1 diagnosis.

Discussion

We provide first-time evidence that effective cortical con-
nectivity is altered during pre-attentive processing of an
auditory prediction error in same-aged preadolescent
children at FHR of schizophrenia or bipolar disorder.
We also found differences in the connectivity pattern be-
tween high-risk children with a parent with schizophrenia
or a parent with bipolar disorder. These alterations per-
sisted even when controlling for past or present psychi-
atric diagnoses.

The comparison of EEG-based causal dynamic models
yielded strong evidence for increased effective connec-
tivity in cortico-cortical connections between the inferior
frontal and STG in high-risk children, along with in-
creased intrinsic connectivity within right primary audi-
tory cortex, when compared to PBC. The present findings
echo the changes in fronto-temporal functional connec-
tivity during the MMN response that have been previ-
ously reported in adult patients with schizophrenia.* %
Dynamic causal models have previously identified alter-
ations in directed connectivity from right IFG to right
STG as well as intrinsic connectivity within Al in both
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psychiatric populations,?3! as well as in a group at genet-
ically high risk of psychiatric disorders.’® In this DCM
study, we observed altered functional connectivity in the
same 2 connections, showing differences at the group
level between the population-based controls and both
high-risk groups (FHR-SZ and FHR-BP). Backward
connections from inferior frontal to superior temporal
cortex may convey internal predictions about auditory
stimulus features and intrinsic connections in Al may
contribute to flexible adjustments of cortical auditory
processing depending on the incoming auditory informa-
tion stream.’! Our DCM findings thus may indicate that
both processes are affected within the 2 familial high-risk
groups at the age of 11 or 12.

While the above-mentioned DCM results suggest con-
nectivity alterations that are shared across the risk for psy-
chiatric disorders, we also found connectivity differences
between FHR-SZ and FHR-BP children. The FHR-SZ
group showed decreased connectivity between right Al
to right STG, left IFG to left STG, and attenuated in-
trinsic connectivity in left IFG and left STG compared
to the FHR-BP group. The results suggest that children
at FHR for schizophrenia show a more impaired connec-
tivity pattern than children at FHR for BP. To the best
of our knowledge, this is the first DCM-based connec-
tivity study that included more than one high-risk group.



Therefore, our results warrant replication to confirm
specificity of these connections. One important point
to note here, is that children at FHR-SZ and FHR-BP
were grouped based on the psychiatric diagnosis of the
parent(s). Having a parent with either SZ or BP does not
only result in increased risk for that specific disorder, but
more likely increases the risk for a broad range of psychi-
atric disorders.>? Therefore, we cannot conclude from the
results of the current article that the connections distin-
guishing children at FHR-SZ from FHR-BP is specific to
the risk for SZ vs. BP itself or not. Longitudinal studies
are needed to clarify whether the observed connectivity
differences represent an increased risk for developing psy-
chiatric disorders in general or a specific risk of devel-
oping severe mental illness.

Two findings speak against the possibility that mani-
fest or previous psychopathology accounts for the re-
ported group differences in effective connectivity revealed
by EEG recordings during the MNN paradigm. Firstly,
the frequency of past or present axis-1 diagnoses did not
differ significantly among the 3 groups. Secondly and
more importantly, the differences in effective connectivity
persisted when controlling for past or present axis-1 di-
agnosis. This is not to say that the present or previous
manifestation of an axis-1 disorder does not have any
effect on the effective connectivity pattern related to the
pre-attentive processing of an auditory prediction error.
On the contrary, causal modeling indicated that the con-
nection from right IFG to right STG showed a decrease
in the presence of axis-1 disorder when compared to
individuals with no axis-1 disorder across groups. This
finding mirrors a previous study, in which decreased con-
nectivity within the same connection (right IFG to right
STG) was observed in patients with schizophrenia as well
as patients with a psychiatric diagnosis but without psy-
chosis.®! Together, these findings suggest that an altera-
tion of effective connectivity from right IFG to right STG
is shared across psychiatric disorders and in the present
study can be extended to children at risk for psychiatric
disorders. Since the rate of presence of an axis-1 disorder
was comparable between the 3 groups, we attribute the
differences in connectivity between the 2 familial high-
risk groups and controls to the presence or absence of
a familial high-risk status. It should be noted here that
axis 1 diagnoses were added in the analysis as a binary
variable. We know that those children with a diagnosis
exhibit lower global functioning® and we can therefore
use this post-hoc analysis to conclude that the observed
connectivity results are not statistically driven by those
children having a diagnosis.

In contrast to the DCM findings, conventional
MMN analyses yielded moderate evidence against dif-
ferences in MMN amplitude among groups. However,
the assumption-free spatiotemporal analysis, revealed
group differences in the cortical responses for the dura-
tion MMN, although not centered around the traditional
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MMN component. It is well documented that MMN
evoked by deviants in the duration of the sound is altered
along all clinical stages of psychosis, while the MMN
elicited by a frequency deviant develops more gradually
along illness progression.?'* Our results align with this,
given that results at the cortical level were found for the
duration deviant. However, the connectivity results were
observed for all deviant types, although still stronger
for the duration deviant. We, therefore, argue that con-
sidering combinations of markers is needed in the quest
to find a best predictor of illness stage. Together, our
findings suggest that FHR of schizophrenia or bipolar
disorder alters directed functional and local intrinsic con-
nectivity during the processing of a deviant auditory stim-
ulus together with altered cortical responses, although
without affecting the event-related cortical response, con-
stituting the MMN per se. The altered connectivity pat-
tern in the 2 FHR groups indicates an impaired ability to
adapt to process a change in the environment which may
contribute to the increased risk for developing a major
psychiatric disorder. Since families of FHR children usu-
ally have socio-economic and health problems,* the al-
tered connectivity may be caused by the genetic risk that
these children have or the environmental risk, or both.
Although only a minority of the children with a predis-
position will show a conversion during later life,** studies
of high-risk children offer an unique possibility to longi-
tudinally measure MMN responses through the vulner-
able period of adolescence and into adulthood.

In conclusion, we have provided novel evidence that
connectivity underlying MMN responses in children at
FHR for schizophrenia and bipolar disorder at a narrow
age range is altered, echoing findings that have been
found in individuals with manifest schizophrenia. These
risk-related changes in effective connectivity persisted
when controlling for past or present psychiatric diag-
noses, suggesting that these connectivity changes may
be an endophenotype for risk for psychiatric disorders.
Future follow-up investigations are planned to follow
up on this cohort. This will enable us to examine at the
single-person and group level whether the altered con-
nectivity patterns during pre-attentive processing of an
auditory prediction error are robustly expressed during
adolescence and early adulthood or whether they are sub-
ject to dynamic changes.

Supplementary Material

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