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22q11.2 deletion syndrome (22q11.2DS) is one of the most common copy number variants and confers a
markedly increased risk for schizophrenia. As such, 22q11.2DS is a homogeneous genetic liability model
which enables studies to delineate functional abnormalities that may precede disease onset. Mismatch neg-
ativity (MMN), a brain marker of change detection, is reduced in people with schizophrenia compared to
healthy controls. Using dynamic causal modelling (DCM), previous studies showed that top-down effective
connectivity linking the frontal and temporal cortex is reduced in schizophrenia relative to healthy controls
in MMN tasks. In the search for early risk-markers for schizophrenia we investigated the neural basis of
change detection in a group with 22q11.2DS. We recorded high-density EEG from 19 young non-
psychotic 22q11.2 deletion carriers, as well as from 27 healthy non-carriers with comparable age distribu-
tion and sex ratio, while they listened to a sequence of sounds arranged in a roving oddball paradigm. De-
spite finding no significant reduction in the MMN responses, whole-scalp spatiotemporal analysis of
responses to the tones revealed a greater fronto-temporal N1 component in the 22q11.2 deletion carriers.
DCM showed reduced intrinsic connection within right primary auditory cortex as well as in the top-
down, connection from the right inferior frontal gyrus to right superior temporal gyrus for 22q11.2 deletion
carriers although not surviving correction for multiple comparison. We discuss these findings in terms of
reduced adaptation and a general increased sensitivity to tones in 22q11.2DS.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

The 22q11.2 deletion is one of the most common copy number var-
iants (CNV) with a prevalence of 1:2000 to 1:4000 (Goodship et al.,
1998; Oskarsdóttir et al., 2004; Shprintzen, 2005). The 22q11.2 deletion
syndrome (22q11.2DS) is characterized by multiple somatic disorders,
cognitive deficits and learning disabilities (Karayiorgou et al., 2010;
MMN, mismatch negativity;
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Robin and Shprintzen, 2005). Further, the syndrome is associated with
hearing loss (Jiramongkolchai et al., 2016). Recent studies have shown
that people carrying the deletion are at higher risk for several
neurodevelopmental disorders including autism, ADHD, and schizo-
phrenia, (Bassett et al., 2008; Karayiorgou et al., 2010; Purcell et al.,
2009; Schneider et al., 2014; Stefansson et al., 2008). Clinical observa-
tion studies have shown that approximately 25% of the carriersmeet di-
agnostic criteria for schizophrenia by adulthood (Schneider et al., 2014)
and with odds ratios above 16, the deletion is one of the largest known
risk factors for schizophrenia (Marshall et al., 2016; Szatkiewicz et al.,
2014). In addition, results from a new nationwide Danish study showed
that people diagnosedwith 22q11.2DS had six to eight times higher risk
d effective connectivity in 22q11.2 deletion syndrome, Schizophr. Res.
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of developing schizophrenia spectrum disorders as compared to the
general population (Hoeffding et al., 2017; Vangkilde et al., 2016b).
For this reason, investigating the neurobiology of 22q11.2 deletion car-
riers can provide important insights into the pathogenesis of schizo-
phrenia and potential disease risk markers.

It is well established that people with schizophrenia show a reduced
mismatch negativity (MMN) at fronto-central electrodes over the scalp
when assessed with electroencephalography (EEG) (Catts et al., 1995;
Michie, 2001; Näätänen and Kähkönen, 2009; Umbricht and Krljesb,
2005). MMN is evoked in oddball paradigms, whereby standard stimuli
form a rule that is occasionally violated by oddball events. Defined as
the negative deflection in the event-related potential peaking around
100–250 ms after the change onset, the MMN emerges when
subtracting the response to a standard tone from the response to a de-
viant tone (Näätänen, 1995; Näätänen et al., 2007). MMN is not only re-
duced in chronic schizophrenia but also in first episode psychosis,
(Atkinson et al., 2012; Hsieh et al., 2012), first degree relatives (Jessen
et al., 2001; Michie et al., 2002) and further shown to be a promising
biomarker for psychosis prediction (Bodatsch et al., 2015), see also
(Randeniya et al., 2017) for a review on MMN in the continuum of psy-
chosis. Only a limited number of studies have investigated MMN in
22q11.2 deletion carriers (Baker et al., 2005; Zarchi et al., 2013).
Baker and colleagues (Baker et al., 2005) found reduced duration
MMN consistent with findings in the schizophrenia literature
(Baldeweg et al., 2002). In contrast, Zarchi et al. (2013) failed to rep-
licate this finding but found that Gap-MMN amplitudes in the
22q11.2DS group predicted the negative symptoms scores (from
the Positive and Negative Syndrome Scale, PANSS) where smaller
MMN amplitudes were associated with higher scores of the PANSS.
Notably, the disease states of the 22q11.2DS groups in the two men-
tioned studies deviate from each other. In (Baker et al., 2005) no par-
ticipants met criteria for a diagnosis of psychotic disorder, whereas
in (Zarchi et al., 2013) a proportion of the participants (14.63%)
were diagnosed with psychotic disorders and three of these met
the DSM-IV-TR for schizophrenia.

Approaches to modelling MMN using Dynamic Causal Model-
ling (DCM) have viewed the underlying mechanism of MMN in
terms of the predictive coding hypothesis (Garrido et al., 2008;
Rao and Ballard, 1999). In this way, MMN is caused by an interplay
between current inputs and predictions based on a learnt regular-
ity (Garrido et al., 2009a). The network implementation of these
processes involve bottom-up and top-down connections that link
lower- with higher-level sensory areas (Friston, 2003). This inter-
play appears to be disrupted in schizophrenia (Adams et al.,
2013; Dima et al., 2012, 2010; Fogelson et al., 2014) as well as in
unaffected relatives (Ranlund et al., 2016) especially in top-down
processing, i.e., connections from higher to lower order areas.
Since functional disintegration among brain regions phrased as
“The disconnection hypothesis” is believed to be one of the core pa-
thologies of psychosis (Friston, 1998), we use DCM in addition to
conventional MMN analysis in sensor space, to test this notion of
disconnectivity in the 22q11DS population.

In this study, the neuronal connectivity underlying change detection
was assessed in a group of young non-psychotic 22q11.2 deletion car-
riers as well as in a healthy age- and sex-comparable control group
using DCM. Given that schizophrenia patients show reduced MMN re-
sponses, and that 22q11.2DS are a schizophrenia high-risk group, we
hypothesized that the 22q11.2 deletion carrierswould also express a re-
duction inMMN responses. Based on previous identified neural genera-
tors of MMN, we formulated families of DCMs according to their type of
connections, to test the hypothesis that 22q11.2 deletion carriers would
afford reduced top-down connectivity within the network accounting
for MMN, compared to healthy non-carriers. Finally, we explored
whether effective connectivity in 22q11.2 deletion carriers as well as
MMN amplitudes were associated with the individual symptoms score
in the 22q11.2 deletion carriers.
Please cite this article as: Larsen, K.M., et al., Altered auditory processing an
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2. Materials and methods

2.1. Participants

We included 19 22q11.2 deletion carrierswithout a current or previ-
ous history of schizophrenia. All carriers had a verified deletion within
the 3 Mb region at chromosome 22q11.2. Our control group included
27 healthy individuals without the 22q11.2 deletion. Groups were
comparable with respect to sex ratio (male/female controls: 18/9,
carriers: 13/6, χ2 = 0.02, p = 0.90) and age distribution (controls
age range: 12–25 years; mean age: 15.96, standard deviation
(SD) = 2.71 years; 22q11.2 age range 12–21 years; mean age:
15.47, SD 2.41 years, t44 = −0.63 p = 0.53).

All participants were evaluated for the presence of current psychiat-
ric disorders and intelligence level as previously described (Vangkilde
et al., 2016a). One of the 22q11.2 deletion carriers was taking 20 mg
of retalin. Apart from this, no other participant took medication acting
on the central nervous system. The Structured Interview for Prodromal
Symptoms (SIPS) (McGlashan et al., 2012; Miller et al., 2003) was used
to evaluate the presence of schizophrenia-related symptoms within
four domains: positive, negative, disorganized and general symptoms.
All clinical interviews were conducted by two experienced and certified
clinicians. None of the participants had psychosis but the 22q11.2DS
group had significantly elevated SIPS scores for all four SIPS symptom
domains relative to the control group. Further, the 22q11.2Ds were pre-
sented with lower IQ than the controls, see Table 1 for a summary of
clinical and demographic data as well as description of IQ.

The following exclusion criteria were applied to controls:
a) schizophrenia, schizotypal and delusional disorders (ICD10
DF20–29); b) bipolar disorder (ICD10 DF30–31); c) depression (ICD
DF32–33) except for a past episode of mild or moderate depression
(ICD10 DF 32.0 or 32.1); d) substance abuse; or e) a first degree relative
with a psychotic illness.

This study was approved by the Regional Ethical Committee of Co-
penhagen (project id: H-3-2012-136) and the Danish Data protection
Agency (project id: 2007-58-0015). All participants underwent a verbal
and written informed consent process. Participants under the age of 18
provided a verbal assent while their parents completed a written con-
sent. This study is part of a larger Danish nationwide study and an ex-
tensive description of the recruitment of participants is described in
(Schmock et al., 2015).

2.2. Stimuli

Participants were presented with an auditory rovingmismatch neg-
ativity paradigm adapted from (Garrido et al., 2008), see Fig. 1 for de-
tails of stimuli as well as Supplementary material. Prior to the
experiment, audiometric testing was performed to confirm that partic-
ipants were able to hear the tones used for eliciting the event related
potentials (20 dB random test Oscilla USB-310 Tablet screening audi-
ometer, Aarhus, Denmark). At 1000 Hz the observed threshold levels
were (mean = 20.1 dB, SD = 0.5) for controls and (mean = 23.4 dB,
SD= 4.0) for 22q11.2.

2.3. Data acquisition and pre-processing

EEGdatawere recorded using a 128 channel ActiveTwoBiosemi Sys-
tem (BioSemi, Amsterdam, Netherlands) at a sampling frequency of
4096 Hz. Pre-processing was carried out using EEGLAB (Delorme and
Makeig, 2004), which included referencing to the nose, bandpass filter-
ing between 0.5 Hz–40 Hz using a second order Butterworth filter,
downsampling to 500 Hz, and finally epochingwith a peristimuluswin-
dow of −100 ms to 400 ms. The epochs were baseline corrected using
the average over the time window −100 ms to −10 ms. The epoched
data were then exported to SPM12b where the artefact removals,
mass-univariate spatiotemporal analysis as well as the DCM analysis
d effective connectivity in 22q11.2 deletion syndrome, Schizophr. Res.
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Table 1
Summary of groupdata for demographical and clinical data. Reynolds Intellectual Screening Test (RIST)was used to determine intellectual functioning (Reynolds and Kamphaus, 2011). IQ
below 70 was used to index intellectual disability. Among the 22q11.2 deletion carriers, one had a diagnosis of major depression (MD), two had a disturbance of activity/attention deficit
disorder without hyperactivity (ADHD/ADD), and seven had a diagnosis of anxiety or phobia and one with both autism spectrum disorder (ASD) and phobia.

Measures Control group 22q11.2 group Group statistics

Age Mean 15.96 SD = 2.71 Mean 15.47 SD = 2.41 t44 = −0.63, p= 0.53
Sex 18 males/9 females 13 males/6 females Χ2 = 0.02, p= 0.90
IQ Median = 108.0

90th percentile = 127.0
10th percentile = 95.2
Mean 109.0 SD = 12.5

Median = 82.0
90th percentile = 94.4
10th percentile = 63.8
Mean 77.7 SD = 16.06

t44 = −7.01, p b 0.001

SIPS - subscales
Negative Mean 0.59 SD = 1.04

Range 0–4
Mean 6.68 SD = 3.67
Range 1–16

W= 477, p ≤ 0.001

Positive Mean 0.81 SD = 1.49
Range 0–6

Mean 2.74 SD = 3.07
Range 0–12

W= 305.5, p= 0.008

Disorganized Mean 0.11 SD = 0.42
Range 0–2

Mean 1.68 SD = 1.83
Range 0–6

W= 404, p b 0.001

Generalized Mean 0.15 SD = 0.46
Range 0–2

Mean 0.95 SD = 1.90
Range 0–7

W= 312.5, p= 0.027

Diagnosis
MD N = 0 N= 1
ADHD/ADD N= 0 N= 2
Anxiety or phobia N = 0 N= 8
ASD N= 0 N= 1
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were performed (http://www.fil.ion.ucl.ac.uk/spm/). The artefact re-
movalwas performed using a simple threshold approach,where epochs
were rejected if their values exceeded ±100 μV. One of the participants
(belonging to the 22q11.2 group)was discarded because themajority of
epochs were rejected with this approach (above 80%).

Trialswere sorted according to their tone repetition number and col-
lapsed across the two frequencies (i.e. frequencies 1000 Hz and 1200
Hz). Responses to the standards were subtracted from the response to
the deviant (D), for the first standard (S1) up until the fifth standard
(S5). We did this in order to estimate which standard tone would pro-
duce the largest MMN response in the pooled sample (i.e., averaged
over both the carrier and control groups). This tone was then used as
the standard tone for further analysis. We stopped at S5 since S6 to S8
had fewer than 100 trials and we wanted to guarantee a good signal
to noise ratio comparable to that afforded by S1 to S5.

To enable spatio-temporal analysis in sensor space, the epoched EEG
data were converted into scalp-map images of dimension 64 × 64.
These were obtained using interpolation followed by smoothing using
a Gaussian kernel specified by a FWHM of 8 mm2 in the spatial dimen-
sion and 10 ms in the temporal dimension ([8 8 10]). Single-channel
MMN responses were extracted from the Fz channel given a priori
knowledge that the MMN response is greater over fronto-central
Fig. 1. Experimental design of the roving paradigm. Sequences of sounds with the number of r
distribution. The first tone in each new sequence (D) represents a frequency change (to either 1
tone then becomes thenew standard (S1–S8). Themaximumnumber of repetitions after a devia
500 ms.

Please cite this article as: Larsen, K.M., et al., Altered auditory processing an
(2018), https://doi.org/10.1016/j.schres.2018.01.026
areas, (Näätänen et al., 2007). For the DCM, data were re-referenced
to the average over sensors to ensure proper source reconstruction.
2.4. Dynamic causal modelling

We used DCM to investigate the neural networks underlying MMN
generation and test the hypothesis that 22q11 deletion carriers would
express reduced top-down connectivity. DCM is a hypothesis driven
method that estimates effective connectivity between specified brain
areas and how this is affected by experimental factors, where effective
connectivity is the influence one brain area exerts over another (David
et al., 2006; Friston et al., 2003). Critically, DCM is able to infer the direc-
tionality of the interactions between brain regions. For amore thorough
explanation of DCM, see supplementary material.

The network architecture of the roving MMN paradigm has been
studied previously in healthy individuals (Boly et al., 2011; Garrido
et al., 2007, 2008, 2009b) using DCM, with the proposed models being
motivated by previous fMRI and EEG work on MMN generators
(Doeller et al., 2003; Grau et al., 2007; Opitz et al., 2002; Rinne et al.,
2000). According to these studies, MMN generation engages bilateral
sources in the primary auditory cortex (A1) superior temporal gyrus
epetitions ranging from 1 to 9 within each sequence were drawn from a discrete uniform
000 Hz or 1200 Hz) and therefore has the role of a deviant. With repetition, however, this
nt is 8 (corresponding to the 9th tone in a row). The stimulus onset asynchronywasfixed at

d effective connectivity in 22q11.2 deletion syndrome, Schizophr. Res.
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(STG) and inferior frontal gyrus (IFG), with the IFG usually being most
consistent in the right side.

Although the functional anatomy of MMN generation has been
widely studied in healthypeople it remains unknown in the22q11.2 de-
letion carriers. In order to explore the network structure we defined 16
models starting with a parsimonious model comprising of bilateral A1
and STG with only forward connections. The remaining models where
then built by adding hierarchical levels with increasing complexity
until we had a full network with six sources: bilateral A1, STG and IFG
(see Fig. 2). Forward (F) and backward (B) connections were added at
all levels of the hierarchy as well as lateral connections linking left and
right STG. The models where divided into families according to the
type of connections present in each family Fig. 2.

2.5. Statistical analysis

We used two sample t-test and Wilcoxon rank sum test to test for
carrier-control differences in IQ and SIPS scores, respectively.

2.5.1. Mismatch negativity responses
The peak for the extracted MMN waveforms was detected on the

grand average difference waveform for the pooled data (22q11.2 car-
riers and controls). This peak was then used to extract individual
MMNmean amplitude values (±30ms around the peak) for each indi-
vidual participant. Group differences in the MMN responses were
assessed using a one-way ANCOVA with group as a factor (22q11.2 de-
letion carriers and controls) and age and sex as covariates. p-values are
reported significant if below 0.05.
Fig. 2. The four DCM families tested. Models were divided into families according to the type
backward; models with forward and backward connections, forward lateral; models with f
lateral; models with forward and backward connections and lateral connections between bilat

Please cite this article as: Larsen, K.M., et al., Altered auditory processing an
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2.5.2. Spatio-temporal maps in sensor space
Spatio-temporal analysis was performed over the whole sensor-

space (i.e. all electrodes) and time (−100 ms to 400 ms) using a full
factorial 2 × 2 design with factors group (controls and 22q11.2DS) and
condition (standard and deviant). Further, age and sex were included
as covariates. With this approach we could do an unbiased
assumption-free search for differences (main effects and interactions)
over the entire sensor-time volume and use random field theory to
correct for multiple comparison testing (Kilner and Friston, 2010). All
p-values reported are thresholded using alpha = 0.05 FWE corrected
at cluster level.
2.5.3. DCM
Each of the 16 DCM models was fitted to each participant individu-

allywith the standard anddeviant responses in the samemodel. The be-
tween trial effect was set to [0 1], such that the standard response is
modelled as the baseline. In this way, DCM estimates the connectivity
changes that are necessary to fit the deviant responses. In all models,
all connections were allowed to be modulated.

Bayesianmodel comparison was performed in the pooled data (car-
riers and controls) comparing the four families using random effects
(Penny et al., 2010) to allow for different cognitive strategies and
brain networks. Within the winning family, inference on the parameter
level was performed using Bayesian model averaging (BMA) (Penny
et al., 2010).

Group differences in the parameters were assessed using a one-way
ANCOVAwith group as a factor (22q11.2 deletion carriers and controls)
and age and sex as covariates.
of connection present; forward; comprising models with forward connections, forward
orward connections and lateral connections between bilateral STG. Forward backward
eral STG.

d effective connectivity in 22q11.2 deletion syndrome, Schizophr. Res.
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2.5.4. Correlation with clinical symptoms
Further, we explored if theMMN amplitudes as well as connectiv-

ity parameters correlated with the expression of individual symp-
toms. These post-hoc analyses are reported in the supplementary
material.
2.5.5. Post-hoc correlations and tests
Since 22q11.2DS is associated with hearing loss (Jiramongkolchai

et al., 2016) as well as lower levels of IQ (Vorstman et al., 2015), we
post-hoc correlated the results obtained on sensor level (single
channel MMN as well as spatio-temporal) and the connectivity pa-
rameters from the DCM analysis with hearing thresholds obtained
at 1000 Hz as well as IQ scores within the 22q11.2 group. See supple-
mentary material for further detail. Since a proportion of the 22q11.2
deletion carriers were presented with a diagnosis of either major de-
pression (1), ADHD/ADD (2), anxiety or phobia (8) or autism spec-
trum disorder (ASD) (1) (see Table 1), we performed a post hoc
test to assess a potential effect of diagnosis by adding it as a covariate
in the SPM analysis. In the DCM analysis we performed a split be-
tween the 22q11.2 deletion carriers having a diagnosis and those
without to post-hoc test for differences in the connections between
22q11.2 deletion carriers with a presence of a diagnosis and those
without.
Fig. 3.Grand average responses obtained in the roving paradigm. A)Mean amplitude around pe
the deviant shows that having S3 as a standard yields the largest (most negative) MMN in the
controls in cyan) C) Responses elicited by S3 (blue) and the deviant (red) for the control group
using the third tone as the standard (S3). The shaded area around the curve illustrates one stan
and is used for all subfigures. (For interpretation of the references to color in this figure legend

Please cite this article as: Larsen, K.M., et al., Altered auditory processing an
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3. Results

3.1. Mismatch negativity responses

Fig. 3 shows the grand average data for the conventionalMMN anal-
ysis for a selected channel (Fz, Fig. 3 A–E) and the whole scalp (Fig. 3F).
The third standard tone, S3, yields the largest MMN in the pooled sam-
ple (Fig. 3A), hence we used it as the standard for all subsequent analy-
sis. The meanMMN amplitude as a function of tone repetition followed
the shape of a parabola, indicating that surprise builds up until S3, after
which it decreases, possibly because a change starts to be expected. Dif-
ferences inmeanMMNamplitudes between 22q11.2 and controls failed
to reach significance (F1,41 = 0.584, p=0.449, see Fig. 3E), contrary to
our initial hypothesis. However, the N1 components for both the re-
sponses to the standards and the deviantswere enhanced in the carriers
compared to the controls (compare Fig. 3C and D). No effect of the co-
variates sex (F1,41 = 0.005, p = 0.946) or age (F1,41 = 1.480, p =
0.231) was observed.
3.2. Spatio-temporal maps in sensor space

Statistical parametric mapping revealed a significant main effect of
group (Fig. 4) peaking at 90ms (F1,84= 20.21, p=0.001, FWE corrected
akMMN in awindow of±30ms as a function of the number of repeated standards prior to
pooled sample. B) Same as in A), shown separately for each group (carriers in orange and
and D) for the carriers. E) The MMN waveform for controls (cyan) and 22q11.2 (orange)
dard error of themean. F) Channel locations on the scalp, Fz is markedwith a black ellipse
, the reader is referred to the web version of this article.)

d effective connectivity in 22q11.2 deletion syndrome, Schizophr. Res.
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Fig. 4. Statistical F-maps showing results from the full factorial design. Main effect of group (p b 0.05 FWE, corrected over the entire scalp and time) revealed a significant cluster over
fronto-central channels peaking at 90 ms.

Fig. 5.Model exceedance probabilities for the four families. Forward; comprising models
with forward connections, forward backward; models with forward and backward
connections, Forward lateral; models with forward connections and lateral connections
between bilateral STG. Forward backward lateral; models with forward and backward
connections and lateral connections between bilateral STG The sum of the exceedance
probabilities equals one. The family including models with forward, backward and
lateral connections has the highest exceedance probability.
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at the cluster level) in the fronto-central areas. This effect was driven by a
more negative N1 component in the 22q11.2 deletion carriers and con-
firms, in a statistically unbiased manner, the qualitative observation
done in Fig. 3C–D. Thisfinding suggests that carriers have greater sensitiv-
ity to tones in general (not specific to deviants) compared to controls. No
main effect of condition or group by condition interaction effect was ob-
served at the reported corrected threshold.

Post hoc tests assessing apotential effect of diagnosis showednoeffect
of diagnosis and the group effect persistedwhen controlling for diagnosis.

3.3. DCM

The family of DCMswith both forward and backward aswell as lateral
connections linking bilateral STG had the greatest exceedance probability
(Fig. 5). BMA within the family with the highest exceedance probability
showed that the intrinsic connection within right A1 was reduced in
22q11.2 relative to controls (F1,41= 5.443, p=0.025, uncorrected). This
finding suggests decreased adaptation within right A1 for carriers than
controls. In addition, we found reduced extrinsic connection from right
IFG to STG (F1,41= 4.280, p=0.045, uncorrected) in the carriers com-
pared to controls, which suggests a disruption of top-down, or predictive
processes in the 22q11.2. No effect of age was observed in either connec-
tion (F1,41= 0.012, p=0.915 for intrinsic connection, F1,41 b 0.001, p=
0.984 for backward connection). We did not find an effect of sex on the
intrinsic connection (F1,41= 0.263, p=0.811). However, we found that
males had a reduced modulation of the backward connection (F1,41 =
4.396, p= 0.042) compared to females across the two groups. While
the findings of reduced intrinsic connectivity within A1 and reduced
top-down connectivity from IFG to STG are suggestive, they did not sur-
vive correction for multiple comparisons using a conservative Bonferroni
correction for 12 tests. Running Bayesianmodel comparison separately in
each group gave the following exceedance probabilities for the four fam-
ilies (controls: 0.16, 0.16 0.27, 0.41, 22q11.2DS: 0.14, 0.14, 0.07, 0.65).
Hence, the family with the highest exceedance probability is consistent
in both groups. Post hoc tests assessing a potential effect of diagnosis
showed no effect of diagnosis and the group effect persisted when con-
trolling for diagnosis. Results from the post hoc correlation for the effect
Please cite this article as: Larsen, K.M., et al., Altered auditory processing an
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of IQ and hearing levels within the 22q11.2DS group showed no correla-
tionwith hearing levels for any of the results. Correlationwith IQ showed
a correlationwith theMMNamplitudes at the scalp level, see supplemen-
tary material for details.

4. Discussion

In this study, we investigated the responses elicited by a roving au-
ditory MMN paradigm in a group of young 22q11.2 deletion carriers.
d effective connectivity in 22q11.2 deletion syndrome, Schizophr. Res.
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While we found no indication of group differences between theMMN re-
sponses per se, the spatiotemporal analysis of responses to tones (stan-
dards and deviants) revealed a main effect of group in the fronto-
central areas peaking at 90 ms. This group difference was due to the
22q11.2 deletion carriers exhibiting larger negative responses in the N1
component, which suggests that 22q11.2 deletion carriers have greater
sensitivity to tones. The dynamic interactions of the network structures
underlying MMN were investigated with DCM and pointed to effective
connectivity reductions in the backward, top-down, connection linking
right IFG and STG, as well as the intrinsic connection within right A1.
The reduction in top-down connectivity is indicative of a disruption in
predictive processes in 22q11.2, and the reduced modulation within
right A1 suggests decreased adaptation or impaired repetition suppres-
sion, that is, a failure to suppress neuronal responses to repeated stimuli
(Auksztulewicz and Friston, 2016; Baldeweg, 2007; Garrido et al., 2009b).

The fact that the 22q11.2 deletion carriers in the present study
showed a mismatch negativity response at the scalp level suggests
that the change detection system is still functioning in this group. As re-
ported in previous studies (Baker et al., 2005; Zarchi et al., 2013), we
have also failed to show significant differences in the amplitude of fre-
quency MMN between 22q11.2DS and controls. However, Baker et al.
(2005) found reduced duration MMN in a 22q11.2 group which sug-
gests that the system for generating MMN responses in 22q11.2 can
be activated but is not functioning optimally. Further, it is possible
that 22q11.2 show reduced MMN responses to duration deviants, but
not frequency deviants. However, this would have to be confirmed in
a future study to examine both in the same population.

We found group differences in the responses to tones at fronto-
central electrodes at 90 ms, the timing of the typical N1 component.
The effect was driven by responses being greater (more negative) for
22q11.2 deletion carriers than controls and suggests that 22q11.2 dele-
tion carriers are more sensitive to sounds. This is in line with Rihs et al.
(2013) who also found in a 22q11.2 cohort an enhanced N1 component
that was explained by a greater activation in the medial frontal cortex
and the dorsal anterior cingulate. The N1 component has previously
been found to be reduced in schizophrenia, as well as in first episode
and first-degree relatives (Foxe et al., 2011; Umbricht et al., 2003).
However, several studies have also failed to show this reduction, see
(Rosburg et al., 2008) for a review. Different factors such as inter stimu-
lus interval, medication and attention set are known to critically affect
N1 (Rosburg et al., 2008) which could explain the inconsistency of N1
findings in schizophrenia.

DCM modelling of the difference between deviants and standards
pointed towards reduced effective connectivity in the backward con-
nection from IFG to STG in the right hemisphere as well as in the intrin-
sic connection within the right A1 for the 22q11.2DS compared to
controls. Critically, disruptions within these same two connections
have been previously found in patients with schizophrenia (Dima
et al., 2012). Contrary to our study, however, Dima et al., 2012 found a
stronger (not weaker) modulation of the backward connection from
right IFG to right STG in the schizophrenia group. According to theoret-
ical accounts of predictive coding, the forward or bottom-up connec-
tions convey information about the incoming stimuli and how well it
matches expectations based on a learnt context (Friston, 2003). Expec-
tations or predictions, on the other hand, are conveyed by top-down or
backward connections. In light of this theory and evidence for reduced
backward connectivity in 22q11DS, we speculate that controls are able
to send down predictions indicated by the positive modulation from
right IFG to right STG in a more efficient manner than the carriers. The
reduced intrinsic connection within right A1 suggests that 22q11.2 de-
letion carriers exhibit less adaptation to the stimuli. While the scalp
level data showed enhanced responses at the N1, it did not reveal an in-
teraction between group and condition (standard and deviant). There-
fore, it remains unclear whether increased responses to tones in
22q11DS is due to a boosted sensitivity to sounds in general or poorer
adaptation to repeated sounds (i.e., impaired repetition suppression).
Please cite this article as: Larsen, K.M., et al., Altered auditory processing an
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While the findings of reduced top-down effective connectivity from
right frontal to temporal regions as well as reduced intrinsic connectiv-
ity within right A1 are interesting and suggestive, these results did not
survive correction for multiple comparison. This together with the rela-
tively small sample size of the study, suggest that findings should be
considered preliminary. Replication in a larger study is needed before
any strong conclusions can be drawn. Further, a proportion of the
22q11.2 deletion carriers included in the present study were presented
with a diagnosis of either depression, anxiety or phobia, ASD, ADHD/
ADD. However, our post-hos test in the spatio-temporal as well as
DCM analysis showed that the results could not be explained by the
presence of a diagnosis.

The included 22q11.2 deletion carriers were young and non-
psychotic with a mean age of 15.5 years of age, i.e. before the median
onset of schizophrenia. This could potentially be a limiting factor for
finding strong effects. However, this age range was chosen since the
focus was to look for premorbid phenotypes of psychosis. Further, this
opens up for the possibility to study these deletion carriers longitudi-
nally from before a mental disorder sets in.

In summary, we demonstrate that young non-psychotic 22q11.2 de-
letion carriers show enhanced responses to repeated stimuli, which
might be due to either increased auditory sensitivity or reduced adapta-
tionwithin the auditory cortex. In addition,we suggest a reduced ability
to pass down predictions in cortical hierarchies. While the findings in
the present study are promising and exciting, further work is required
to corroborate the idea that reduced effective connectivity disruptions
and enhanced N1 can be used as potential biomarkers, potentially in a
follow-up longitudinal study.
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