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Abstract

Background: 22g11.2 Deletion Syndrome (22911.2DS) is the strongest known molecular risk factor for
schizophrenia. Brain responses to auditory stimuli have been studied extensively in schizophrenia and
described as potential biomarkers of vulnerability to psychosis. We sought to understand whether these
responses might aid in differentiating individuals with 22q11.2DS as a function of psychotic symptoms,
and ultimately serve as signals of risk for schizophrenia.

Methods: A duration oddball paradigm and high-density electrophysiology were used to test auditory
processing in 26 individuals with 22q11.2DS (13-35 years old, 17 females) with varying degrees of
psychotic symptomatology and in 26 age- and sex-matched neurotypical controls (NT). Presentation rate
varied across three levels, to examine the effect of increasing demands on memory and the integrity of
sensory adaptation. We tested whether N1 and mismatch negativity (MMN), typically reduced in
schizophrenia, related to clinical/cognitive measures, and how they were affected by presentation rate.
Results: N1 adaptation effects interacted with psychotic symptomatology: Compared to an NT group,
individuals with 22q11.2DS but no psychotic symptomatology presented larger adaptation effects,
whereas those with psychotic symptomatology presented smaller effects. In contrast, individuals with
22011.2DS showed increased effects of presentation rate on MMN amplitude, regardless of the presence
of symptoms. While 1Q and working memory were lower in the 22q11.2DS group, these measures did not
correlate with the electrophysiological data.

Conclusions: These findings suggest the presence of two distinct mechanisms: One intrinsic to
22011.2DS resulting in increased N1 and MMN responses; another related to psychosis leading to a

decreased N1 response.
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Introduction

22011.2 Deletion Syndrome (22q11.2DS henceforth; also named DiGeorge syndrome or velo-
cardio-facial syndrome) results from a hemizygous microdeletion of approximately 1.5 to 3 megabases on
the long arm of chromosome 22. The deleted region contains about 60 known genes, some of which are
highly expressed in the brain and known to affect early neuronal migration and cortical development (1,
2). 220911.2DS is the most common chromosomal microdeletion disorder, with prevalence estimates
ranging from 1 per 1000 to 1 per 4000 live births (3, 4).

The phenotypic expression of 22q11.2DS is highly variable and ranges from life-threatening to
less severe conditions (5). Its clinical presentation includes variable developmental delays, cognitive
deficits and neuropsychiatric conditions, and multi-organ dysfunction such as cardiac and palatal
abnormalities (6, 7). Cognitively, 22q11.2DS is characterized by deficits in executive function (8-11),
nonverbal memory (12, 13), visuospatial (14-16) and visual-motor (17) processing, and working memory
(18). Approximately 60% of individuals diagnosed with 22g11.2DS meet criteria for at least one
psychiatric diagnosis (19-21)—and the development of psychosis is one of the most significant concerns
for parents of children with 22q11.2DS: 20 to 40% of individuals identified with the deletion go on to
develop schizophrenia (22-25).

Idiopathic and 22q11.2DS-associated schizophrenia present a similar clinical path leading to
psychosis (26, 27), with subtle social deficits and poor neurocognitive performance preceding its onset
both in the general population (28, 29) and in 22g11.2DS (30). The clinical presentation of schizophrenia
does not appear to differ either (31), with deficits in cognition and perception, and positive
(hallucinations, delusions, thought disorder) and negative (flat affect, alogia, avolition and anhedonia)
symptoms (32). However, neurocognitive features are more severe in 22q11.2DS-associated
schizophrenia, likely reflecting poorer baseline cognitive function (33). These similarities are
accompanied by high concordance of neuroanatomic correlates (34-39), suggesting that common cerebral

alterations may underlie psychotic symptomatology in both populations.
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Reducing the duration of untreated psychosis, before irreversible pathological brain changes take
place (40), leads to better functional outcomes in patients with psychotic disorders such as schizophrenia
(41, 42), strongly motivating the goal of early identification prior to frank disease onset. Since clearly
observable behavioral changes are often the product of processes that have started occurring in the brain
significantly earlier, the direct and reliable measurement of functional brain activity and the consequent
potential to detect neural vulnerability prior to behaviorally observable symptoms is key to enabling
interventions focused on prevention rather than on treatment. Sensory and cognitive auditory evoked
potentials (AEP) such as the N1 and the mismatch negativity (MMN) have been identified as potential
biomarkers for vulnerability, conversion, and progression of psychosis in schizophrenia. The auditory N1
is the first prominent negative AEP (43), and reflects neural activity generated in and around primary
auditory cortex (44). Several studies demonstrate a reduction of the auditory N1 in schizophrenia, in at-
risk individuals and chronic and first-episode patients (45-49); but see (50) for a review on contradictory
evidence. The MMN, in turn, operating at the sensory memory level, occurs when a repeating stimulus
(the standard) in an auditory stream is replaced by a deviant stimulus: Regular aspects of consecutively
presented standards form a memory trace; violation of those regularities by a deviant induces the MMN
(51). Occurring typically 100 to 200 ms following the deviant event, the MMN is thought to reflect
largely preattentive neural processes underlying detection of a pattern violation and updating of a
representation of a regularity in the auditory environment (52-54). MMN amplitude has been shown to be
reduced in schizophrenia (for reviews, see (55, 56)) in at-risk individuals (57-61), recent onset (58, 59,
62-64), and chronic patients (58, 62, 65-72), particularly when using duration deviants (65, 73, 74).

While previous studies have measured the N1 and MMN in 22q11.2DS, the limited results
available have yielded inconsistent findings (75, 76). Such inconsistencies might reflect the relatively
high degree of phenotypic variability that is inherent to this population. Here, we sought to measure the
relationship between auditory brain function and cognitive function, focusing on cognitive abilities
known to be vulnerable in this population. We also set out to test for potential associations between
MMN and N1 amplitudes and the number of psychotic symptoms expressed in the 22g11.2DS cohort.

Given the working memory difficulties previously described in 22q11.2DS, presentation rate (stimulus
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onset asynchronies: SOAs) was parametrically varied, which allowed us to examine not only the impact
of increasing demands on the sensory memory system (77, 78), but also the integrity of sensory

adaptation effects (77, 79).
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Methods and M aterials
Participants

Twenty-six participants diagnosed with 22g11.2DS (age range: 13-35 years old; 15 with at least
one psychotic symptom) and 26 neurotypical age-matched controls (NT) (age range: 13-38 years old)
were recruited. Exclusionary criteria for the neurotypical group included hearing impairment,
developmental and/or educational difficulties or delays, neurological problems, and the presence of
psychotic symptomatology. Exclusionary criteria for the 22q11.2DS group included hearing impairment
and current neurological problems. Participants passed a hearing test (below 25dB HL for 500, 100, 2000,
4000Hz) performed on both ears using a Beltone Audiometer (Model 112). All participants signed an
informed consent approved by the Institutional Review Board of the Albert Einstein College of Medicine
and were monetarily compensated for their time. All aspects of the research conformed to the tenets of the

Declaration of Helsinki.

Experimental Procedure and Stimuli

Testing was carried out over a 2-day period and included cognitive testing, a diagnostic interview,
and EEG recording. Cognitive testing focused on measures of intelligence, as assessed by the Wechsler
Adult Intelligence Scale, WAIS-IV (80) or the Wechsler Intelligence Scale for Children, WISC-V (81).
The 1Q measure used refers to the Full-Scale 1Q index. The working memory score used refers to the
Working Memory Index, which comprises the Digit Span subtest and the Picture Span subtest (WISC-V)
or the Arithmetic subtest (WAIS-IV). The Structured Clinical Interview for DSM-5, SCID-V (82) or the
Structured Clinical Interview for DSM-1V Childhood Diagnoses, Kid-SCID (83) were performed to
assess the presence of psychotic symptoms.

The EEG protocol focused on auditory processing, utilizing a traditional duration-MMN oddball
paradigm. Participants sat in a sound- and electrically-shielded booth (Industrial Acoustics Company Inc,
Bronx, NY) and watched a muted movie of their choice on a laptop (Dell Latitude E6430 ATG or
E5420M) while passively listening to regularly (85%) occurring standard tones interspersed with deviant

tones (15%). These tones had a frequency of 1000 Hz with a rise and fall time of 10 ms, and were
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presented at an intensity of 75dB SPL using a pair of Etymotic insert earphones (Etymotic Research, Inc.,
Elk Grove Village, IL, USA). Standard tones had a duration of 100 ms while deviant tones were 180 ms
in duration. These tones were presented in a random oddball configuration (excepting that at least two
standards preceded a deviant) to yield an MMN. In three blocked conditions, the stimulus onset
asynchrony (SOA) was either 450 ms, 900 ms or 1800 ms. Each SOA was presented in blocks of 4
minutes long, composed of 500, 250 or 125 trials respectively. Participants were presented with 14 blocks
(2*450 ms, 4*900 ms and 8*1800 ms) randomized across subjects, resulting in a possible 1000 trials (and

150 deviants) per SOA.

Data acquisition and analysis

EEG data were acquired continuously at a sampling rate of 512 Hz from 71 locations using 64
scalp electrodes mounted on an elastic cap and seven external channels (mastoids, temples, and nasion)
(Active 2 system; Biosemi™, The Netherlands; 10-20 montage). Preprocessing was done using the
EEGLAB (version 14.1.1) (84) toolbox for MATLAB (version 2017a; MathWorks, Natick, MA). Data
were downsampled to 256 Hz, re-referenced to TP8 and filtered using a 1 Hz high pass filter (0.5 Hz
transition bandwidth, filter order 1690) and a 45 Hz low pass filter (5 Hz transition bandwidth, filter order
152). Both were zero-phase Hamming windowed sinc FIR filters. Bad channels were automatically
detected based on kurtosis measures and rejected after visual confirmation. Artifacts were removed by
running an Independent Component Analysis (ICA) to exclude components accounting for eye blinks and
saccades. After ICA, the previously excluded channels were interpolated, using the spherical spline
method. Data were segmented into epochs of -100ms to 400ms using a baseline of -100ms to Oms. These
epochs went through an artifact detection algorithm (moving window peak-to-peak threshold at 120 pV).
The number of trials included in the analyses did not differ between the groups (neurotypical control
group: 597-1065 trials for standards, 96-193 for deviants; 22911.2DS group: 578-956 trials for standards,
100-165 for deviants).

The definition of the N1 and the MMN windows was based on the typical time of occurrence of

the N1 and duration-MMN components, and on visual confirmation that amplitudes were maximal in
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these intervals. N1 amplitude was measured between 80 and 120 ms on the standard waveform. The
MMN is the difference between deviants and standards and was here measured between 200 and 240 ms
(100 to 140 ms post deviance onset). Amplitude measures were taken at FCz, where signal was maximal
for both groups. These amplitudes were used for between-groups statistics and correlations. All p-values
(from post-hoc tests and correlations) were submitted to Holm-Bonferroni corrections for multiple

comparisons (85), using the p.adjust of the stats package in R (86).

Results

Table 1 shows a summary of the included participants’ 1Q and performance on the working
memory tasks. Working memory scores were only obtained for a subset of the individuals in the
neurotypical group (N=18; the remainder were part of a control group for a study in which a reduced
version of the 1Q scale was used). Two-sample independent-means t tests were used to test for group
differences. When the assumption of the homogeneity of variances was violated, Welch corrections were
applied to adjust degrees of freedom. Statistical analyses confirmed that the groups differed significantly
in 1Q and working memory. There were significantly more females than males in each group, but no
differences in sex between groups. Likewise, the groups did not differ significantly in age. 34.6% of those
with 22g911.2DS were taking antidepressants, 23.1% anticonvulsants, 15.4% antipsychotics, and 7.7%

antimanics.

Table 1. Characterization of neurotypical and 22g11.2DS individuals included in the analyses: age, sex, 1Q, and

working memory.

Neurotypical controls 220q11.2DS t-test Cohen’sd
Age M=21.88; SD=6.86 M=21.92; SD=6.89  t=-0.02, df=50.00, p=.98  d=-0.01
Sex 10 males, 16 females 9 males, 17 females - -
1Q M=112.17; SD=14.76 M=71.40; SD=12.58  t=10.38, df=45.21, p<.01 d=2.97

Working memory M=103.67; SD=11.63 M=77.16; SD=15.02 t=6.52, df=40.74, p<.01 d=1.97
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Figure 1 shows the averaged ERPs and topographies for the time windows of interest (N1 and

MMN), per SOA and by group. Overall, 22911.2DS data are characterized by increased auditory evoked

responses (Figure 1B) and greater variability (Figure 1D).
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Figure 1. Panel A: Averaged ERPs per SOA for the NT group at FCz (fourth plot labeled as diffs shows MMN, i.e.,

differences between standards and deviants); Panel B: Averaged ERPs and topographies per SOA for the 22q11.2DS
group at FCz (fourth plot labeled as diffs shows MMN); Panel C: Topographies for the N1 (standards only) and the
MMN time windows, organized from the shorter (450 ms) to the longer (1800 ms) SOA, per group; Panel D: Violin
plots showing distribution of amplitudes for N1 and MMN per group and SOA at FCz. Black square indicates
median.
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Separate mixed-effects models were implemented to analyze the N1 and MMN data, using the
Imer function in the Ime4 package (87) in R (86). Mean amplitude at FCz was the numeric dependent
variable. For the N1, only standards were considered. For the MMN, mean amplitude represents the
difference between standards and deviants. Group (NT = -0.5, 229g11.2DS = 0.5) was a contrast-coded
fixed factor, and SOA a numeric fixed factor. Subjects and SOA were added as random factors. Models
were fit using the maximum likelihood criterion. P values were estimated using Satterthwaite
approximations.

For the N1, while no significant effect of group was found, there was an interaction between
group and SOA due to a larger N1 adaptation effect in the 22q11.2DS group when compared to the
neurotypical control group. That is, the longer SOA resulted in a larger increase in N1 in the 22q group (8
=-0.33, SE =0.12, p <.01). Still, N1 amplitude modulated as a function of SOA across both groups:

Both 900 ms (3= -1.54, SE = 0.06, p <.001) and 1800 ms (3 =-3.08, SE =, 0.06 p <.001) SOA:s elicited
larger responses than the 450 ms SOA. After correction for multiple comparisons, N1 amplitudes did not
correlate significantly with age, 1Q, working memory, or number of psychotic symptoms.

For the MMN, and as observed in the N1 time window, no significant effect of group was found,
but group interacted significantly with SOA: The difference between the 450 ms and the 1800 ms SOA
was again larger in the 22911.2DS group than in the neurotypical control group (3=-0.49, SE = 0.15, p<
.001), appearing to reflect a smaller response to the shorter SOAs and a larger response to the longer SOA
in the 22911.2DS group, when compared to the neurotypical group. An effect of SOA was additionally
observed: Both the 900 ms SOA (3= -0.45, SE = 0.07, p <.001) and the 1800 ms SOA (3= -0.80, SE =
0.07, p <.001) conditions elicited larger MMN responses than the 450 ms SOA. MMN amplitudes did not
correlate significantly with age, 1Q, working memory, or number of psychotic symptoms.

Given the N1 and MMN reductions described in the literature for those with schizophrenia (47,
48, 55, 56, 88) and the presence of at least one psychotic symptom in more than half of the individuals
with 22011.2DS tested here (N=15; 22g11.2DS"), an additional analysis was conducted in which the N1
and MMN amplitudes of those with the deletion and at least one psychotic symptom were compared to

those with the deletion but no psychotic symptoms (N=11; 22q11.2DS’). With this analysis, we aimed at
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understanding whether the findings described represented the 22g11.2DS sample regardless of the
presence of psychosis, or, rather, reflected the sample’s mixed nature (individuals with and without
psychotic symptoms). Table 2 shows a summary of the included participants’ 1Q and performance on the
working memory tasks. No differences were found between the groups. In the 22911.2DS"group, 45.5%
were taking antidepressants, 9.1% anticonvulsants, and 9.1% antipsychotics. In the 22q11.2DS" group,

26.7% were taking antidepressants, 33.3% anticonvulsants, 20.0% antipsychotics, and 12.3% antimanics.

Table 2. Characterization of 22g11.2DS" and 22g11.2DS" individuals included in the analyses: age, sex, 1Q, and

working memory.

22q11.2DS 22011.2DS" t-test Cohen’sd
Age M=23.26; SD=7.75 M=20.87; SD=6.25 t=0.88, df=18.78, p=.75 d=0.34
Sex 5 males, 6 females 4 males, 11 females - -
[e] M=73.91; SD=10.97 M=69.43; SD=13.79  t=0.90, df=22.99, p=.75 d=0.36

Working memory M=81.27; SD=16.10 M=73.93; SD=13.85 t=1.20, df=19.85, p=.73 d=0.09

Figure 2 shows the averaged ERPs and topographies for the time windows of interest (N1 and

MMN), per SOA and by group (22q11.2DS and 22q11.2DS").
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Figure 2. Panel A: Averaged ERPs per SOA for the group with no psychotic symptoms at FCz (fourth plot labeled as diffs
shows MMN, i.e., differences between standards and deviants); Panel B: Averaged ERPs and topographies per SOA for
the group with one or more psychotic symptoms at FCz (fourth plot labeled as diffs shows MMN); Panel C: Topographies
for the N1 (standards only) and the MMN time windows, organized from the shorter (450 ms) to the longer (1800 ms)
SOA, per group; Panel D: Violin plots showing distribution of amplitudes for N1 and MMN per group (NT group added

here for comparison) and SOA at FCz. Black square indicates median.
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A mixed-effects model, similar to the one described before, was implemented to test for
differences among the groups. For the N1, no significant effect of group was found, but group interacted
significantly with SOA, with individuals with 22011.2DS" showing reduced differences between the 450
ms and the 900 ms SOA (3= 0.86, SE = 0.20, p <.001) and between the 450 ms and the 1800 ms SOA (3
=0.62, SE = 0.20, p <.01) conditions, when compared to the 22q11.2DS group. As illustrated in Figure
3, when compared to neurotypical controls, the 22q11.2DS" group showed the same decreased SOA
effect (presenting a reduced difference between the 450 ms and the 900 ms SOA (3=0.28, SE =0.15,p=
.05)), whereas the 22911.2DS" group showed an increased SOA effect, with enlarged differences between
the 450 ms and the 900ms SOA (3= -0.58, SE = 0.16, p < .001) and between the 450 ms and the 1800 ms
SOA (3=-0.69, SE = 0.16, p < .01). Post-hoc analyses showed that while the 22q11.2DS" group
presented a significantly increased amplitude at the 900ms SOA (Tukey’s Post-hoc test, p<.05), the
22q11.2DS" group presented a significantly decreased amplitude at the 900ms SOA (Tukey’s Post-hoc

test, p<.01), as can be appreciated in Figure 3.

NT 220911.2DS- 22911.2DS+

Figure 3. Averaged ERPs (standard tones) per group and SOA at FCz.

In the MMN time window, again, while no significant effect of group was found, a significant
interaction between group and SOA was observed. Both the 22q11.2DS" (R = -0.46, SE = 0.17, p < .01)
and 22q11.2DS" (3 =-0.53, SE =0.19, p <.01) groups presented an increased difference between the 450

ms and the 1800 ms SOA, when compared to neurotypical controls.
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Discussion

We characterized early auditory sensory processing using high-density EEG recordings in a group
of adolescents and adults with 22911.2DS, with and without psychotic symptomatology, and related these
measures to cognitive and clinical characteristics to assess their potential informativeness with regard to
vulnerability, conversion, and progression of psychosis.

First, when compared to their neurotypical peers, individuals with 22q11.2DS presented increased
adaptation effects, i.e. larger N1 amplitude differences between fast and slow SOAs. The N1 response
was diminished for both groups at the fastest presentation rate, but larger for the 22q11.2DS group at the
slowest presentation rate. Increased auditory evoked potentials have been described in a 22911.2DS
mouse model: Loudness dependent amplitudes were enlarged in mice with the deletion (89). Likewise,
two human studies looking at auditory processing in 229q11.2DS showed enhanced responses (76, 90).
While larger N1s have been associated with elevated activity in the anterior cingulate and dorsomedial
frontal cortex (76) and alterations in the cortical glutamate N-methyl-D-aspartate (NMDA) receptors (90-
92), the nature of the neural mechanisms underlying adaptation are not fully understood. Decreases in
amplitude with faster presentation rates may be observed due to temporal limitations intrinsic to the
mechanisms underlying N1 generation, i.e., faster presentations of auditory stimuli do not allow for full
recovery of such mechanisms and a decline in N1 amplitude is observed (43). Given that the groups
showed strong adaptation for the fastest presentation rate, adaptation processes appear to be operational in
22011.2DS. Rather, it was the responses at the slower presentation rates that differed in the 229q11.2DS
group, being larger in the 22q11.2DS group overall (and in the group without symptoms). This could
represent either a coarser representation of slower presentation rates, or, alternatively, a higher N1
sensory response ceiling in 22911.2DS compared to the neurotypical population. Future work in which a
larger range of SOAs is used will help to disentangle these possibilities.

Interestingly, here, we also found that N1 effects in 22q11.2DS were influenced by the presence
or absence of psychotic symptoms. While the group without symptoms recapitulated what was described
for the 22911.2DS sample as a whole, individuals with one or more symptoms showed decreased

differences between SOAs compared to the no symptoms group and to the neurotypical control group.
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This was due to a decreased N1 for the 900ms condition in the 22g11.2DS+ group (Figure 3). Decreased
N1 amplitudes in the presence of psychotic symptomatology accord with findings in the schizophrenia
literature, where N1 is typically reduced (45-48, 93, 94). Such a reduction has been thought of as indexing
genetic risk for schizophrenia, given that reduced N1 responses were found in first-degree relatives of
individuals diagnosed with schizophrenia (48). Remarkably, that does not seem to be the case in
22011.2DS, given that those with the deletion and no psychotic symptoms (but still considered at-risk for
psychosis due to the mutation) presented, instead, increased amplitudes. This could be explained by the
action of two opposing mechanisms: one related to the deletion resulting in increased early sensory
responses; another associated with the presence of psychotic symptomatology, which has as its outcome
decreased sensory responses. Upon examination of Figure 3, one could, alternatively, argue that the
22011.2DS+ group presents a seemingly typical N1 response function. This is, in our opinion, unlikely.
Instead, we suggest that the typical looking response may be due to the two opposing mechanisms
influencing the N1 response in this group. As a final point, it is also possible that N1 adaptation
differences between those with and without symptoms could reflect medication effects, given that more
medication intake was reported in the 22q11.2DS group with psychotic symptoms. A supplementary
analysis looking at differences between those with psychotic symptoms taking one or more drugs (N=7)
and those with symptoms but taking no drugs (N=8) are not suggestive of differences in amplitude
between the groups, but considerably larger samples would be needed to draw confident conclusions.
Second, as described for the N1, individuals with 22911.2DS presented increased MMN
amplitude differences for fast and slow SOA conditions. Contrary to what was found for the N1, this
enhancement was observed regardless of the presence of psychotic symptoms, though more apparent in
the 22911.2+ group. Previous studies on MMN in 22q11.2DS have yielded somewhat inconsistent
evidence (for a review, see (95)): Whereas some studies have found reduced pitch, duration and
frequency MMNs (90, 96), others failed to show differences between individuals with 22q11.2DS and
their neurotypical peers (75, 97). Such inconsistencies in MMN differences may reflect the phenotypic
heterogeneity that is characteristic of 22q11.2DS, as well as, possibly, methodological and stimulus

related differences (e.g., (96) only report differences in frontal channels; (90) tested children and
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adolescents between the age of 8 and 20 years old). Adding to the range of findings, we observed that at
the fast stimulation rate, which is similar to the rate often used in MMN studies (see, for instance,
Cantonas et al., 2019), the response was intact and appeared typical. It was only at the longest SOA that
an increase in MMN amplitude was observed relative to the MMN evoked for the shortest SOA
condition. This pattern contrasts with an expected attenuation of MMN amplitude with increasing SOAs
in this group, due to weaker memory traces (see (78)). Previous work from our lab using this same MMN
paradigm showed that increasing SOA effectively indexed weakness in maintenance of the memory trace
in Rett Syndrome (77). Given that memory deficits have been described in 22q11.2DS, we expected
attenuated MMN amplitudes with longer SOAs. The current findings are thus hard to reconcile with the
extant literature and, to our knowledge, have not been previously reported. They add, nevertheless, to
evidence that enhanced sensory neural responses are seen in 22g11.2DS, and suggest that they are more
apparent at slower presentation rates. That, contrary to what was observed for the N1, no differences
between those with and without psychotic symptoms were seen for the MMN, might be indicative of the
respective sensitivity of these components to the presence of psychotic symptoms. Indeed, while the
matter remains one of debate, it has been suggested that the MMN deficit seen in schizophrenia is most
likely reflecting disorder chronicity (70). N1 may thus represent a better endophenotype of psychosis.
Lastly, individuals with 22q11.2DS had lower 1Q scores and impaired working memory, as
consistently described for this population (18, 98-100). Though intellectual disability is quite prevalent in
22011.2DS, its causes are not well understood. Several genes in the deleted region have been identified as
potential candidates: Thx1 has been implicated in brain development and may thus have a role in
cognitive deficits (101); PRODH mutations are associated with intellectual disability, and are found in
about one-third of the individuals diagnosed with 22q11.2DS (102). Proline, the enzyme produced by
PRODH, in interaction with catechol-O-methyl-transferase (COMT) seems to negatively impact brain
function in children with 22q11.2DS (103, 104). Regarding working memory, the copy number elevations
of COMT have been associated with such impairments, not only in 22q11.2DS (105), but also in
schizophrenia (106) (but see (107) for different findings). COMT mutations have been argued to result in

increased dopamine degradation in the frontal lobes, which could provide a molecular basis for some of
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the symptomatology associated with both schizophrenia and 22q11.2DS (108, 109). Given that cognitive
impairment is characteristic of 22q11.2DS, it is important to note that, while the cognitive decline that
seems to precede and predict the development of psychosis in idiopathic schizophrenia (110, 111) might
be somewhat conspicuous, such a decline may not be as noticeable in 22g911.2DS and might require more
thorough monitoring. Indeed, in 22q11.2DS, cognitive deficits may be traits that preexist and increase
risk for psychosis, but, keeping in mind this shifted baseline, should still allow one to discriminate those
most susceptible to psychotic symptoms (112). Additionally, increased variability was observed in the
22011.2DS group, both in the N1 and the MMN time windows, in line with the remarkable variability in
expression described in the syndrome (6, 113-115). This observation concords with the presence of
subgroups within 22q11.2DS characterized by different cognitive and neural profiles, and with different
vulnerability for schizophrenia. Though here we focus on the distinction between individuals with and
without psychotic symptoms, other subgroups with different cognitive and neural profiles may co-exist
within 22q11.2DS. The definition of such subgroups would not only add to the understanding of the
phenotype, but also, potentially, impact intervention.

Some limitations to this study should be noted. Despite the substantial size of our sample
considering the rare nature of 22q11.2DS, larger numbers would allow for more detailed analyses
(particularly those looking at associations between neural, cognitive and behavioral outcomes) and to take
into consideration the impact of medication on the findings reported. In future work, different measures of
psychotic symptoms should be used to better characterize psychosis in this population. Instead of or in
addition to the diagnostic interview used here, measures providing symptom severity and the

differentiation between negative and positive symptoms could be more informative.

17


https://doi.org/10.1101/696021
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/696021; this version posted October 2, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-ND 4.0 International license.

Acknowledgements

We wish to thank Drs. Juliana Bates, Katherine Behar, and Pamela Counts who performed the clinical
assessments, and Elise Taverna and Danielle Newbury for their help with data collection. We would also
like to acknowledge the role of the Montefiore-Einstein Regional Center for 22q11.2 Deletion Syndrome
in recruitment, and the Rose F. Kennedy Intellectual and Developmental Disability Research Center for
all of its support. We extend our most sincere gratitude to the participants and their families for their
interest, their involvement, and their time. This work was supported in part by the Eunice Kennedy
Shriver National Institute of Child Health and Human Development (NICHD), under award number U54

HD090260.

Disclosures

The Authors report no biomedical financial interests or potential conflicts of interest.

18


https://doi.org/10.1101/696021
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/696021; this version posted October 2, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-ND 4.0 International license.

REFERENCES

1. Karayiorgou M, Simon TJ, Gogos JA (2010): 22g11.2 microdeletions: Linking DNA structural variation to
brain dysfunction and schizophrenia. Nature Reviews Neuroscience. 11:402-416.

2. Meechan DW, Tucker ES, Maynard TM, LaMantia A (2009): Diminished dosage of 22g11 genes disrupts
neurogenesis and cortical development in a mouse model of 22q11 deletion/DiGeorge syndrome. Proceedings of the
National Academy of Sciences 106:16434-16445.

3. Botto LD, May K, Fernhoff PM, Correa A, Coleman K, Rasmussen SA, et al. (2003): A population-based
study of the 22q11.2 deletion: Phenotype, incidence, and contribution to major birth defects in the population.
Pediatrics. 112:101-107.

4, Grati FR, Molina Gomes D, Ferreira JC, Dupont C, Alesi V, Gouas L, et al. (2015): Prevalence of recurrent
pathogenic microdeletions and microduplications in over 9500 pregnancies. Prenatal Diagnhosis. 35:801-809.

5. Philip N, Bassett AS (2011): Cognitive, behavioural and psychiatric phenotype in 22q11.2 deletion
syndrome. Behavior Genetics. 41:403-412.

6. McDonald-McGinn DM, Sullivan KE, Marino B, Philip N, Swillen A, Vorstman JA, et al. (2015): 22q11.2
deletion syndrome. Nature Reviews Disease Primers. 1:15071.

7. Shprintzen RJ, Goldberg R, Golding-Kushner KJ, Marion RW (1992): Late-onset psychosis in the velo-
cardio-facial syndrome. American Journal of Medical Genetics. 42:141-142.

8. Bish JP, Ferrante SM, McDonald-McGinn D, Zackai E, Simon TJ (2005): Maladaptive conflict monitoring

as evidence for executive dysfunction in children with chromosome 22¢q11.2 deletion syndrome. Developmental
Science. 8:36-43.

9. Rockers K, Ousley O, Sutton T, Schoenberg E, Coleman K, Walker E, et al. (2009): Performance on the
modified card sorting test and its relation to psychopathology in adolescents and young adults with 22q11.2 deletion
syndrome. Journal of Intellectual Disabilities Research. 53:665-676.

10. Sobin C, Kiley-Brabeck K, Daniels S, Blundell M, Anyane-Yeboa K, Karayiorgou M (2004): Networks of
attention in children with the 22q11 deletion syndrome. Devel opmental Neuropsychology. 26:611-626.

11. Van Aken K, Swillen A, Beirinckx M, Janssens L, Caeyenberghs K, Smits-Engelsman B (2010):
Prospective control abilities during visuo-manual tracking in children with 22g11.2 Deletion syndrome compared to
age- and 1Q-matched controls. Research in Developmental Disabilities. 31:634-641.

12. Bearden CE, Woodin MF, Wang PP, Moss E, McDonald-McGinn D, Zackai E, et al. (2001): The
neurocognitive phenotype of the 22g11.2 deletion syndrome: selective deficit in visual-spatial memory. Journal of
Clinical and Experimental Neuropsychology. 23:447-464.

13. Swillen A, Devriendt K, Legius E, Prinzie P, Vogels A, Ghesquiére P, et al. (1999): The behavioural
phenotyoe in velo-cardio-facial syndrome (VCFS): From infancy to adolescence. Genetic Counceling. 10:79-88.
14, Antshel KM, Fremont W, Kates WR (2008): The neurocognitive phenotype in velo-cardio-facial
syndrome: a developmental perspective. Devel opmental Disabilities Research Reviews. 14:43-51.

15. Cabaral M, Beaton EA, Stoddard J, Simon TJ (2012): Impaired multiple object tracking in children with
chromosome 22g11.2 deletion syndrome. Journal of Neurodevelopmental Disorders. 4:1-8.

16. Simon TJ, Bish JP, Bearden CE, Ding L, Ferrante S, Nguyen V, et al. (2005): A multilevel analysis of
cognitive dysfunction and psychopathology associated with chromossome 22q11.2 deletion syndrome in children.
Developmental Psychopathology. 17:753-784.

17. Howley SA, Prasad SE, Pender NP, Murphy KC (2012): Relationship between reaction time, fine motor
control, and visual-spatial perception on vigilance and visual-motor tasks in 22g11.2 Deletion Syndrome. Research
in Developmental Dlsabilities. 33:1495-1502.

18. Lajiness-O'Neill RR, Beaulieu I, Titus JB, Asamoah A, Bigler ED, Bawle EV, et al. (2005): Memory and
learning in children with 22q11.2 deletion syndrome: evidence for ventral and dorsal stream disruption? Child
Neuropsychology. 11:55-71.

19. Murphy KC (2002): Schizophrenia and velo-cardio-facial syndrome. The Lancet. 359:426-430.

20. Bassett AS, Chow EWC, Weksberg R (2000): Chromosomal abnormalities and schizophrenia. American
Journal of Medical Genetics. 97:45-51.

21. Baker K, Vorstman JA (2012): Is there a core neuropsychiatric phenotype in 22g11.2 deletion syndrome?
Current Opinion in Neurology. 25:131-137.

22. Bassett AS, Chow EWC (1999): 22g11 deletion syndrome: A genetic subtype of schizophrenia. Biological
Psychiatry. 10:882-891.

23. Monks S, Niarchou M, Davies AR, Walters JT, Williams N, Owen MJ, et al. (2014): Further evidence for
high rates of schizophrenia in 22q11.2 deletion syndrome. Schizophrenia Research. 153:231-236.

24, Murphy KC, Jones LA, Owen MJ (1999): High rates of schizophrenia in adults with velo-cardio-facial
syndrome. Archives of General Psychiatry. 56:940-945.

19


https://doi.org/10.1101/696021
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/696021; this version posted October 2, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-ND 4.0 International license.

25. Schneider M, Debbané M, Bassett AS, Chow EW, Fung WLA, van den Bree MB, et al. (2014): Psychiatric
disorders from childhood to adulthood in 22g11. 2 deletion syndrome: results from the International Consortium on
Brain and Behavior in 22g11. 2 Deletion Syndrome. American Journal of Psychiatry. 171:627-639.

26. Schneider M, Armando M, Pontillo M, Vicari S, Debbane M, Schultze-Lutter F, et al. (2016): Ultra high
risk status and transition to psychosis in 22q11.2 deletion syndrome. World Psychiatry. 15:259-265.

217. Vorstman JA, Breetvelt EJ, Duijff SN, Eliez S, Schneider M, Jalbrzikowski M, et al. (2015): Cognitive
decline preceding the onset of psychosis in patients with 22g11.2 deletion syndrome. JAMA Psychiatry. 72:377-385.
28. Hans SL, Auerbach JG, Asarnow JR, Styr B, Marcus J (2000): Social adjustment of adolescents at risk for
schizophrenia: the Jerusalem Infant Development Study. Journal of the American Academy of Child and Adol escent
Psychiatry. 39:1406-1414.

29. Welham J, Isohanni M, Jones P, McGrath J (2009): The antecedents of schizophrenia: A review of birth
cohort studies. Schizophrenia Bulletin. 35:603-623.

30. Yuen T, Chow EW, Silversides CK, Bassett AS (2013): Premorbid adjustment and schizophrenia in
individuals with 22q11.2 deletion syndrome. Schizophrenia Research. 151:221-225.

31. Tang SX, M. MT, Calkins ME, Yi JJ, Savitt A, Kohler CG, et al. (2017): The Psychosis Spectrum in
22q11.2 Deletion Syndrome Is Comparable to That of Nondeleted Youths. Biological Psychiatry. 82:17-25.

32. Bassett AS, Chow E (2008): Schizophrenia and 22gq11.2 Deletion Syndrome. Current Psychiatry Reports.
10:148-157.

33. Chow EW, Watson M, Young DA, Bassett AS (2006): Neurocognitive profile in 22q11 deletion syndrome
and schizophrenia. Schizophrenia Research. 87:270-278.

34. Kwon JS, Shenton ME, Hirayasu Y, Salisbury DF, Fischer IA, Dickey CC, et al. (1998): MRI study of
cavum septi pellucidi in schizophrenia, affective disorder, and schizotypal personality disorder. American Journal of
Psychiatry. 155:509-515.

35. Nopoulos P, Swayze V, Flaum M, Ehrhardt JC, Yuh WTC, Andreasen NC (1997): Cavum septi pellucidi in
normals and patients with schizophrenia as detected by magnetic resonance imaging. Biological Psychiatry.
41:1102-1108.

36. Bish JP, Pendyal A, Ding L, Ferrante H, Nguyen V, McDonald-McGinn D, et al. (2006): Specific
cerebellar reductions in children with chromosome 22¢11.2 deletion syndrome. Neuroscience Letters. 399:245-248.
37. Chow EWC, Mikulis DJ, Zipursky RB, Scutt LE, Weksberg R, Bassett AS (1999): Qualitative MRI
findings in adults with 22g11 deletion syndrome and schizophrenia. Biological Psychiatry. 46:1436-1442.

38. Eliez S, Schmitt JE, White CD, Wellis VG, Riss AL (2001): A Quantitative MRI study of posterior fossa
development in velocardiofacial syndrome. Biological Psychiatry. 49:540-546.

39. Van Amelsvoort T, Daly E, Henry J, Robertson D, Ng V, Owen M, et al. (2004): Brain anatomy in adults
with velocardiofacial syndrome with and without schizophrenia. Archives of General Psychiatry. 61:1085-1096.

40. Takahashi T, Suzuki M, Tanino R, Zhou SY, Hagino H, Niu L, et al. (2007): Volume reduction of the left
planum temporale gray matter associated with long duration of untreated psychosis in schizophrenia: a preliminary
report. Psychiatry Research. 154:209-219.

41. Chang WC, Hui CLM, Tang JYM, Wong GHY, Lam MML, Chan SKW, et al. (2011): Persistent negative
symptoms in first-episode schizophrenia: A prospective three-year follow-up study. Schizophrenia Research.
133:22-28.

42, Kato T, Higuchi Y, Sumiyoshi T, Seo T, Miyanishi T, Kawasaki Y, et al. (2013): Mismatch negativity and
cognitive performance for the prediction of psychosis in subjects with at-risk mental state. PLoS ONE. 8:¢54080.
43. Né&atanen R, Picton T (1987): The N1 wave of the human electric and magnetic response to sound: A
review and an analysis of the component structure. Psychophysiology. 24:375-425.

44, Giard MH, Perrin F, Echallier JF, Thevenet M, Froment JC, Pernier J (1994): Dissociation of temporal and
frontal components in the human auditory N1 wave: A scalp current density and dipole model analysis.
Electroencephal ography and Clinical Neurophysiology. 92:238-253.

45, Strik WK, Dierks T, Boning J, Osterheider M, Caspari A, Korber J (1992): Disorders of smooth pursuit eye
movement and auditory N2100 in schizphrenic patients. Psychiatry Research. 41:227-235.

46. Brockhaus-Dumke A, Schultze-Lutter F, Mueller R, Tendolkar I, Bechdolf A, Pukrop R, et al. (2008):
Sensory gating in schizophrenia: P50 and N100 gating in antipsychotic-free subjects at risk, first-episode, and
chronic patients. Biological Psychiatry. 64:376-384.

47. Salisbury DF, Collins KC, McCarley RW (2010): Reductions in the N1 and P2 auditory event-related
potentials in first-hospitalized and chronic schizophrenia. Schizophrenia Bulletin. 36:991-1000.

48. Foxe JJ, Yeap S, Snyder AC, Kelly SP, Thakore JH, Molholm S (2011): The N1 auditory evoked potential
component as an endophenotype for schizophrenia: High-density electrical mapping in clinically unaffected first-
degree relatives, first-episode, and chronic schizophrenia patients. European Archives of Psychiatry and Clinical
Neuroscience. 261:331-339.

20


https://doi.org/10.1101/696021
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/696021; this version posted October 2, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-ND 4.0 International license.

49, Leavitt VM, Molholm S, Ritter W, Shpaner M, Foxe JJ (2007): Auditory processing in schizophrenia
during the middle latency period (10-50 ms): high-density electrical mapping and source analysis reveal subcortical
antecedents to early cortical deficits. Journal of Psychiatry & Neuroscience. 32:339-353.

50. Rosburg T, Boutros NN, Ford JM (2008): Reduced auditory evoked potential component N100 in
schizophrenia: A critical review. Psychiatry Research. 161:259-274.

51. Né&atanen R, Winkler 1 (1999): The concept of auditory stimulus representation in cognitive neuroscience.
Psychological Bulletin. 125:826-859.
52. Néaatanen R, Alho K (1995): Mismatch negativity-A unique measure of sensory processing in audition.

International Journal of Neuroscience. 80:317-337.

53. Ritter W, Deacon D, Gomes H, Javitt DC, Vaughan JH (1995): The mismatch negativity of event-related
potentials as a probe of transient auditory memory: A review. Ear and Hearing. 16:52-67.

54. Ritter W, Sussman E, Molholm S, Foxe JJ (2002): Memory reactivation or reinstatement and the mismatch
negativity. Psychophysiology. 39:158-165.

55. Erickson MA, Ruffle A, Gold JM (2016): A meta-analysis of mismatch negativity in schizophrenia: From
clinical risk to disease specificity and progression. Biological Psychiatry. 79:980-987.

56. Damaso KA, Michie PT, Todd J (2015): Paying attention to MMN in schizophrenia. Brain Research.
1626:267-279.

57. Bodatsch M, Ruhrmann S, Wagner M, Muller R, Schultze-Lutter F, Frommann I, et al. (2011): Prediction
of psychosis by mismatch negativity. Biological Psychiatry. 69:959-966.

58. Jahshan C, Cadenhead KS, Rissling AJ, Kirihara K, Braff DL, Light GA (2011): Automatic sensory
information processing abnormalities across the illness course of schizophrenia. Psychological Medicine. 42:85-97.
59. Atkinson RJ, Michie PT, Schall U (2012): Duration mismatch negativity and P3a in first-episode psychosis
and individuals at ultra-high risk of psychosis. Biological Psychiatry. 71:98-104.

60. Shaikh M, Valmaggia L, Broome MR, Dutt A, Lappin J, Day F, et al. (2012): Reduced mismatch negativity
predates the onset of psychosis. Schizophrenia Research. 134:42-48.

61. Shin KS, Kim JS, Kang DH, Koh Y, Choi JS, O'Donnell BF, et al. (2009): Pre-attentive auditory
processing in ultra-high-risk for schizophrenia with magnetoencephalography. Biological Psychiatry. 65:1071-1078.
62. Umbricht DS, Bates JA, Lieberman JA, Kane JM, Javitt DC (2006): Electrophysiological indices of
automatic and controlled auditory information processing in first-episode, recent-onset and chronic schizophrenia.
Biological Psychiatry. 59:762-772.

63. Javitt DC, Shelley AM, Silipo G, Lieberman JA (2000): Schizophrenia spectrum disorders in people with
intellectual disabilities. Archives of General Psychiatry. 57:1131-1137.

64. Todd J, Michie PT, Schall U, Karayanidis F, Yabe H, Naatanen R (2008): Deviant matters: Duration,
frequency, and intensity deviants reveal different patterns of mismatch negativity reduction in early and late
schizophrenia. Biological Psychiatry. 63:58-64.

65. Michie PT, Budd TW, Todd J, Rock D, Wichmann H, Box J, et al. (2000): Duration and frequency
mismatch negativity in schizophrenia. Clinical Neurophysiology. 111:1054-1065.

66. Oades RD, Wild-Wall N, Juran SA, Sachsse J, Oknina LB, Ropcke B (2006): Auditory change detection in
schizophrenia: Sources of activity, related neuropsychological function and symptoms in patients with a first episode
in adolescence, and patients 14 years after an adolescent illness-onset. BMC Psychiatry. 6:1-14.

67. Brockhaus-Dumke A, Tendolkar I, Pukrop R, Schultze-Lutter F, Klosterkotter J, Ruhrmann S (2005):
Impaired mismatch negativity generation in prodromal subjects and patients with schizophrenia. Schizophrenia
Research. 73:297-310.

68. Oknina LB, Wild-Wall N, Oades RD, Juran SA, Ropcke B, Pfueller U, et al. (2005): Frontal and temporal
sources of mismatch negativity in healthy controls, patients at onset of schizophrenia in adolescence and others at 15
years after onset. Schizophrenia Research. 76:25-41.

69. Light GA, Braff DL (2005): Mismatch negativity deficits are associated with poor functioning in
schizophrenia patients. Archives of General Psychiatry. 62:127-136.

70. Magno E, Yeap S, Thakore JH, Garavan H, De Sanctis P, Foxe JJ (2008): Are auditory-evoked frequency
and duration mismatch negativity deficits endophenotypic for schizophrenia? High-density electrical mapping in
clinically unaffected first-degree relatives and first-episode and chronic schizophrenia. Biological Psychiatry.
64:385-391.

71. Kiang M, Braff DL, Sprock J, Light GA (2009): The relationship between preattentive sensory processing
deficits and age in schizophrenia patients. Clinical Neurophysiology. 120:1949-1957.

72. Leitman DI, Sehatpour P, Higgins BA, Foxe JJ, Silipo G, Javitt DC (2010): Sensory deficits and distributed
hierarchical dysfunction in schizophrenia. AmJ Psychiatry. 167:818-827.

73. Michie PT (2001): What has MMN revealed about the auditory system in schizophrenia? International
Journal of Psychophysiology. 42:177-194.

21


https://doi.org/10.1101/696021
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/696021; this version posted October 2, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-ND 4.0 International license.

74. Todd J, Michie PT, Jablensky AV (2003): Association between reduced duration mismatch negativity
(MMN) and raised temporal discrimination thresholds in schizophrenia. Clinical Neurophysiology. 114:2061-2070.
75. Larsen KM, Morup M, Birknow MR, Fischer E, Hulme O, Vangkilde A, et al. (2018): Altered auditory
processing and effective connectivity in 22q11.2 deletion syndrome. Schizophrenia Research. 197:328-336.

76. Rihs TA, Tomescu M, Britz J, Rochas V, Custo A, Schneider M, et al. (2013): Altered auditory processing
in frontal and left temporal cortex in 22g11.2 deletion syndrome: A group at high genetic risk for schizophrenia.
Psychiatry Research. 212:141-149.

77. Brima T, Molholm S, Molloy CJ, Sysoeva OV, Nicholas E, Djukic A, et al. (2019): Auditory sensory
memory span for duration is severely curtailed in females with Rett syndrome. Trand Psychiatry. 9:130.

78. Bartha-Doering L, Deuster D, Giordano V, am Zehnhoff-Dinnesen A, Dobel C (2015): A systematic
review of the mismatch negativity as an index for auditory sensory memory: From basic research to clinical and
developmental perspectives. Psychophysiology. 52: 1115-1130.

79. Andrade GN, Butler JS, Peters GA, Molholm S, Foxe JJ (2016): Atypical visual and somatosensory
adaptation in schizophrenia-spectrum disorders. Trandational Psychiatry. 6:e804.

80. Wechsler D (2008): WAISIV Administration and Scoring Manual. San Antonio, TX: Psychological
Corporation.

81. Wechsler D (2014): WISC-V: Technical and Interpretive Manual. Bloomington, MN: Pearson.

82. First MB, Williams JBW, Karg RS, Spitzer RL (2015): Sructured Clinical Interview for DSM-5—
Research Version (SCID-5 for DSM-5, research version; SCID-5-RV). Arlington, VA: American Psychiatric
Association.

83. Hien D, Matzner FJ, First MB, Spitzer RL, Gibbon M, Williams JBW (1994): Sructured Clinical Interview
for DSM-1V-Child Edition (Version 1.0). New York: Columbia University.

84. Delorme A, Makeig S (2004): EEGLAB: an open source toolbox for analysis of single-trial EEG dynamics
including independent component analysis. Journal of Neuroscience Methods. 134:9-21.

85. Holm S (1979): A simple sequentially rejective multiple test procedure. Scandinavian Journal of Statistics.
6:65-70.
86. RCoreTeam (2014): R: A language and environment for statistical computing 3.3.2 ed. Vienna, Austria: R

Foundation for Statistical Computing.

87. Bates D, Machler M, Bolker BM, Walker SC (2014): Ime4: Linear mixed-effects models using Eigen and
S4 (R package Version 1.1-7) [Computer software]. Retrieved from http://CRANR-projector o/package=me4.

88. Salisbury DF, Shenton ME, Griggs CB, Bonner-Jackson A, McCarley RW (2002): Mismatch negativity in
chronic schizophrenia and first-episode scizophrenia. Archives of General Psychiatry. 59:686-694.

89. Didriksen M, Fejgin K, Nilsson SRO, Birknow MR, Grayton HM, Larsen PH, et al. (2017): Persistent
gating deficit and increased sensitivity to NMDA receptor antagonism after puberty in a new mouse model of the
human 22g11.2 microdeletion syndrome: a study in male mice. Journal of Psychiatry & Neuroscience. 42:48-58.
90. Cantonas LM, Tomescu MI, Biria M, Jan RK, Schneider M, Eliez S, et al. (2019): Abnormal development
of early auditory processing in 22g11.2 Deletion Syndrome. Trandational Psychiatry. 9:1-12.

91. Oranje B, van Berckel BNM, Kemner C, van Ree JM, Kahn RS, Verbaten MN (2000): The effects of a
sub-anaesthetic dose of ketamine on human selective attention. Neuropsychopharmacology. 22:293-302.

92. Umbricht D, Schmid L, Koller R, Vollenweider FX, Hell D, Javitt DC (2000): Ketamine-induced deficits
in auditory and visual context-dependent processing in healthy volunteers. Archives of General Psychiatry. 57:1139-
1147.

93. Turetsky BI, Calkins ME, Light GA, Olincy A, Radant AD, Swerdlow NR (2007): Neurophysiological
endophenotypes of schizophrenia: The viability of selected candidate measures. Schizophrenia Bulletin. 33:69-94.
94. Leavitt VM, Molholm S, Ritter W, Shpaner M, Foxe JJ (2007): Auditory processing in schizophrenia
during the middle latency period (10-50 ms): high-density electrical mapping and source analysis reveal subcortical
antecedents to early cortical deficits. J Psychiatry Neurosci. 32:339-353.

95. Larsen KM, Dzafic I, Siebner HR, Garrido MI (2018): Alteration of functional brain architecture in
22q11.2 deletion syndrome-Insights into susceptibility for psychosis. Neurolmage.1-18.

96. Baker K, Baldeweg T, Sivagnanasundaram S, Scambler P, Skuse D (2005): COMT Val108/158 Met
modifies mismatch negativity and cognitive function in 22q11 deletion syndrome. Biological Psychiatry. 58:23-31.
97. Zarchi O, Carmel M, Avni C, Attias J, Frisch A, Michaelovsky E, et al. (2013): Schizophrenia-like
neurophysiological abnormalities in 22g11.2 deletion syndrome and their association to COMT and PRODH
genotypes. Journal of Psychiatric Research. 47:1623-1629.

98. Swillen A, Devriendt K, Legius E, Eyskens B, Dumoulin M, Gewillig M, et al. (1997): Intelligence and
psychosocial adjustment in velocardiofacial syndrome: A study of 37 children and adolescents with VVCFS. Journal
of Medical Genetics. 34:453-458.

22


https://doi.org/10.1101/696021
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/696021; this version posted October 2, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-ND 4.0 International license.

99. De Smedt B, Devriendt K, Fryns JP, Vogels A, Gewillig M, Swillen A (2007): Intellectual abilities in a
large sample of children with Velo-Cardio-Facial Syndrome: An update. J Intellect Disabil Res. 51:666-670.

100. Maeder J, Schneider M, Bostelmann M, Debbane M, Glaser B, Menghetti S, et al. (2016): Developmental
trajectories of executive functions in 22g11.2 deletion syndrome. Journal of Neurodevelopmental Disorders. 8:1-12.
101. Paylor R, Glaser B, Mupo A, Ataliotis P, Spencer C, Sobotka A, et al. (2006): Thx1 haploinsufficiency is
linked to behavioral disorders in mice and humans: Implications for 22g11 deletion syndrome. Proceedings of the
National Academy of Sciences. 103:7729-7734.

102. Goodman BK, Rutberg J, Lin WW, Pulver AE, Thomas GH, Geraghty MT (2000): Hyperprolinaemia in
patients with deletion (22)(g11.2) syndrome. Journal of Inherited Metabolic Disease. 23:847-848.

103. Vorstman JA, Turetsky BI, Sijmens-Morcus MEJ, de Sain MG, Dorland B, Sprong M, et al. (2009): Proline
affects brain function in 22q11DS children with the low activity COMT158 allele. Neuropsychophar macology.
34:739-746.

104. Magnee MJCM, Lamme VAF, de Sain-van der Velden MGM, Vorstman JA, Kemner C (2011): Proline
and COMT status affect visual connectivity in children with 22q11.2 deletion syndrome. PLoS One. 6:€25882.
105. Boku S, Izumi T, Abe S, Takahashi T, Nishi A, Nomaru H, et al. (2018): Copy number elevation of
22q11.2 genes arrests the developmental maturation of working memory capacity and adult hippocampal
neurogenesis. Molecular Psychiatry. 23:985-992.

106. Diaz-Asper CM, Goldberg TE, Kolachana BS, Straub RE, Egan MF, Weinberger DR (2008): Genetic
variation in catechol-O-methyltransferase: effects on working memory in schizophrenic patients, their siblings, and
healthy controls. Biological Psychiatry. 63:72-79.

107. Ho BC, Wassink TH, O'Leary DS, Sheffield VC, Andreasen NC (2005): Catechol-O-methyl transferase
Val158Met gene polymorphism in schizophrenia: Working memory, frontal lobe MRI morphology and frontal
cerebral blood flow. Molecular Psychiatry. 10:287-298.

108. Bearden CE, Jawad AF, Lynch DR, Sokol S, Kanes SJ, McDonald-McGinn DM, et al. (2004): Effects of a
functional COMT polymorphism on prefrontal cognitive function in patients with 22g11.2 deletion syndrome.
American Journal of Psychiatry. 161:1700-1702.

109. Gothelf D, Eliez S, Thompson T, Hinard C, Penniman L, Feinstein C, et al. (2005): COMT genotype
predicts longitudinal cognitive decline and psychosis in 22q11.2 deletion syndrome. Nature Neuroscience. 8:1500-
1502.

110. Pantelis C, Velakoulis D, McGorry PD, Wood SJ, Suckling J, Phillips LJ, et al. (2003): Neuroanatomical
abnormalities before and after onset of psychosis: A cross-sectional and longitudinal MRI comparison. The Lancet.
361:281-288.

111. Jalbrzikowski M, Bearden CE (2011): Clinical and genetic high-risk paradigms: Converging paths to
psychosis meet in the temporal lobes. Biological Psychiatry. 69:910-911.

112. Antshel KM, Fremont W, Ramanathan S, Kates WR (2017): Predicting cognition and psychosis in young
adults with 22g11.2 deletion syndrome. Schizophrenia Bulletin. 43:833-842.

113. Fiksinski A, Schneider M, Murphy CM, Armando M, Vicari S, Canyelles JM, et al. (2018): Understanding
the pediatric psychiatric phenotype of 22q11.2 deletion syndrome. American Journal of Medical Genetics.
176A:2182-2191.

114, McDonald-McGinn DM, Sullivan KE (2011): Chromosome 22q11.2 deletion syndrome (DiGeorge
syndrome/velocardiofacial syndrome). Medicine. 90:1-18.

115. Yamagishi H, Ishii C, Maeda J, Kojima Y, Matsuoka R, Kimura M, et al. (1998): Phenotypic discordance
in monozygotic twins with 22g11.2 Deletion. American Journal of Medical Genetics. 78:319-321.

23


https://doi.org/10.1101/696021
http://creativecommons.org/licenses/by-nd/4.0/

