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Objective: Brain oscillations play a pivotal role in synchro-
nizing responses of local and global ensembles of neurons.
Patientswith schizophrenia exhibit impairments in oscillatory
response, which are thought to stem from abnormal mat-
uration during critical developmental stages. Studying indi-
viduals at genetic risk for psychosis, such as 22q11.2 deletion
carriers, from childhood to adulthood may provide insights
into developmental abnormalities.

Methods: The authors acquired 106 consecutive T1-weighted
MR images and 40-Hz auditory steady-state responses (ASSRs)
with high-density (256 channel) EEG in a group of 58 22q11.2
deletion carriers and 48 healthy control subjects. ASSRs were
analyzed with 1) time-frequency analysis using Morlet wavelet
decomposition,2) intertrialphasecoherence(ITPC),and3) theta-
gamma phase-amplitude coupling estimated in the source
spacebetweenbrain regionsactivatedby theASSRs. Additionally,
volumetric analyses were performed with FreeSurfer. Sub-
analyses were conducted in deletion carriers who endorsed
psychotic symptomsand insubgroupswithdifferentagebins.

Results: Deletion carriers had decreased theta and late-
latency 40-Hz ASSRs and phase synchronization compared

with control subjects. Deletion carriers with psychotic symp-
toms displayed a further reduction of gamma-band re-
sponse, decreased ITPC, anddecreased top-downmodulation
of gamma-band response in the auditory cortex. Reduced
gamma-band response was correlated with the atrophy of
auditory cortex in individuals with psychotic symptoms. In
addition, a linear increase of theta and gamma power from
childhood to adulthood was found in control subjects but
not in deletion carriers.

Conclusions: The results suggest that while all deletion
carriers exhibit decreased gamma-band response, more
severe local and long-range communication abnormalities
are associated with the emergence of psychotic symptoms
and gray matter loss. Additionally, the lack of age-related
changes in deletion carriers indexes a potential develop-
mental impairment in circuits underlying the maturation of
neural oscillations during adolescence. The progressive dis-
ruptionofgamma-bandresponse in22q11.2deletionsyndrome
supports a developmental perspective toward understanding
and treating psychotic disorders.
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Synchronization between neuronal oscillations enables co-
ordinated brain activity subserving different functions that
are altered in schizophrenia, including perceptual andhigher
cognitive processes (1–4). In particular, gamma-band oscil-
lations have been proposed to render neural communication
effectiveandprecise (5).Thus, abnormalitiesof synchronized
neural activity may lead to impaired temporal coordination
within and across networks, resulting in disturbed neural
communication at different temporal and spatial scales (6–8).

A fundamental mechanism for communication between
neural ensembles is phase-amplitude coupling (PAC), with
high-frequencyoscillationsbeingnested into thephaseof low
oscillations. Assuming that low frequencies modulate brain

activity over distant brain regions in long temporal win-
dows while high frequencies modulate the activity locally,
theta-gamma PAC provides a means to integrate neural activity
across different spatial and temporal scales (1, 2). However,
so far, studies exploring PAC in patients within the psychosis
spectrum have yielded contrasting results (9, 10).

On the other hand, a large body of research has reported
decreased power and phase synchronization of gamma-band
response during auditory and visual perception and in the
contextofworkingmemoryandattentionparadigms inpatients
with schizophrenia (11–13). In particular, there is consistent
evidence for an impairment of the 40-Hz auditory steady-state
responses (ASSRs), reflecting the failure of periodic auditory

See related feature: Editorial by Ms. Larsen (p. 175)

204 ajp.psychiatryonline.org Am J Psychiatry 179:3, March 2022

ARTICLES

http://ajp.psychiatryonline.org


stimulation to induce resonantneuronal oscillations in patients
with schizophrenia (11, 14). Reduced ASSRs have been iden-
tified across all the stages of psychotic disorders, from indi-
viduals at clinical high risk for psychosis to patients with
chronic schizophrenia (15). Similar abnormalities have been
found in first-degree relatives of patients with schizophrenia
(16), suggesting that reduced gamma-band response is a her-
itable trait and aputative endophenotype of schizophrenia (17).

22q11.2 deletion syndrome (22q11DS) is a neurogenetic
disorder with high penetrance for psychiatric disorders,
conferring a 30%240% lifetime risk of developing a psy-
chotic disorder (18, 19). Several genes within the 22q11.2
region, such as DGCR8, PRODH, and CXCR4, have been
linked to glutamatergic and GABAergic neural transmission
(20) and disrupted migration and placement of cortical in-
terneurons (21), which are essential for the generation of
gamma-band oscillations (22). Additionally, previous research
showeddecreasedASSRs in a small sample of deletion carriers
withoutpsychosis (23).However, to thebestofourknowledge,
no studyhas investigatedwhether the observed impairment in
gamma-band response is a stable trait or a consequence of
aberrant development. Volumetric studies in 22q11DS have
highlighted deviant developmental trajectories of cortical and
subcortical areas during late adolescence (24–26). Since there
is a correlation between graymatter volume and gamma-band
response (27–30), it is possible that the development of brain
oscillations may be likewise compromised.

Interestingly, developmental data in healthy subjects suggest
that there is a significant increase in high-frequency brain os-
cillation power between adolescence and adulthood (31–34),
reflecting the physiological maturation of cortical inhibitory
circuits (35, 36). This period has thereby been proposed to
represent a vulnerable timewindow, duringwhichmaladaptive
development may lead to long-lasting functional abnormalities
of gamma-band response and the emergence of psychotic
symptoms (7, 32, 35). Because of the early genetic diagnosis,
22q11DSprovides an idealmodel to characterize thematuration
of brain oscillations over time. Furthermore, studying deletion
carriers allows clarification of whether the emergence of psy-
chotic symptoms influences gamma-band response and large-
network coordination, aswell as exploration of the relationship
between gamma-band response and gray matter volume.

Accordingly, our primary objective in this study was to com-
pare age-related changes in gamma-band response between
deletion carriers and healthy control subjects. We decided to
employ a 40-HzASSR task, based on robust findings of reduced
ASSRs in patients with schizophrenia (11) and established de-
velopmental trajectories of ASSRs in healthy subjects (31).

In addition, we analyzed measures of local (gamma-band
response) and long-range coordination (PACbetweendistant
brain regions) and their relationship to psychotic symptoms
and gray matter volume. Based on previous studies, we ex-
pected tofindmajor developmental abnormalities in deletion
carriers, with a lack of gamma-band response maturation
during late adolescence and a more severe phenotype in
individuals endorsing psychotic symptoms.

METHODS

Recruitment and Assessment
Individualswith22q11DSandcontrol subjectswere recruited
in thecontextof the22q11DSSwissCohort (24–26). Inclusion
criteria were age between 7 and 30 years and presence of a
22q11.2 microdeletion for patients confirmed by quantitative
fluorescent polymerase chain reaction.

Exclusion criteria included presence of auditory impair-
ments documented by audiometry screening and, for control
subjects, any past or present neurological or psychiatric
disease, use of psychotropic medications, psychopathology,
learning difficulties, or premature birth.

The occurrence of attenuated psychotic symptoms was
assessed in deletion carriers by the Structured Interview for
Prodromal Syndromes (SIPS) (37). Deletion carriers were
divided into subgroupsaccording to thepresenceofmoderate
to severe positive symptoms of psychosis, using a cutoff score
of 3 or higher in at least one of the corresponding items for
positive symptomsof theSIPS.Because theyoungest deletion
carrier with psychotic symptoms in this sample was 14 years
old, we selected an age-matched control group of deletion
carriers without psychotic symptoms.

Written informed consentwas obtained fromparticipants
and/or their parents.The studywas approvedby the cantonal
ethics committee for research and conducted according to
the Declaration of Helsinki.

EEG Data Acquisition During Auditory Task and
Preprocessing
EEGdatawere continuously recordedwith a sampling rate of
1000 Hz using a 256-electrode HydroCel cap (EGI-Philips
Healthcare) referenced to the vertex (Cz) during the ASSR
task. The impedance was kept below 30 kΩ for all electrodes
andbelow10kΩ for the reference andgroundelectrodes.One
hundred 40-Hz amplitude-modulated sounds (ripple tones:
1000 Hz carrier tones, duration 2 seconds) and 10 semi-
randomly intermixed identical, but non–amplitudemodulated
sounds (flat tones;seeFigureS1 intheonlinesupplement)were
presented binaurally using intra-aural insert earphones
(Etymotic Research, Elk GroveVillage, Ill.). The interstimulus
interval (ISI)was 2 seconds on average (1.5–2.5 seconds, equal
distribution). In order to ensure attentional engagement,
participantswere asked to detect theflat tones by buttonpress
and ignore the 40-Hz ripple tones that entrained the gamma-
band responses (14). As in previous studies, the preprocessing
steps were performed with Cartool (https://sites.google.com/
site/cartoolcommunity/home) (38). More details on EEG
preprocessing are provided in the online supplement.

MRI Acquisition
WeacquiredT1-weighted imageswith a 3-T Siemens Prisma.
Theparameters for theacquisitionofstructural imagesfor theT1-
weighted MPRAGE sequence were as follows: TR52500 ms,
TE53 ms, flip angle58°, acquisition matrix52563256, field of
view523.5 cm, voxel size50.930.931.1 mm, and 192 slices.
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MRI Analysis
T1-weighted images underwent fully automated image pro-
cessing with FreeSurfer, version 6, comprising skull strip-
ping, intensity normalization, reconstruction of the internal
and external cortical surface, and parcellation of subcortical
brain regions. Then average measures of volume were
extracted from 84 cortical and subcortical regions based on
the Desikan-Killiany parcellation (39).

EEG Analysis
Time-frequency analysis was performed by using theMorlet
transform in MATLAB, release 2018b, both at sensor level,
selecting a cluster of fronto-central electrodes around FCz,
and in the source space. Time epochs were averaged from
21.5 to11.5 seconds relative to the stimulus onset, and then
the event-related spectral perturbation (ERSP) was com-
puted, correcting the poststimulus period by the baseline
period (40). Intertrial phase coherence (ITPC) amplitudes
were also estimated, reflecting the phase consistency across
trials (41).

For whole brain source analysis, the inverse solution
model was computed based on individual T1-weighted
images, by using the “locally spherical model with ana-
tomical constraints” method for lead field and a distrib-
uted linear inverse solution (local autoregressive average)
to determine the inverse solution transformation matrix
(38). The individual Desikan-Killiany parcellation was
used to label the 5,000 solution points from the inverse
solution model.

For the analysis of theta-gamma phase-amplitude cou-
pling (PAC), preprocessed EEG data were filtered into the
frequency bands of interest (4–8 Hz for theta and 38–42 Hz
for gamma) and then transformed to the singular value de-
composition of the signal for each frequency band and each
region of interest with the PyCartool toolbox (https://
github.com/Functional-Brain-Mapping-Laboratory/PyCar-
tool). The phase angle and amplitude envelope of the signals
were obtainedwith theHilbert transform. Coupling between
selected regions of interest (i.e., regions of interest exhibiting
a task-related increase of at least 15% of the power with
respect to the baseline in theta and gamma frequency) was
estimated with the modulation index, as described by Tort
and colleagues (42) (see the online supplement for further
details).

Statistical Analysis
Nonparametric Monte Carlo–based permutations (N5500;
1–100Hz; 0–1.5 sec; alpha50.05, two-tailed) implemented in
Fieldtrip (43) were employed for the statistical testing of
group differences in ERSP and ITPC.

Unpaired two-tailed t tests were performed to compare
PAC between groups and subgroups. Pearson’s correlation
coefficientwas employed to investigate correlations between
clinical measures and EEG data, and between age and EEG
data. When appropriate, correlation coefficients were com-
pared between groups by using the Fisher Z transformation.

False discovery rate (FDR) correction for multiple com-
parisons with the Benjamini-Hochberg method was applied
to correct for the number of regions of interest and time
points within a given frequency band (theta, 4–8 Hz, and
gamma, 38–42 Hz, based on surface results and previous
studies [9]) for source analyses. FDR was also applied for
correction ofmodulation index between regions of interest in
PAC analyses and of SIPS subitems and brain regions in the
correlationanalyses (i.e., brain regionswithdifferentgamma-
band response between deletion carriers and control sub-
jects). All the reported p values are corrected for multiple
comparisons.

RESULTS

Participants
Of 120 potential participants, six deletion carriers were
not included in the study because of auditory impairment.
Data for eight participants (five deletion carriers and
three control subjects) were additionally excluded from
the study because the number of accepted clean epochs
in EEG preprocessing was insufficient to ensure reli-
able analyses (N,40). A total of 106 participants, com-
prising 58 individuals with 22q11DS (mean age, 17.6 years
[SD56.9]; 26 females) and 48 control subjects (mean age,
17.7 years [SD56.2]; 24 females), were included in the
results of this study. The participants of each group were
then evenly divided into age bins for the analysis on de-
velopment: childhood (7–13 years), adolescence (14–18
years), and adulthood ($19 years). The participants’ de-
mographic and clinical characteristics are summarized in
Table 1. Clinical evaluation of deletion carriers identified
16 participants who endorsed moderate to severe positive
psychotic symptoms (mean age, 18.6 years [SD57]; eight
females).

ERSP and ITPC Differences Between Control Subjects
and Deletion Carriers
Clusters of sustained decrease of gamma power and ITPC
amplitude in deletion carriers as compared with control
subjects were found over fronto-central electrodes (ERSP:
38–42 Hz, tcluster51.6e5, p50.002, 95% CI5,0.001, 0.006;
ITPC: 38–44 Hz, tcluster53.1e5, p50.002, 95% CI5,0.001,
0.006). Additionally, a widespread cluster of reduced early-
latency theta response was identified (ERSP: 2–8 Hz,
tcluster59.9e3, p50.008,95%CI50.002,0.016; ITPC:6–8Hz,
tcluster52.4e4, p50.004, 95% CI5,0.001, 0.009) (Figure 1).
Theresults remainedsignificantevenafter removingdeletion
carriers with psychotic symptoms (ERSP: 38–42 Hz,
tcluster51.2e5, p50.002, 95% CI5,0.001, 0.006; 2–8 Hz,
tcluster51.7e4, p50 0.014, 95% CI50.024, 0.004) (see Figure
S2 in the online supplement).

Further analyses in the source space revealed that the left
and right anterior cingulate cortex (ACC), posterior cingulate
cortex (PCC), and thalamus and the right primary auditory
cortex showed a decreased gamma-band response in the
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deletion carriers (Figure 2A,C). In contrast, brain areas with
lower theta response in deletion carriers were widespread
across the cortex, comprising prefrontal, lateral parietal,
temporal, and occipital areas (Figure 2B).

Psychotic Symptoms and Brain Oscillations
Sixteen deletion carriers with psychotic symptoms were
compared with a group of age-matched nonpsychotic indi-
vidualswith 22q11DS (i.e., older than 14 years; N528). On the

TABLE 1. Demographic and clinical characteristics of control subjects and 22q11.2 deletion carriers, with and without psychosisa

Characteristic Control Subjects Deletion Carriers No Psychotic Symptoms Psychotic Symptoms

Overall

N % N % p N % N % p

Number of subjects 48 58 28 16
Female 26 54.2 28 48.3 0.76 13 46.4 8 50.0 0.81

Mean SD Mean SD p Mean SD Mean SD p

ASSR task performance
(% correct answers)

95.8 8.9 95.0 10.7 0.24 96.9 6.5 96.7 6.2 0.92

Age (years)b 17.7 6.2 17.6 6.9 0.96 19.3 6.5 18.6 7.0 0.78
Full-scale IQ 110.5 11.9 73.9 11.9 ,0.01 74 9.5 71.2 15.5 0.14
Children

N % N % p

Number of subjects 11 14
Female 7 63.6 8 57.1 0.37

Mean SD Mean SD p

Age (years) 10.4 2.4 10.3 1.7 0.76
Adolescents

N % N % p

Number of subjects 18 21
Female 10 55.6 9 42.8 0.33

Mean SD Mean SD p

Age (years) 15.7 0.8 15.7 1.2 0.97
Adults

N % N % p

Number of subjects 19 23
Female 9 47.4 11 47.8 0.40

Mean SD Mean SD p

Age (years) 26.2 2.7 25.4 3.9 0.36

N % N % N % p

Medicated 27 46.5 15 53.6 9 56.2 0.86
Psychostimulants 16 27.6 11 39.3 6 37.5 0.90
Antidepressants 15 25.9 9 32.1 5 31.2 0.95
Antipsychotics 5 8.6 0 0.0 5 31.2 ,0.01
Met criteria for psychiatric
diagnosis

34 58.6 18 64.3 10 66.7 0.90

ADHD 28 48.3 19 67.8 9 56.2 0.44
Anxiety disorders 17 29.3 11 39.3 6 37.5 0.90
Mood disorders 9 15.5 6 21.4 3 18.7 0.83
Psychosis spectrum
disorders

5 8.6 0 0.0 5 31.2 ,0.01

Mean SD Mean SD Mean SD p

SIPS positive symptom score 5.1 5.3 2.5 2.4 11.0 5.1 ,0.01
SIPS negative symptom score 12.7 6.0 11.5 4.7 13.7 4.2 0.16

a The table includes demographic information, medical history comprising psychiatric disorders according to DSM-5, and medication usage in control subjects
and deletion carriers and in the subgroups of deletion carriers older than 14 years with and without psychotic symptoms. P values refer to the comparison
between groups and subgroups performed with two-tailed t tests and chi-square tests, as appropriate. ADHD5attention deficit hyperactivity disorder;
ASSR5auditory steady-state response; SIPS5Structured Interview for Prodromal Syndromes.

b Ages range from 7 to 30 years for the control and deletion carrier groups overall, and from 14 to 30 years for the deletion carriers with and without psychosis.
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sensor level, decreased early-latency gamma-band response
and ITPC were found in deletion carriers with psychosis
(ERSP: approximately 38–46 Hz, tcluster54.5e4, p50.019,
95% CI50.001, 0.037; ITPC: approximately 38–46 Hz,
tcluster55.1e4, p50.002, 95%CI5,0.001, 0.009) (Figure 3;
for ITPC, see Figure S3 in the online supplement). Source
analysis revealed that the brain areas underlying this de-
creased response were the left and right ACC and superior
frontal gyrus and the right auditory cortex. However, the
results in the source space were not significant after cor-
rection for multiple comparisons. Additionally, on the sensor
level, we found a negative correlation (r520.4, p50.03)
(Figure 3A) between the averaged gamma power (0–1.5 sec,
cluster of fronto-central electrodes) and the P4 subscale of
the SIPS (i.e., hallucinations): the higher the severity of
hallucinations, the lower the gamma power response. No
correlation was found with the other subitems of the SIPS.

Divergent Developmental Trajectories of Gamma-Band
Response in Deletion Carriers
ERSP comparison between control subjects and deletion
carriers was repeated for each age bin. No statistically sig-
nificant differences between groups were found during
childhood or adolescence at sensor or source space. Con-
versely, adult control subjectshadahighergamma(38–42Hz,
tcluster53.5e5, p50.002, 95% CI5,0.001, 0.006) and theta
response (4–8 Hz, tcluster52.9e4, p50.005, 95% CI50.002,
0.006) with respect to adults with 22q11DS. Additionally,

there was a significant linear increase of gamma power from
childhood to adulthood in control subjects (r50.75, p,0.001)
but not in deletion carriers (r50.13, p50.62) (Figure 4). Even
after removing participants with psychotic symptoms from
the group of deletion carriers (N516), there was no signifi-
cant correlation with age (r50.25, p50.11). Comparison of
correlation coefficients for gamma power between control
subjects and deletion carriers was statistically significant
(control subjects compared with deletion carriers: p,0.001,
Z54.2;control subjectscomparedwithdeletioncarrierswithout
psychotic symptoms: p50.001, Z53.28). Similar results were
found for ITPC, with an increase of phase consistency from
childhoodtoadulthoodincontrol subjects (r50.71,p,0.001)but
not in deletion carriers (r50.19, p50.09) or in deletion carriers
when individuals with psychotic symptoms were excluded
(r50.21, p50.33). Comparison of correlation coefficients for
ITPC between control subjects and deletion carriers was sta-
tistically significant (control subjects compared with deletion
carriers: p50.002, Z53.45; control subjects compared with
deletioncarrierswithoutpsychotic symptoms:p50.002,Z53.1).

Theta-Gamma Phase Amplitude Coupling
When differences in theta-gamma PAC between control sub-
jects and deletion carriers were examined, no result survived
afterFDRcorrection.However, deletioncarrierswithpsychosis
exhibited a pattern of decreased modulation of gamma-band
amplitude in sensory regions and increased modulation in the
cingulate cortexwhen comparedwithdeletion carrierswithout

FIGURE 1. Comparison of ERSP and ITPC between control subjects and 22q11.2 deletion carriersa
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a The top plots in panel A are time-frequency plots displaying the average pre- and poststimulus event-related spectral perturbation (ERSP) in control
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FIGURE 2. Results in the source space of the time-frequency decomposition in control subjects and 22q11.2 deletion carriersa
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a The brain map in panel A shows regions with a statistically significant lower gamma response (38–42 Hz) in deletion carriers during the first 1.5 sec of
the response, and in panel B, with a statistically significant lower theta response (4–8 Hz) in deletion carriers during the first 0.5 sec of the response.
Panel C shows time-frequency plots for brain regions with decreased gamma response in deletion carriers. Power values are expressed in percent.
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psychosis (Figure 5). A cluster of regions survived FDR cor-
rection with decreased PAC in deletion carriers with psychosis
between the right auditory cortexand the left andright superior
frontal gyrus (left: t522.6, p50.02; right: t522.2, p50.03;
df542 for all t values reported in this paragraph) and pars
triangularis (left: t522, p50.04; right; t522.1, p50.03), the
right pars opercularis (t522.5, p50.01), and the left superior
temporal gyrus (STG) (t522.6, p50.01); between the left au-
ditory cortex and supramarginal gyrus (left: t523.4, p50.001;
right: t522.5,p50.01);andbetweenthethalamusandrightpars
opercularis (t522, p50.04) and left STG (t523, p50.002).
Conversely, PAC was significantly higher in deletion carriers
with psychosis between cingulate regions and the left pars
opercularis (left ACC: t52, p50.04; right ACC: t52.5, p50.01),
the right STG (t522.4, p50.02), and the thalamus (left thal-
amus: t52.4, p50.02; right thalamus: t52, p50.04) (Figure 5).

Volumetric Differences
We additionally explored whether there were volumetric dif-
ferences between deletion carriers with and without psychosis
in brain regions with a reduced gamma-band response (i.e.,

auditory cortex, ACC, PCC, and thalamus). A statistically sig-
nificant lower volume in deletion carriers with psychosis in the
rightauditorycortex (t521.88, p50.005),ACC(t522.2,df542,
p50.03), and PCC (t522.25, df542, p50.04) was found. Ad-
ditionally, there was a correlation between the averaged gamma
power (0–1.5 sec) andauditory cortex volume (r50.38, p50.02).

DISCUSSION

Werevealed a consistently reduced gamma-band response in
22q11.2 deletion carriers as compared with control subjects
and more severe abnormalities of oscillatory response and long-
range communication in deletion carriers who endorsed psy-
chotic symptoms.Furthermore, to thebestofourknowledge, this
study is thefirst to showa lackof age-related increase in gamma-
band response in individuals at genetic risk for psychosis.

Decreased Gamma and Theta Responses in Individuals
With 22q11DS
We confirmed previous observations of decreased gamma-
band response and phase synchronization during auditory

FIGURE 3. Comparison of ERSP between 22q11.2 deletion carriers with and without psychosisa
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FIGURE 4. Developmental trajectories of gamma and theta bands in control subjects and 22q11.2 deletion carriersa
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processing in individuals with 22q11DS (23) and additionally
found theta power decrease. Specifically, while the sustained
steady-state responsewas impaired, the early-latency gamma-
band response was relatively preserved in deletion carriers.
Source analysis allowed us to localize the decreased gamma-
band response found in deletion carriers in auditory cortex,
thalamus, ACC, and PCC. The involvement of these regions is
in agreement with previous studies aimed at identifying the
brain areas underlying the ASSRs (44, 45).

On the other hand, differences in theta response were re-
stricted to the first 0.5 seconds after stimulus but were wide-
spread, encompassingprefrontal cortical, lateral parietal cortical,
temporal, and occipital regions. Interestingly, theta and gamma
are known to bepart of a neural coding schemewhereby gamma
oscillations are nested into theta cycles in order to promote the
integration of neural activity betweendistant regions (1, 2). Since
manyareaswithreducedthetaoscillationsbelongtotheattention
network, we tested whether there was a reduced PAC with
regions exhibiting a lower gamma response, possibly indicating a
failure to modulate distant computations in the gamma range.
However, investigating PAC, we did not highlight significant
differences between control subjects and deletion carriers.

Overall, 22q11.2 deletion carriers display selective oscil-
latory abnormalities in the gamma and theta bands that
cannot be directly reconducted to the disruption of long-
range coordination. These findings add to the growing body

of literature claiming the existence of a strong genetic sub-
strate for the ASSRs (16, 17).

Disrupted Local and Long-Range Coordination in
Deletion Carriers With Psychosis
In line with previous studies showing deficient ASSRs in
individuals at clinical risk for psychosis (15),we found further
reducedgamma-band response andphase synchronization in
the group of deletion carriers with psychotic symptoms.
Interestingly, the decrease of gamma-band response was
particularly prominent in the early latencies as compared
with deletion carriers without psychosis, confirming the
progression froma selective decrease of the sustained steady-
state response during preclinical stages to a more global
impairment of gamma response after the emergence of
psychotic episodes observed in previous studies (46).

With PAC analyses, we also revealed in deletion carriers
with psychotic symptoms a decreased prefrontal theta
modulation of gamma response in auditory cortex and
thalamus and an increased modulation of cingulate cortex.
Less efficient top-down coordination of auditory cortex,
togetherwith increasedmaladaptivemodulation of cingulate
cortices and saliency attribution, is in line with current
theories for auditory hallucinations (47). This hypothesis is
further corroborated by the negative relationship that we
found between the severity of hallucinations and the

FIGURE 5. Results of phase-amplitude coupling analyses in 22q11.2 deletion carriers with and without psychosisa
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magnitude of gamma-band response. An impaired top-down
control may partially explain the inability to efficiently re-
cruit the auditory network during perception and the ten-
dency to activate it in the absence of external stimuli typically
observed during auditory hallucinations.

Interestingly, previous studies showed that the brain re-
gions with the earliest volume decline in deletion carriers
experiencing hallucinations are intercalated in the auditory
pathway (i.e., medial geniculate nucleus of the thalamus and
superior temporal gyrus) (24, 26). Volumetric analyses
revealed that brain regions exhibiting a decreased gamma-
band response also had a lower volume in deletion carriers
with psychosis, with a correlation between auditory cortex
volume loss and impaired gamma response. These findings
underline a link between the observed functional deficits and
the structural architecture of the brain in 22q11DS, hinting at
a common underlying circuit dysfunction. However, it re-
mains to be determined whether aberrant synchronized
network activity influenced processes of gray matter matu-
ration (27) or gray matter atrophy, resulting in reduced
synaptic connectivity, determines impaired gamma-band
response (30). Early developmental abnormalities in the
auditory system, together with decreased top-down control,
may thereby play a pivotal role in the emergence of hallu-
cinatory phenomena in 22q11DS.

Taken together, these findings suggest that while deletion
carriers without psychosis can normally activate long-range
communication—possibly allowing compensation for ineffi-
cient local gamma-band response—the additional disruption
of large-scale networks in deletion carriers with psychosis
may result in more severe deficits in brain oscillations and in
hallucinations.

Developmental Trajectories
We further explored howbrain oscillations evolve throughout
development. In agreement with previous studies, gamma-
band response in healthy control subjects increased from
childhood to adulthood, with a major development at the
transition between adolescence and adulthood (31). However,
there were no significant differences across developmental
stages in deletion carriers, possibly indicating a lack of mat-
uration during adolescence.

It is widely acknowledged that adolescence is a critical
developmental period for brain maturation that involves
modifications in circuit mechanisms underlying the gener-
ation of gamma-band oscillations, such as parvalbuminergic
interneurons (PVIs) and glutamatergic N-methyl-D-aspartate
receptors (NMDARs) (36, 48), leading to increased temporal
and spatial precision of information processing (32). Studies in
mouse models of 22q11DS have demonstrated a reversible
functional impairment ofPVIs during adolescence, followedby
chronically compromised activity of PVIs and impaired
gamma-band response in adulthood (49). Similarly, our results
support the hypothesis that during late adolescence there is a
developmental impairment in circuits supporting the matu-
ration of gamma-band oscillations in human deletion carriers.

Interestingly, the emergence of psychotic disorders typ-
ically occurs during late adolescence. For this reason, it has
been suggested that vulnerability to psychiatric disorders,
especially psychosis, may be rooted in the exacerbation of
major brain changes normally taking place during adoles-
cence (50). In our study, we observed that deletion carriers
with psychotic symptoms exhibited a further decrease in
gamma-band response and additional decoupling of local
gamma oscillations from prefrontal top-down control. In
agreement with the glutamate hypothesis of schizophrenia
(51), several lines of evidence suggest that the observed long-
range communication disruption may depend on NMDAR
hypofunction, which in turn would lead to altered PVI function
by decreasing the glutamatergic drive (4, 6).

Thus, a divergence of developmental trajectories within
deletion carriers may lead one group to develop resilience
mechanisms while the other progresses into the psychotic
phenotype. Indeed, while many pathways could independently
lead to this deviation, including the upstream disruption of
signaling through NMDARs (52), aberrant maturation of PVIs
may represent a critical turning point (36). Consistent with this
idea,myelinationofPVIshasbeenproposedtoconstitutea locus
of pathophysiological convergence for psychotic disorders (53).
Moreover, schizophrenia-like deficits—comprising cognitive
disturbances and the underlying impaired neural synchrony—
canberescuedbychemogeneticactivationofPVIsonlyduringa
critical period corresponding to late adolescence (49), further
supporting the existence of a direct link betweenmaturation of
PVIs, high-frequency oscillations, and psychosis.

Limitations
Wemust acknowledge several limitations of our study. First,
we are reporting cross-sectional data, so our results on de-
velopmental trajectories should be confirmedby longitudinal
studies. Second, antipsychotic treatment and IQ may be
confounding factors. However, in our exploratory analysis,
we did not find any difference in gamma-band response
between individuals who were treated and not treated with
antipsychotics and with low and high IQ scores (see the
online supplement). Third, previous studies exploring PAC
mechanisms during auditory processing did not identify
significant abnormalities in patients with schizophrenia (9);
however, such PAC disruptions were found in the context of
more demanding tasks (10). One possible explanation is that
individuals with 22q11DS, having a baseline cognitive dys-
function, are more likely to show a lower threshold for the
disruption of long-range synchronization, even during rel-
atively effortless tasks. Future studies employing different
paradigms in this population should answer this question.

CONCLUSIONS

In this study, we demonstrated a lack of age-related increase
in gamma-band response at the transition between adoles-
cence and adulthood, suggesting a developmental impair-
ment in 22q11.2 deletion carriers. Individuals who eventually
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endorsed symptoms of psychosis underwent further gamma-
band response decrease and disruption of theta top-down
control over gamma activity. On the other hand, the relatively
preserved long-rangecoordinationandearly-latencygamma-
band response in deletion carriers who did not develop
psychotic symptoms may represent a neural signature of
resilience that could be exploited for therapeutic purposes.
Thus, our results contribute to identifying potential targets
and a critical developmental window for intervention in
humans, in line with studies in mice models (49). Given that
molecules acting onglutamatergic anddopaminergic systems
have been shown to effectively modulate gamma response
(49, 54), one approach could contemplate early pharmaco-
logical intervention in individuals at risk for psychosis. Al-
ternatively, considering that psychotic deletion carriers
undergo disruption of long-range synchronization, comple-
mentary noninvasive strategies such as transcranial alter-
nating current stimulation may be employed to restore brain
communication between distant brain regions.
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