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ABSTRACT

Few schizophrenia EEG studies were realized during acute psychotic episodes, which
represent a favorable vantage point to assess pathophysiology and to establish predictive
biomarkers of response to antipsychotic medications.

The EEG 40 Hz auditory steady state response (ASSR) reflects the GABA-glutamate
signaling and the excitation/inhibition imbalance and is impaired in schizophrenia.
High-density EEG was recorded in acute inpatients with schizophrenia (N=91) and healthy
controls (N=45) to assess the ASSR metrics event related spectral perturbation (ERSP) and
intertrial phase coherence (ITC), in both gamma (38-42 Hz) and theta (4-8 Hz) bands.
Furthermore, we investigated the relationship of these parameters with response to
antipsychotics and with positive, negative, disorganized, excited and depressive symptoms.
No ERSP and ITC differences emerged in gamma band between patients and controls.
Patients showed reduced theta ITC in both the early (0-0.25s post-stimulus; d=-0.97;
p=<.001) and the late (0.25-1.25s post-stimulus; p=0.024, d=-0.62) time windows compared
to controls, and a similar reduction in ERSP (early: d=-0.88; P=<.001; late: d=-0.64;
p=0.013). Responders to treatment showed reduced gamma ITC (early: d=-0.64, P=0.015;
late: d=-0.62, p=0.025) and late ERSP (d=-0.57, p=0.025) compared to non-responders.
Non-responders showed increased gamma ITC (early: d=0.65, p=0.002; late: d=0.61,
p=0.010) and ERSP (early: d=0.57, p=0.024; late: d=0.67, p=0.005) compared to controls.
In conclusion, patients with schizophrenia having an acute psychotic episode display
unexpected ASSR responses, with reduced theta ITC and ERSP, and no reduction in
gamma activity. An increased gamma band activity characterizes the neurobiology of non-
responders to antipsychotics, representing a candidate biomarker for treatment outcome

stratification.
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INTRODUCTION

In recent years, EEG research on schizophrenia has been conducted almost exclusively on
stabilized outpatients, with acute inpatients left unstudied; however, studying brain dynamics
during an acute psychotic episode could bring fundamental pieces of knowledge towards the
understanding of schizophrenia pathophysiology.

Perhaps more importantly, recording brain activity in this setting could lead to the discovery
of EEG biomarkers of response to antipsychotic medications, if an initial clinical and
instrumental assessment is combined with a longitudinal evaluation. Such outcome would be
of the outmost relevance: while antipsychotic medications represent the mainstay in the
treatment of schizophrenia, their efficacy is often unsatisfactory, with response rates of 45-
70% (1), and discontinuation rates of 32-74% (2). Moreover, interindividual variability in
response to antipsychotics is large and unpredictable, giving rise to the practice of
prescription by trial and error, requiring multiple attempts with different molecules, dose
adjustments and drug combinations. Predictors of response remain elusive, with no
candidate biomarker for antipsychotics selection having reached the clinical practice (3, 4) —
a development that would be essential for delivering timely and effective treatments (5, 6).
EEG was already used to individuate neural signature of response to antipsychotic
medications, however studies had a limited reach, due to small sample size and resting state

only design (7).

One of the main hypothesis on the origin of schizophrenia posits that an altered interplay
between pyramidal neurons and parvalbumin containing (PV) GABAergic interneurons,
related to the hypoactivity of the N-methyl-D-aspartate (NMDA) glutamate receptors, would
lead to the cortical excitation/inhibition (E/l) imbalance at core of schizophrenia
pathophysiology (8, 9).

EEG gamma frequencies (i.e. brain oscillations in the 30—100 Hz frequency range) are
considered an expression of that interplay, as they are generated through feedback
inhibition on pyramidal neurons by parvalbumin containing (PV) interneurons (10, 11); the 25
ms decay rate of this inhibition particularly contributes to the generation of the 40 Hz signal
(12).

Classically, both resting state and task related gamma band abnormalities were deemed
important for schizophrenia; however, while the literature focusing on the resting state
produced mixed, contradictory evidence (13), the results on task-related activity were more
consistent, in particular concerning the auditory steady state response (ASSR; i.e. the
oscillatory responses entrained to the frequency and phase of temporally modulated stimuli
(14-16).

ASSR analysis comprises power (event related spectral perturbation, ERSP), and phase
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(intertrial phase coherence, ITC) measures, in two time windows: an early phase reflecting
event-related potential processes, and late latency sustained responses reflecting rhythmic
activity (17).

Kwon et al first investigated 40-Hz ASSRs in patients with schizophrenia, demonstrating both
a reduced power and a phase delay at the 40-Hz stimulation (18). After 27 years of research
on the topic, ~50 studies have investigated 40 Hz ASSR in patients with schizophrenia using
M/EEG, and the large majority found a reduction of both ITC and ERSP with medium-to-
large effect size. Few of these also investigated the association of ASSR parameters with
positive and negative symptoms of schizophrenia, with unconclusive results (14-16).

While E/I imbalance and glutamatergic dysfunction represent solid neurobiological
mechanisms of schizophrenia, likely involved across phase and stages of the disorder (6,

19, 20), it is possible that the specific balance in E/I shifts during acute psychotic episodes,
and that level of NMDA hypoactivity oscillates, leading to ASSR patterns different from what
typically observed in stabilized patients.

The analysis of the ASSR classically only involved the gamma band; however, time
frequency representations (TFR) from previous ASSR studies showed the induction of a
large theta activity in healthy controls, not noticeable in patients (21-23). This activity seems
relevant because increased resting-state theta activity is a main signature of schizophrenia
(24-26), and related to disinhibition (27), and cognitive impairment (28, 29). This evidence
sparked the curiosity to assess theta activity beyond the resting state, in a consolidated task-

related context such as the ASSR.

In the present study we recruited inpatients with schizophrenia at the admission to the
hospital and healthy controls, aimed to investigate relevant brain dynamics and clinical-

neurophysiological correlations during an acute psychotic decompensation.

The primary objective of the study was to assess ASSR dynamics in acute patients with
schizophrenia, by comparing them with healthy controls. We expected to find an impairment
of both gamma-band ERSP and ITC, similarly to well replicated findings in stabilized
outpatients, however with a larger effect size. In fact, we believed that E/I imbalance and
NMDA hypofunction not only constitute the fundamental pathophysiological mechanisms of
schizophrenia, operating in all phases and stages of the disease, but also that their
exacerbation drives acute decompensations. Following the same logic, we expected that the
reduction in ERSP and ITC would also correlate with positive and negative symptoms

severity.

The secondary objective of the study was to assess the role of the ASSR as a predictor of

the response to antipsychotics medications, that we expected to be related to lower ASSR
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power (ERSP) and phase synchronization (ITC). Assuming that antipsychotics’ mechanism
of action consists of restoring the E/l imbalance, we anticipated that the larger the gamma

impairment related to it, the more room for antipsychotics to exert a significant effect.

The analysis we conducted on theta band should be regarded as exploratory, given the lack
of previous formal analysis during the ASSR tasks; nevertheless we formulated the

hypothesis that the same theta band reduction in patients compared to controls observed in
the images of previous studies exists also during the acute psychotic episode and is further

exacerbated.

METHODS

Full details on recruitment, clinical assessment, EEG preprocessing and analysis are
provided in Supplementary methods.

We recruited adult inpatients with schizophrenia during an acute psychotic episode and age-
sex matched healthy controls. Table S1 shows the criteria for participating in the study.
Patients received a monotherapy or a combined therapy with a first- or second-generation
antipsychotic medication. Patients were assessed upon admission and invited for a follow-up
after six weeks, aimed to determine the efficacy of the antipsychotic treatment.

We evaluated the correlation between ASSR parameters and symptoms rating scales at the
baseline assessment, including PANSS total score and subscales for positive, negative,
disorganized, excited and depressed symptom dimensions (30).

Response to the antipsychotic treatment was defined as a 250% reduction in PANSS total
score (31), and also the percentage change in PANSS total score between the two time
points was considered as an outcome (32). Patients not accepting the follow-up evaluation
were not included for the primary outcome on response to antipsychotic medications, and
the attrition bias was analyzed.

The ASSR task was administrated using E-prime software v3.0, and it consisted of a 1000
Hz pure tone sound modulated in amplitude from minus infinite to 0 dB with a 40 Hz
sinusoidal envelope, and flat sounds consisted of a 1000 Hz pure tone. Intertrial interval
lengths were randomly picked between 0.5 and 2 sec and stimulus duration was 1.5s.

EEG was recorded with a 128-channel ANT Neuro EEGO MyLab system during a 40-Hz
ASSR paradigm. We applied an automated preprocessing, involving band-pass (1-60 Hz)
and notch (50Hz) filtering, bad channel removal and interpolation, line noise removal,
denoising with the GEDAI toolbox (Generalized Eigenvalue De-Artifacting Instrument),
artifact removal via ICA, bad epochs rejection.

All EEG analyses were performed in MNE-Python v1.7 on epoched data, limited to a region

of interest (ROI) comprising 26 fronto-central electrodes. TFR were computed using the
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Morlet transform, with 40-Hz Event-Related Spectral Perturbation (ERSP) and Inter-Trial
Phase Coherence (ITPC) extracted for early (0-0.25s) and late (0.25-1.25s) windows; ERSP
analysis involved a baseline correction relative to the -0.5 to -0.1s period before each epoch,
and values were expressed in Decibel. EEG frequency bands selected for the analysis were
38-42 Hz (gamma band), and 4-8 Hz (theta band).

A temporal specificity analysis was conducted on the theta onset, including a wavelength
control for the post-onset theta decay and the assessment of causal vs non causal theta
envelopes, aimed at evaluating potential artifacts provoked by filtering and epoching
procedures. Group differences (Patients vs. Controls; responders vs. non-responders;
responders vs controls, non-responders vs controls) and the correlation between ASSR
parameters and symptoms rating scales were assessed using non-parametric cluster-based
permutation tests (10,000 permutations). False discovery rate (FDR) correction for multiple
comparisons (for each frequency band, across ERSP and ITC in the early and late windows,
4 tests per family) and sensitivity analysis was realized for all the FDR significant outcomes.
Because the reduction in 40 Hz ITC and ERSP is well quantified in previous ASSR literature
(15), we complemented conventional significance testing of the gamma-band contrasts with
equivalence testing against the effect size reported meta-analytically (33).

The study was approved by the Ethics Committee of the Geneva Canton (ID 2023-0535)

and informed consent was obtained from all participants.

RESULTS
Clinical, socio-demographic and treatment characteristics

Table 1 shows socio-demographic and clinical features in patients and controls, including
age, sex, handedness, education, education of the parents, duration of iliness, age of onset,
duration of untreated psychosis and number of hospitalizations. As a consequence of the
matching process, no differences emerged between patients and controls, except for the
education level (P<001; rb=0.74).

Of the 91 patients initially included in the study, 9 were lost on follow-up or withdrew the
antipsychotic medication, thus response to treatment was only assessed in 82 subjects.
Responders and non-responders to treatment showed no significant differences in any of the
abovementioned variables, but the former had higher disorganized (p = 0.017, rb =-0.31)
and excited (p = 0.029, rb = -0.28) scores (table S2).

Upon admission all the patients were drug naive or had withdrawn antipsychotic
medications, and at the moment of the EEG recording all had started a new treatment, with
the exception of N=1 patient who did not receive any treatment during the hospitalization;

antipsychotic medication characteristics are reported in table 2, and no differences emerged
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between responders and non-responders concerning medication’s specific active principle
and category, risperidone equivalent dose at the moment of the EEG recording and after
titration, with the exception of the number of subjects receiving risperidone as an add-on
treatment (p=0.014, V=0.57). The duration of the ongoing treatment at the moment of the
EEG recording, corresponding to the hospitalization day on whom the recording was taken,
was comparable between groups (table S2).

Attrition bias analysis showed an attrition rate of 9.9%, and a higher number of
hospitalization (p=0.042, rb=-0.41) and more severe negative symptoms (p=0.044, rb=-0.41)
in patients completing the study compared to the ones lost on follow-up, with no other clinical

difference between the two groups (table S3).

Patients present no gamma band reduction, but lower theta ITC and ERSP compared

to controls

Gamma band (38-42 Hz)

No ITC differences were observed for the patients vs. controls comparison, with only a non-

significant increase in gamma synchrony emerging in the early window in a few central
electrodes (t=2.42, d=0.45, Neiectrodes=3, p=0.090).

Patients had increased gamma band ERSP in the late window (t=2.39, d =0.43, Nelectrodes=5,
p=0.045), not surviving FDR correction for multiple testing, and a non statistically significant
increase in the early window (t=2.34, d=0.47, Neiectrodes=4, p=0.061), compared to controls. In
both cases differences were localized to the frontal region (Figure 1, table S4).

Gamma band equivalence testing against the meta-analytic bounds suggests increased
early and late ERSP and ITC in our patients cohort compared to the ones assessed in the
previous literature, with present estimates being incompatible with the reduction in the
pooled ones (supplementary results, figures S1-2, tables S5-7).

No differences were observed between patients completing the study and lost on follow up
(attrition bias analysis), concerning gamma ITC and ERSP in the early and late windows
(table S8).

Theta band (4-8 Hz)
Theta-band ITC was significantly reduced in patients in the early window (t=-4.17, d=-0.97,
Nelectrodes=22, p<001) and |n the Iate WIndOW (t ='296, d='062, Nelectrodes=7, p=0024), Whlle

the difference in the early window was localized to the almost entirety of candidate

electrodes, differences in the late window involved a smaller frontal cluster.
Theta-band ERSP was reduced in patients relative to controls in the early window (t=-3.58,
d=_0.88, Nelectrodes=20, p <001) and |n the Iate W|nd0W (t=_2.53, d=_0.64, Nelectrodes=8,

p=0.013). In the early window, the difference was in a broad cluster comprising almost all the
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candidate electrodes, while in the late window, a left fronto-central cluster was involved
(Figure 2; table S9).

All the ITC and ERSP significant results resisted FDR correction for multiple testing, and the
sensitivity analysis revealed no relevant influence of any of the potential confounders tested
(table S10).

No differences were observed between patients completing the study and lost on follow up,

concerning ITC and ERSP in the early and late windows (table S$11).
Correlations with symptoms severity

Gamma band (38-42 Hz)

Gamma ITC in the early window correlated with negative symptom severity (t=2.43, p=0.30,

Neiectrodes=7, P=0.038) in a central cluster of electrodes asymmetric to the left; however, the
association did not survive FDR correction for multiple testing (figure S3). A trend-level
correlation in the same direction was observed for negative symptoms and gamma ITC in
the late window, in a left-central cluster (t=2.41, p=0.28, Neiectrodes=4, p=0.079). No significant
correlations were found for the remaining subscales (disorganized, excited, depressed) or
for the PANSS total score.

No significant correlations emerged between symptom dimensions and ERSP metrics in
gamma band, even if a trend-level association emerged between gamma ERSP in the late
window and negative symptoms (t=2.49, p=0.25, Neiectrodes=4, p=0.069), in a left central

cluster of electrodes (table S$12).

Theta band (4-8 Hz)

Theta ITC in the late window was positively correlated with positive symptom severity

(t=2.32, p=0.30, Nelectrodes=6, p=0.043) in a central cluster of right-asymmetric electrodes
(figure S3), an association not surviving FDR correction for multiple testing.

No significant correlations emerged concerning early window ITC and ERSP (table S$S13).

Within patients, reduced gamma ITC and ERSP are associated with antipsychotic

treatment response

Gamma band (38-42 Hz)
ITC was significantly reduced in responders compared to non-responders in the early
window (t=—2.69, d=-0.64, Neectrodes=11, p=0.015) and in the late window (t=-2.66, d=—-0.62,

Nelectrodes=10, p=0.025). Differences were localized to a symmetric fronto-central cluster of

electrodes in both windows.
ERSP was also reduced in responders relative to non-responders in the late window
(t=—2.37, d=-0.57, Nelectrodes=9, p=0.025), in a symmetric cluster of frontal electrodes (Figure

3, table S14). No ERSP differences emerged in the early window.
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All significant results resisted FDR correction for multiple testing and the sensitivity analysis
showed no relevant attenuation due to the potential confounders tested (table S15).

Late gamma ITC correlated with the percentage change in symptom scores between
baseline and follow-up (p=0.25, Neiectrodes=7, P=0.047) in a frontal cluster asymmetric to the
left (figure S4, table S16), however the result did not survive FDR correction for multiple
testing. Early ITC and all the ERSP metrics showed no significant associations with the

symptoms variation from baseline to follow-up.

Theta band (4-8 Hz)

Responders showed a trend-level decrease in early ERSP (t=.2.54, d=-0.68, Neectrodes=4,
p=0.058), compared to non-responders. No significant theta-band clusters emerged for the
ITC and ERSP comparisons, in the early and late windows (figure S5, table $17), and no
theta metrics correlated with the PANSS total score change from baseline to follow-up, even
if a trend-level correlation emerged with ERSP early (p=0.27, Neiectrodes=4, p=0.070; table
$18).

Gamma ITC and ERSP are increased in non-responders compared to controls, but not

in responders

Gamma band (38-42 Hz)

No significant ITC differences emerged between responders and controls in early and late

gamma (figure S6).

Gamma-band ITC was increased in non-responders relative to controls in the early window,
localized to the majority of candidate electrodes (t=2.52, d=0.65, Neiectrodes=21, p=0.002) and
in the late window (t=2.50, d=0.61, Neiectrodes=17, p=0.010) in a large fronto-central cluster

slightly left-asymmetric (figure 4).

In the early window, increased gamma ERSP was observed for both responders (t=2.19,
d=0.58, Neiectrodes=5, p=0.048, figure S6) and non-responders (t=2.22, Neiectrodes=7, p=0.024,
d=0.57, figure 4), in both cases localized to a small frontal cluster. However, for responders
the association did not survive FDR correction for multiple testing.

Non-responders (but not responders) also showed significantly increased gamma ERSP
relative to controls in the late window (t=2.66, d=0.67, Neiectrodes=15, p = 0.005), in a large

symmetrical fronto-central cluster (figure 4, table $19).

All results for non-responders resisted FDR correction for multiple testing and the sensitivity
analysis showed no attenuation when testing potential clinical and demographic confounders
(table S20).
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Gamma band equivalence testing against the meta-analytic bounds suggests an increased
early and late ERSP and ITC compared to the previous literature in both responders and
non-responders to treatment, more marked in the latter (supplementary results, figure S1-
2, tables S5-7). For both groups the estimates in our cohort are incompatible with the pooled

ones from previous literature.

Theta band (4-8 Hz)
In both ITC and ERSP we could find results overlapping with the ones on the full cohort, with

statistical significance and effect size of these differences being similar for both responders
and non-responders when each group was compared to controls — the only exception being
the nonsignificant difference in ITC between responders and controls (figures S7-8, table
S$21).

Significant results were all surviving FDR correction for multiple testing, and the sensitivity
analysis showed that they were not attenuated by clinical and demographic covariates (table
$22).

Post-hoc assessment of theta activity

Findings are only summarized in the present paragraph and extensively reported in
supplementary results (figures S9-11, tables $23-26).

The analysis of the temporal specificity of the post onset theta response indicate the non-
artifactual nature of the early window 4-8 Hz activity, that is not related to filtering nor to the

edge effect.

The ERP analysis in the early window showed the existence of evoked activity
corresponding to the N100 and P200 event-related potential, following stimulus onset, in
both patients with schizophrenia and controls. The N100 but not the P200 mean and peak
amplitudes were reduced in patients compared to controls. Mean and peak amplitudes of
both ERPs showed a strong correlation with theta ITC and ERSP in the early window.
However, introducing N1 and P2 mean amplitude as covariates partly attenuated but did not
abolish these differences between groups ASSR parameters in the early window theta, that
remained highly significant and with a medium-to-large effect size. Moreover, the sensitivity
analysis showed no relevant influence of any confounders on significance and effect size of
these group differences.

An analysis on the partition of the theta activity revealed that in the early window most of the
theta activity was evoked (63.2% in patients, 75.3% in controls), yet with a large induced
component (36.8% in patients, 24.7% in controls), while in the late window induced activity

predominates.
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DISCUSSION

Our study elucidated ASSR power and phase synchrony dynamics in patients with
schizophrenia having an acute psychotic episode, and assessed the role of the ASSR as a
predictive biomarker of the response to antipsychotic medications. Main results are: no
statistically significant differences in gamma band ERSP and ITC between patients and
controls, but an increase of both in the subgroup of non-responders to treatment, compared
to controls; reduced theta power (ERSP) and synchrony (ITC) in patients compared to
controls; reduced gamma ITC and late ERSP in responders compared to non-responders to

treatment

Therefore, acute patients with schizophrenia presented no reduction in gamma band activity
compared to controls, in contrast with our initial hypothesis and with the established
literature, that showed decreased ERSP and ITC in schizophrenia with moderate to large
effect size (g=-0.702 for ERSP and g=-0.897 for ITC) (15), with only few studies finding no

differences in patients vs controls (34-37), or an increased gamma power (38).

Subjects entering past studies were typically outpatients stabilized under an effective and
long-standing antipsychotic treatment, different from the ones in our minimally treated,
hospitalized cohort; we hypothesize that the observed findings on gamma ERSP and ITC
result from a compensatory process especially active during the acute phase of
schizophrenia and corresponding to a different E/I imbalance and NMDA receptor
dysregulation compared to what is observed in stabilized outpatients.

A reduced excitatory state of the cerebral cortex is regarded as the fundamental
pathophysiological mechanisms of schizophrenia (39, 40), due to a primary loss of
excitability of the cortical pyramidal neurons, reflecting hypofunction of NMDA receptors and
their signaling cascade. Reduced excitatory input to inhibitory PV-interneurons would then
lead to their compensatory downregulation, in an attempt to restore the E/I balance (39, 41-
43).

Our post-hoc interpretation is that the pathophysiology process leading to PV-interneurons
downregulation is especially active during the acute phase of the disease, as supported by
computational modeling studies, indicating that the PV-interneuron downregulation is a
compensatory process positively correlated with gamma band activity (39, 41, 43-45), and
leading to positive (43) and negative (44) symptoms, that are more expressed in the acute
phase of the disease. While the pyramidal neuron downregulation would correspond to a
decrease in ASSR gamma band activity, the PV-interneurons downregulation would raise
patients’ gamma activity to a level similar to controls, as indicated by both ERSP and ITC

values. Subgroup analysis discussed below clarified that non-responders to treatment (but
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not responders) had an increase in ITC gamma compared to controls, potentially due to an

especially strong expression of the PV-interneuron downregulation process.

We complemented conventional significance testing of the gamma-band contrasts with
equivalence testing against the effect size reported meta-analytically, evidencing that our
results are incompatible with the gamma band ITC and ERSP reduction in patients entering
previous studies. These results indicate that pooled estimates derived from stabilized
outpatients do not generalize to the acute phase, whose gamma band activity could be

comparatively increased.

Our results added some limited pieces of knowledge to the dimensional psychopathology of
schizophrenia and its biological underpinnings. We have observed a positive correlation
between negative symptoms and gamma ITC, and between positive symptoms and theta
ITC, although not surviving correction for multiple testing. The loss of significance in our
results likely reflects the restricted variance of our acutely psychotic cohort, who are clinically
homogeneous — especially for positive symptoms — limiting the range required to detect

associations between clinical and neurophysiological measures.

Interesting findings, not a focus of previous ASSR studies, concerned theta band ERSP and
ITC, which differentiate patients and controls with high effect size. In fact, the latter displayed
a theta activity peak at the onset of the auditory stimulation (0-0.25s), then persisting with
lower intensity in the late window (0.25-1.25s); both were markedly decreased in patients.
This reduction was partially expected, because compatible with an oscillatory expression of
the well-documented attenuation of the auditory N1-P2 complex in schizophrenia (46-48).
However, our analyses indicate that, while a part of the early theta response is phase-locked
to stimulus onset, thus reflecting the low-frequency content of the auditory evoked response,
another relevant part corresponds to induced activity or to evoked activity not related to the
N1-P2 complex. Therefore, the ASSR stimulation triggers a specific activity in the theta
band, sustained to the late window, and impaired in schizophrenia.

These results are relevant, because they contribute to the characterization of the theta
activity in schizophrenia, that is a solid neurophysiological marker, consistently increased in
the resting-state in chronic (24-26) and first episode (49) schizophrenia, also including
patients’ probands (50). Resting-state theta increase was related to reduced cognitive
control/inhibition (27), and to a more severe cognitive impairment (28, 29), especially
involving working memory and attention (51), corroborating its relevance. In conclusion,
theta dysregulation in schizophrenia would consist of an increased resting-state activity (as

for past literature) and of a reduced task-induced activity (as for our findings), echoing the
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classical pattern described for gamma band (13), and representing a mechanistic insight into

perceptual impairment in schizophrenia.

Concerning response to treatment, non-responders had significantly increased gamma ITC
and late ERSP compared to non-responders. Our interpretation is that the two groups are
differentiated by the extent of the compensatory PV-interneuron downregulation process
mentioned above: the more the process is active, the less the antipsychotic medications are
able to restore an appropriate E/l balance, perhaps because they mainly act on the loss of
excitability of the pyramidal neuron. In fact antipsychotic medications have no direct
influence on glutamatergic or GABAergic system whose receptor localize to PV
interneurons; on the contrary, they can affect pyramidal neuron activity directly, by binding to
the serotonin receptors on their soma (52), and indirectly, affecting the cortico-striatal-
thalamic-cortical loops through dopaminergic antagonism (53-56).

Besides assessing response to treatment as a binary outcome, we have also examined the
correlation between ASSR parameters and the PANSS total score change between the
baseline and the follow-up visit, leading to weak results, only concerning the late gamma
ITC, not resisting correction for multiple testing. A possible explanation is that the
relationship between ASSR and treatment outcome may be closer to a threshold than a
gradient: ASSR may index membership of a treatment-responsive phenotype without scaling
with the magnitude of symptom change, in which case a group contrast can be significant

while a linear correlation is not.

When assessing responders and non-responders separately against controls, non-
responders only presented a statistically significant increase in gamma ERSP and ITPC,
lending support to the role of these ASSR changes in gamma band as specific predictors of
non-response to treatment.

These findings provide pieces of knowledge to the growing trend that different group of
patients with psychosis exist, corresponding to biotypes with different clinical and
neurophysiological features (57), and gives hints on how clustering could lead to relevant
clinical decisions, such as the treatment of patients with poorer clinical trajectory.

Only two previous study exist dealing with antipsychotic treatment outcome and ASSR,
though not designed to define predictors, but being a comparison of stabilized outpatients.
First, Ogyu compared patients with or without treatment resistant schizophrenia (TRS, i.e.:
the failure to respond to = 2 different non-clozapine antipsychotic medications), showing that
ERSP was lower in TRS compared to controls, but not in non-TRS compared to controls; the
categorization of patients (i.e. TRS vs non-TRS) and the phase of the disease (i.e. not acute)
were not overlapping to the ours, making results difficult to compare (58). Second, Alegre

compared acute drug naive and well-stabilized patients under medication, concluding that
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antipsychotic medications can rescue gamma-band activity in patients with schizophrenia. In
fact, drug-naive patients had reduced amplitude and inter-trial phase coherence of the
response in the 30-50 Hz range, and reduced amplitude of the response in the 90-100 Hz
range, when compared to controls. In the treated group, the response in the 30-50 Hz range
was normalized to values similar to the control group (59). The medication-induced recovery
of a physiological level of gamma activity during the ASSR is a hypothesis not supported by
the rest of the literature, considering that most of the patients entering previous studies were
treated and well stabilized, yet showing a consistent decrease in ERSP and ITC.

Previous investigations exist on EEG-based prediction of response to antipsychotics, mostly
focused on resting state power spectra, being not directly comparable with our task-related
results. Only two investigations produced evidence on resting-state gamma frequencies,
indicating that both a reduced (60) or an increased (61) gamma power predicts a better
response, with a third study addressing the issue found no significant results (62).

The amount of clinical and preclinical evidence demonstrating the relevance of gamma
activity for the pathophysiology of schizophrenia (8), could favor ASSR as a biomarker in
face of alternatives without a strong biological rationale. The moderate effect size of the
difference between responders and non-responders and between non-responders and
controls however tempers the expectations that ASSR parameters could be translated to the
clinical practice as a standalone biomarker, even if they could be more effectively used as
part of an algorithm integrating several neuroimaging and plasma biomarkers, as well as

clinical parameters (5, 63, 64).

Limitations

Some of our methodological choices differed from previous investigations, limiting direct
comparisons: Factors associated with a stronger ASSR concerning power and phase are the
younger age, the lower stimulus duration and the attentional load. This could explain a
weaker effect in our study, where the average age was higher than previous cohorts, the
stimulus duration long and no active engagement of the patient was required, to permit acute
patients to participate more easily (14, 15). However, only long and modulated stimuli are
appropriate to obtain a specific and sustained entrainment truly corresponding to the nature
of a steady state response, while protocols based on other stimuli type are prone to capture
aspecific transient activity.

We had no EEG recording during the follow-up visit, which could clarify if antipsychotic
treatment would normalize brain dynamics during the acute psychotic episode, and if in a
stabilized state our cohort of patients mirrors meta-analytic findings on other outpatients
cohort. However, our study was primarily designed to assess the acute phase of

schizophrenia and discover predictors of response to antipsychotic medications, not to
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define the trajectory of EEG features in the course of the illness.

Another inherent limitation of the study is the lack of a long-term assessment of a sustained
response to medication; however, the design of our study was aligned with the normal
duration of clinical trials, of 4 to 12 weeks (65-67).

Last, patients were included within 72h of hospital admission, having already received initial
doses of treatment. This approach significantly improved feasibility and we believe it had
minimal potential for bias, as evidence suggests that 6—10 days are required for

antipsychotic effects to become clinically significant (66, 68, 69).

CONCLUSIONS

During an acute episode, compared to controls, patients with schizophrenia present a
peculiar ASSR pattern with reduced theta and normal-to-increased gamma, different from
what has been observed in previous studies on stabilized outpatients. This could possibly
reflect an interplay between pyramidal neuron and PV-interneurons E/I imbalance that is

specific to this clinical frame.

Our findings support the existence of a neurobiological difference between responders and
non-responders to antipsychotic treatment, with the latter having increased gamma band
activity in the acute phase, also compared to controls. These findings open avenues to the
possibility that the ASSR becomes a predictive biomarker for the stratification of treatment
outcome, more likely as part of an algorithm combining several clinical and instrumental

measures.
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FIGURES TITLE AND CAPTION

Figure 1: Gamma-band (38-42 Hz) event related spectral perturbation (ERSP) and
intertrial phase coherence (ITC) in patients vs controls.

Panels show group comparisons for ITC (A, B) and ERSP (C, D) in the early (0-0.25

s; A, C) and late (0.25-1.25 s; B, D) post-stimulus windows, including grand-average Time-
Frequency Representations (TFRs) of baseline-corrected power (Decibel) or phase locking
factor, spatial distribution and statistical group comparisons.

Figure 2: Theta-band (4-8 Hz) event related spectral perturbation (ERSP) and intertrial
phase coherence (ITC) in patients vs controls.

Panels show group comparisons for ITC (A, B) and ERSP (C, D) in the early (0-0.25

s; A, C) and late (0.25-1.25 s; B, D) post-stimulus windows, including grand-average Time-
Frequency Representations (TFRs) of baseline-corrected power (Decibel; C, D) or phase
locking factor (A, B), spatial distribution and statistical group comparisons.

Figure 3: Gamma-band (38-42 Hz) event related spectral perturbation (ERSP) and
intertrial phase coherence (ITC) in responders vs non-responders to treatment.

Panels show group comparisons for ITC (A, B) and ERSP (C, D) in the early (0-0.25

s; A, C) and late (0.25-1.25 s; B, D) post-stimulus windows, including grand-average Time-
Frequency Representations (TFRs) of baseline-corrected power (Decibel; C, D) or phase
locking factor (A, B), spatial distribution and statistical group comparisons.

Figure 4: Gamma-band (38-42 Hz) event related spectral perturbation (ERSP) and
intertrial phase coherence (ITC) in non-responders to treatment vs controls.

Panels show group comparisons for ITC (A, B) and ERSP (C, D) in the early (0-0.25

s; A, C) and late (0.25-1.25 s; B, D) post-stimulus windows, including grand-average Time-
Frequency Representations (TFRs) of baseline-corrected power (Decibel; C, D) or phase
locking factor (A, B), spatial distribution and statistical group comparisons.
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Supplementary figure S1: Equivalence testing: Gamma-band effect sizes for the twelve
case—control contrasts. Positive d means the first-named group is higher. The solid vertical
line marks the meta-analytic bound for inter-trial phase coherence (ITC, g = -0.897) and the
dashed line that for event-related spectral perturbation (ERSP, g = -0.702); the dotted line
marks zero. Intervals lying entirely above the applicable bound are drawn in green and
establish non-inferiority; none is drawn in red here, as all twelve exclude their bound. Circles
denote values computed over the electrodes of a significant or sub-threshold cluster;
squares denote the three contrasts in which no cluster formed (responders versus controls,
ITC), for which the average over all 26 region-of-interest electrodes is shown. Early = 0-0.25
s and late = 0.25-1.25 s post-stimulus. Intervals are 90%, the width matched to the two one-
sided tests at a = 0.05; they are not a two-sided significance test against zero, and an
interval clear of zero corresponds to p < 0.10 rather than p < 0.05.

Supplementary figure S2: Robustness of the gamma ITC non-inferiority claim to a
smaller true effect.

Non-inferiority t statistic as a function of the assumed true d, for the early-window
comparison of patients with controls. The horizontal dashed line is the rejection threshold (t
= 1.66), and the vertical dotted line marks the value below which the bound is no longer
excluded (d = —0.60). Filled points are the observed early and late estimates.

Supplementary Figure S3: Associations between auditory steady-state response
(ASSR) measures and symptom severity.

Association plot (Spearman correlation) and spatial distribution for negative symptoms and
early window (0-0.25s) gamma (Panel A), and for positive symptoms and late window (0.25-
1.25s) theta (Panel B).

Supplementary Figure S4: Associations between gamma ITC and total PANSS score
change from baseline to follow-up.

Association plot (Spearman correlation) and spatial distribution for the significant (not
surviving FDR correction for multiple testing) PANSS total score variation from baseline to
follow-up and late window (0.25-1.25s) gamma band ITC (phase locking factor).

Supplementary Figure S5: Theta-band (4-8 Hz) event related spectral perturbation
(ERSP) and intertrial phase coherence (ITC) in responders vs non-responders to
treatment.

Panels show group comparisons for ITC (A, B) and ERSP (C, D) in the early (0-0.25

s; A, C) and late (0.25-1.25 s; B, D) post-stimulus windows, including grand-average Time-
Frequency Representations (TFRs) of baseline-corrected power (Decibel) or phase locking
factor, spatial distribution and statistical group comparisons.

Supplementary Figure S6: Gamma-band (38-42 Hz) event related spectral perturbation
(ERSP) and intertrial phase coherence (ITC) in responders to treatment vs controls.

Panels show group comparisons for ITC (A, B) and ERSP (C, D) in the early (0-0.25
s; A, C) and late (0.25-1.25 s; B, D) post-stimulus windows, including grand-average Time-
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Supplementary Figure S7: Theta-band (4-8 Hz) event related spectral perturbation
(ERSP) and intertrial phase coherence (ITC) in responders to treatment vs controls.

Panels show group comparisons for ITC (A, B) and ERSP (C, D) in the early (0-0.25

s; A, C) and late (0.25-1.25 s; B, D) post-stimulus windows, including grand-average Time-
Frequency Representations (TFRs) of baseline-corrected power (Decibel) or phase locking
factor, spatial distribution and statistical group comparisons.

Supplementary figure S8: Theta-band (4-8 Hz) event related spectral perturbation
(ERSP) and intertrial phase coherence (ITC) in non-responders to treatment vs
controls.

Panels show group comparisons for ITC (A, B) and ERSP (C, D) in the early (0-0.25

s; A, C) and late (0.25-1.25 s; B, D) post-stimulus windows, including grand-average Time-
Frequency Representations (TFRs) of baseline-corrected power (Decibel) or phase locking
factor, spatial distribution and statistical group comparisons.

Supplementary figure S9: wavelength control for the post-onset theta decay.

Baseline-corrected theta power averaged across analysed electrodes and across the theta
band (4-8 Hz), computed with four Morlet wavelet parameterisations: fixed n=3,5and 7
cycles, and the frequency-dependent scheme used in the main analysis (n = /2, floored at
3). Time—frequency decomposition used a theta-focused frequency axis (4-12 Hz, 0.5 Hz
steps) so that no wavelet exceeded the 3 s epoch.

The shaded red region in each panel spans +2 SD at the theta centre frequency (i.e. the
interval over which a strictly instantaneous event would be smeared by the wavelet alone).
Panel titles give the SD at theta centre for each scheme.

Supplementary figure S10: theta onset comparison with causal and non-causal filtering.

Theta-band Hilbert envelopes, averaged across analysed electrodes and normalised to the
pre-stimulus baseline (0.5 to —0.1 s), obtained with a non-causal zero-phase filter (blue)
and a causal minimum-phase filter (orange), applied to the continuous recording before
epoching.

The shaded red region marks the pre-onset window (-0.2 to 0 s) in which backward leakage
would appear. Filled circles mark the envelope peak within the 0—1 s search window, with
peak latencies annotated; the grey arrow indicates the latency shift between filters.

Supplementary figure S11: N1-P2 complex in the early time window (0-0.25 ms), in
patients vs controls.

Blue shaded region indicates N1, orange indicates P2.

N100 and P200 waveforms (panel A), topographies (panel B), mean amplitude, peak
amplitude and latency values (panel C) in patients vs controls.
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Figure 4
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Figure S5
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Figure S6
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Figure S7
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Figure S10
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Figure S11
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