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ABSTRACT
BACKGROUND: Neural oscillations support perception, attention, and higher-order decision making. Aberrations in
the strength or consistency of these oscillations in response to stimuli may underlie impaired visual perception and
attention in schizophrenia. Here, we examined the phase and power of alpha oscillations (8–12 Hz) as well as aspects
of beta and theta frequency oscillations during a demanding visual sustained attention task.
METHODS: Patients with schizophrenia (n = 74) and healthy control participants (n = 68) completed the degraded
stimulus continuous performance task during electroencephalography. We used time-frequency analysis to evaluate
the consistency (intertrial phase coherence) of the alpha cycle shortly after stimulus presentation (50–250 ms). For
oscillation strength, we examined event-related desynchronization in a later window associated with decision
making (360–700 ms).
RESULTS: Alpha intertrial phase coherence was reduced in schizophrenia, and similar reductions were observed in
theta (4–7 Hz) and beta (13–20 Hz), suggesting a lack of responsiveness in slower oscillations to visual stimuli. Alpha
and beta event-related desynchronization were also reduced in schizophrenia and associated with worse task
performance, increased symptoms, and poorer cognition, suggesting that limited responsiveness of oscillations is
related to impairments in the disorder. Individuals with lower intertrial phase coherence had slower resting-state
alpha rhythms consistent with dysfunctional oscillations persisting across default and task-related brain states.
CONCLUSIONS: In schizophrenia, abnormalities in the phase consistency and strength of slower oscillations during
visual perception are related to symptoms and cognitive functioning. Altered visual perception and impaired attention
in the disorder may be the consequence of aberrant slower oscillations that fail to dynamically reset and modulate in
response to stimuli.

https://doi.org/10.1016/j.bpsc.2023.02.001
Cycling of neural activity is hypothesized to reflect the means
by which information is passed through circuits of the brain
(1). These cycles are thought to be reflected in oscillations of
brain activity, wherein the coherent synchronization of
neuronal populations determine the opening and closing of
windows for transmission of information through brain cir-
cuits. There is growing evidence that oscillations in neuro-
physiological recordings (electroencephalography [EEG] and
magnetoencephalography) reflect neural functions that are
crucial for the processing of visual stimuli (2). For instance,
researchers have shown that posterior alpha oscillations
(approximately 10 Hz) are important to the sensitivity of
perception to external visual stimuli (3,4), which may influence
broader attentional (5) and decision-making functions (6).

Schizophrenia is associated with impairments in sustained
attention (7) that are characterized by aspects of poor cognitive
control (8) and aberrant perception (9). Our recent work revealed
that the pace of endogenous alpha oscillations (i.e., individual
alpha peak frequency [IAPF]) in part explains deficits in
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perceptual vigilance noted in people with schizophrenia (10).
Specifically, we showed that IAPF was not only reduced in par-
ticipants with schizophrenia compared with control participants
but also was related to impaired cognition by way of impaired
performance on a visual sustained attention task. However,
previous findings suggest that the point of the neural oscillatory
cycle when a visual stimulus arrives (also known as phase) in-
fluences the likelihood the stimulus will be perceived (11,12) and
attended (13). Subsequently, enhanced perception and attention
toward a stimulus is purportedly driven by neural populations
aligning in their phases of activity allowing for the successful
transmission of information through brain circuits (14).

Here, we report on an examination of the phase and
strength of oscillations recorded over occipital/parietal brain
regions in people with schizophrenia while they performed a
visual target detection task designed to tap sustained atten-
tion. We characterized the consistency of oscillatory phase
across trials following the onset of a stimulus to assess
whether there was poor alignment of neural responses after
logical Psychiatry. Published by Elsevier Inc. All rights reserved. 337
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visual input in schizophrenia. We also tested whether the
amplitude (i.e., strength) of oscillations after stimulus onset
(which can reflect synchronization of neural populations) was
aberrant in people with schizophrenia. Although the degraded
stimulus continuous performance task (DS-CPT) has been
widely used to assess visual sustained attention, we are un-
aware of published reports of oscillatory dynamics that may
support perceptual functions and allow differentiation of tar-
gets and nontarget stimuli.

The discrimination of visual stimuli in healthy individuals
relies on early phase locking (15,16) and later desynchro-
nization of alpha (17,18) that reflect aspects of attention and
alertness. In patients with schizophrenia, reductions in
intertrial phase coherence (ITPC) have been observed dur-
ing passive viewing of visual stimuli (19) as well as during a
visual learning task (20). Stimulus-induced shifts in alpha
synchronization (i.e., amplitude or strength) have also been
examined in schizophrenia. These studies have revealed
blunted alpha desynchronization during a perceptually
demanding visual task (21) and similar impairments during a
facial discrimination task (22). However, it is unclear
whether such effects are present in sustained visual atten-
tion that is central to global cognitive impairments in the
disorder (23).

In the current study, we measured alpha band ITPC and
event-related desynchronization (ERD) during the DS-CPT in
patients with schizophrenia and healthy control participants.
We hypothesized that patients with schizophrenia would show
1) impairments in stimulus discrimination that relate to reduced
alpha ITPC shortly after stimulus presentation consistent with
disrupted perceptual processes and 2) reduced ERD during a
later period of stimulus processing consistent with impair-
ments in attention allocation and/or cognitive control. To un-
derstand the functional significance of these oscillatory
processes, we examined interrelationships between alpha
ITPC and ERD as well as their associations with task perfor-
mance, IAPF measured from resting EEG, and indices of
clinical and cognitive functioning. Finally, we determined
whether oscillatory abnormalities were specific to alpha by
examining oscillations of nearby frequencies (e.g., theta and
beta).

METHODS AND MATERIALS

Participants

Patients with schizophrenia (n = 91) and control participants
(n = 76) 18 to 60 years of age performed the DS-CPT as part of
4 separate study protocols. All participants completed a
diagnostic interview performed by trained research staff using
the Structured Clinical Interview for DSM-IV-TR and the
Diagnostic Interview for Genetic Studies. Diagnostic in-
terviews were reviewed by 2 or more PhD-level clinicians or
advanced graduate students to establish consensus di-
agnoses for each research participant. All participants with
schizophrenia were required to have a clinical diagnosis of
either schizophrenia or schizoaffective disorder and were
largely stable outpatients. Control participants were required
to have no diagnosis of a psychotic or mood disorder
(including bipolar disorder) and no first-degree relatives with
psychotic or mood disorders. Participants with substance
338 Biological Psychiatry: Cognitive Neuroscience and Neuroimaging M
abuse in the past month or substance dependence in the last
6 months were excluded. Participants with compromised
hearing or vision (i.e., legally blind or unable to hear without a
hearing aid), an estimated IQ ,70, epilepsy or recurrent sei-
zures in adulthood, or any other medical condition that might
preclude participation were excluded. A total of 72 partici-
pants with schizophrenia were receiving a stable dose of an
antipsychotic medication. All participants completed a written
informed consent process before participation, and all pro-
cedures were approved by the institutional review boards of
the Minneapolis Department of Veterans Affairs Medical
Center and the University of Minnesota.

Participants also completed clinical and cognitive assess-
ments. The Brief Psychiatric Rating Scale (24) was adminis-
tered to both control and schizophrenia participants to
measure a broad set of mental disorder symptoms. Cognition
was measured using 4 subtests from the Wechsler Adult In-
telligence Scale, Third Edition: block design to measure
perceptual reasoning, digit span to measure working memory,
digit-symbol coding to measure processing speed, and vo-
cabulary to measure verbal reasoning. Age-normed scores
across all 4 subtests were averaged to derive a measure of
global cognition.
EEG Acquisition

Three different EEG collection systems and montages were
used across the 4 studies. Forty-five (patients with schizo-
phrenia: n = 21; control participants: n = 24) recordings were
obtained using a BioSemi 64-channel ActiveTwo AgCl elec-
trode system (BioSemi Inc.), and 89 (patients with schizo-
phrenia: n = 47; control participants: n = 42) recordings were
obtained using a BioSemi 128-channel ActiveTwo AgCl elec-
trode system. In both cases, recordings were sampled at 1024
Hz and referenced after collection to an average ears signal. A
further 33 (patients with schizophrenia: n = 23; control partic-
ipants: n = 10) recordings were collected using a BrainVision
128-channel actiCHamp active electrode EEG system (Brain
Products GmbH) sampled at 1000 Hz and referenced online to
Cz.

DS-CPT procedures have been described in detail else-
where (25–27). Briefly, white single-digit numerals (0–9; 4.3� 3
3.4� visual angle) were presented for 29 ms on a black back-
ground followed by a white display for 971 ms. Both the digits
and the black background were degraded, such that 40% of
white pixels were switched to black, and 40% of black pixels
were switched to white. Participants were asked to respond
with a button press to target stimuli (“0”) presented 25% of the
time and withhold a response to nontarget stimuli (“1–9”). After
160 practice trials, participants completed 320 trials over 4
separate blocks (80 trials/block) presented in pseudorandom
order (Figure 1). Additionally, all participants underwent resting
EEG procedures, which are described in detail elsewhere (10).
Briefly, participants alternated between 45-second periods of
keeping their eyes open or closed. Each state was repeated at
least 3 times, for a minimum of 135 seconds of recorded EEG.
Participants had a mean (SD) 119.80 (21.49) seconds of
analyzed data with no differences between groups (p = .45).
Only data from the eyes-closed period were used in the current
arch 2024; 9:337–345 www.sobp.org/BPCNNI
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Figure 1. White single-digit numerals (0–9; 4.3� 3 3.4� visual angle) were
presented for 29 ms on a black background followed by a white display for
971 ms. The digits and black background were degraded, such that 40% of
white pixels were switched to black, and 40% of black pixels were switched
to white. Participants were asked to respond with a button press to target
stimuli (“0”) presented 25% of the time and withhold a response to nontarget
stimuli (“1–9”). (Original stimulus images were provided courtesy of Keith H.
Nuechterlein.)
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analysis with IAPF calculated as the frequency with maximum
power between 7 and 13 Hz.

EEG Preprocessing

EEG signals were digitized, high-pass filtered at 0.5 Hz, and
downsampled to 256 Hz using the resample function in
MATLAB (R2020a, The MathWorks, Inc.) (which includes an
anti-aliasing filter). Recordings were then divided into epochs
that extended from 200 ms before the stimulus onset to 1000
ms after the stimulus onset. Next, epoched data were sub-
mitted to independent component analysis for the removal of
ocular, muscular, and cardiac artifacts (28). This method
combined both automated and manual inspection of the in-
dependent components as well as visual examination of the
time series to exclude contaminated epochs. Last, the
denoised data were reconstituted for each subject, and elec-
trodes that were deemed noisy were interpolated using
spherical splines before re-referencing to the average signal
across all electrodes. After denoising, the BioSemi 128-
channel data and BrainVision 128-channel data were interpo-
lated to reflect the 64 channels of the BioSemi 64-channel
montage (in part because the BioSemi electrodes conformed
to a radial montage). Therefore, all datasets shared a common
montage before further analysis. Only correct trials were
included in the ensuing analyses.

Measurement of ITPC and ERD

Time-frequency analysis was implemented via complex morlet
wavelet convolution. Due to a relatively short task intertrial
interval, each trial was reflected forward and backward to help
reduce spectral leakage (i.e., the trial values were flipped left to
right and then concatenated to both the beginning and the end
of the original trial) (29). Baseline for power normalization was
defined as 2175 ms prestimulus to 225 ms prestimulus. This
was done to maximize the signal-to-noise ratio of the baseline
while avoiding contamination by 1) event-related activity that
bleeds into the prestimulus time window due to temporal
Biological Psychiatry: Cognitive Neuroscience and Ne
smearing (a by-product of wavelet convolution) and 2) slight
spectral leakage from reflected trial before baseline. Wavelet
cycles were logarithmically spaced from 3 to 8 for a 1- to 40-hz
frequency window. Power values were baseline normalized
and converted to decibels. ITPC was calculated from the
phase angle time series produced by the Morlet wavelet
convolution over the specified window for each participant.
ERD (effectively total event-related spectral power perturba-
tion) was quantified by averaging power across frequency and
time for each specified time-frequency window for each
participant.

Planned Analyses

Based on previous work, we included only subjects with a
sufficient number of artifact-free correct trials in the analysis [at
least 20 trials based on guidelines suggesting that ITPC met-
rics stabilize at this point (29)]. Included participants had a
mean (SD) of 53.61 (18.27) target trials with no differences
between groups (t140 = 0.03, p = .98) and 205.89 (39.62)
nontarget trials with no differences between groups (t = 20.55,
p = .58). Based on visual inspection of grand averaged surface
plots and scalp topographies collapsed across groups, the
investigators (ISR and VJP) chose to measure early alpha (8–12
Hz) ITPC 50 to 250 ms after stimulus onset over occipital
electrodes Oz, O1, O2, POz, PO3, and PO4 and alpha (8–12
Hz) ERD 360 to 700 ms after stimulus onset over posterior
parietal electrodes O1, O2, PO3, PO4, PO7, and PO8. For both
dependent variables, we used a 2 3 2 repeated-measures
analysis of variance covarying for age, gender, and study
montage to test the effects of group (schizophrenia vs. con-
trol), trial type (target vs. nontarget), and a group 3 trial type
interaction.

We followed up with exploratory linear models (neural
measures predicting clinical/cognitive outcomes and co-
varying for age, gender, and study montage) to examine
the relationship between ITPC/ERD and task performance
(dʹ ), psychiatric symptoms (Brief Psychiatric Rating Scale
total score), and global cognition (Wechsler Adult Intelli-
gence Scale, Third Edition composite scores) as well as
between ITPC/ERD and IAPF measured during resting EEG.
Initial linear models included an interaction term with group
to determine whether schizophrenia and control participants
showed significant slope differences. In cases where slopes
differed, we examined relationships with clinical/cognitive
variables in schizophrenia and control participants inde-
pendently. In cases where slopes did not differ, we
examined common slope relationships across groups.
Finally, though we did not hypothesize lateralized effects,
we performed post hoc analyses to determine laterality in
ERD over posterior parietal electrodes (see the
Supplement).

RESULTS

A total of 142 participants (schizophrenia: n = 74; control:
n = 68) had enough artifact-free target and nontarget trials to
be included in the full analysis. Participant demographics are
presented in Table 1. Patients with schizophrenia were
younger (t140 = 22.13, p = .03), had less education (t140 =
4.70, p , .001), were more symptomatic (t140 = 11.22, p ,
uroimaging March 2024; 9:337–345 www.sobp.org/BPCNNI 339
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Table 1. Demographics

SCZ Group, n = 74,
Mean (SD)

CON Group, n = 68,
Mean (SD) t Value (df) p Value Effect Size, d

Age, Years 42.64 (10.76) 46.52 (10.7) 22.13 (140) .03 0.36

Education, Years 13.47 (2.23) 15.13 (1.9) 24.7 (140) ,.001 0.80

DS-CPT dʹ 2.2 (0.97) 2.46 (1.07) 21.49 (140) .14 0.25

WAIS-III Composite Scorea 9.42 (2.37) 11.14 (2.12) 23.99 (140) ,.001 0.76

BPRS Total Score 44.48 (10.62) 28.77 (4.52) 11.22 (140) ,.001 1.84

CPZ Equivalent Dosage 595.84 (541.24) – – – –

The schizophrenia (SCZ) (males: n = 54) and control (CON) (males: n = 41) groups did not differ on the number of male and female participants
(c2

1
= 1.14, p = .29).

BPRS, Brief Psychiatric Rating Scale; CPZ, chlorpromazine; dʹ, task performance; DS-CPT, degraded stimulus continuous performance task;
WAIS-III, Wechsler Adult Intelligence Scale, Third Edition.

aWAIS-III composite scores reflect the average from 4 age-normed scaled scores.
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.001), and had worse global cognition (t140 = 23.99, p =

.001) than control participants, but the groups were similar in
gender composition (c2

1 = 1.14, p = .29). Patients with
schizophrenia as a group failed to show significant impair-
ment on the DS-CPT task performance measured by the
signal detection index dʹ when age and gender were
included as covariates (F1,140 = 2.60, p = .11; Cohen’s d =
0.25).
Figure 2. Alpha intertrial phase coherence (ITPC) during the degraded stimulu
across trials of the phase of alpha activity after stimulus presentation) was comp
nontarget trials during the DS-CPT. (A) ITPC during target trials was examined in
boxes on the surface plots) over posterior electrodes (depicted in red on the topog
participants for target trials (t140 = 22.21, p = .03). (B) ITPC during nontarget trials a
was reduced in patients with SCZ compared with CON participants (t140 = 22.6
confirmed that ITPC was reduced in patients with SCZ for both target and nontarge
trial type interaction. *p , .05.

340 Biological Psychiatry: Cognitive Neuroscience and Neuroimaging M
Intertrial Phase Coherence

ITPC measured 50 to 250 ms after stimulus onset over oc-
cipital electrodes (Oz, O1, O2, POz, PO3, and PO4) in the alpha
range (8–12 Hz) was reduced in patients with schizophrenia
compared with control participants (F1,136 = 9.41, p = .003;
these results were confirmed when additionally including
number of trials as a covariate, p = .002) (Figure 2). There was
no effect of trial type (F1,140 = .40, p = .53) or a group 3 trial
s continuous performance task (DS-CPT). Alpha ITPC (i.e., the consistency
ared between schizophrenia (SCZ) and control (CON) groups for target and
the alpha band (8–12 Hz) 50–250 ms after stimulus onset (depicted by black
raphies). Alpha ITPC was reduced in patients with SCZ compared with CON
lso examined alpha 50–250 ms over posterior electrodes. ITPC for nontargets
0, p = .01). A 2 3 2 analysis of variance comparing groups and trial types
t trials (F1,136 = 9.41, p = .003) but revealed no effect of trial type or a group 3
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Table 2. Post Hoc Relationships Between Neural and Clinical/Cognitive Outcomes

Slope Difference Common Slopes

Task
Performance Symptoms Cognition Task Performance Symptoms Cognition

Measure t (df) p t (df) p t (df) p t (df) p t (df) p t (df) p

Alpha ITPC, All Trials 2.60 (134) .01a 20.43 (134) .67 20.79 (134) .43 0.78 (136) .44 21.42 (136) .16 1.90 (136) .06

Broadband ITPC, All Trials 2.44 (134) .02a 20.16 (134) .87 20.76 (134) .45 0.82 (136) .42 21.59 (136) .11 21.97 (136) .05

Alpha ERD, All Trials 0.41 (134) .68 0.52 (134) .60 21.75 (134) .08 22.90 (136) .004a 2.99 (136) .003a 23.17 (136) .002a

Later Alpha ERD, Targets 0.90 (134) .37 20.37 (134) .72 21.08 (134) .28 21.52 (136) .13 2.47 (136) .01a 22.55 (136) .01a

Later Alpha ERD, Nontargets 20.25 (134) .80 0.72 (134) .47 21.52 (134) .13 24.26 (136) ,.001a 2.58 (136) .01a 22.42 (136) .02a

Beta ERD, Targets 0.51 (134) .61 20.25 (134) .81 20.11 (134) .91 22.25 (136) .03a 2.27 (136) .02a 22.28 (136) .02a

Beta ERD, (Nontargets) 0.64 (134) .52 0.66 (134) .51 21.25 (134) .21 25.47 (136) ,.001a 2.96 (136) .004a 22.13 (136) .04a

SCZ Group CON Group

Task
Performance Symptoms Cognition Task Performance Symptoms Cognition

t (df) p t (df) p t (df) p t (df) p t (df) p t (df) p

Alpha ITPC, All Trials 1.98 (68) .05 0.26 (68) .80 20.03 (68) .98 21.04 (62) .30 1.53 (62) .13 1.07 (62) .29

Broadband ITPC, All Trials 1.89 (68) .06 0.35 (68) .73 0.11 (68) .91 20.98 (62) .33 0.82 (62) .42 1.18 (62) .25

Alpha ERD, All Trials 21.24 (68) .22 0.71 (68) .48 22.80 (68) .007a 21.95 (62) .06 0.19 (62) .85 20.50 (62) .62

Later Alpha ERD, Targets 0.11 (68) .92 20.18 (68) .86 21.73 (68) .09 21.19 (62) .24 0.02 (62) .99 20.30 (62) .77

Later Alpha ERD, Nontargets 22.72 (68) .008a 0.76 (68) .45 22.28 (68) .03 22.50 (62) .02a 20.08 (62) .94 20.27 (62) .79

Beta ERD, Targets 20.82 (68) .41 20.39 (68) .70 20.86 (68) .38 21.49 (62) .14 20.48 (62) .64 20.93 (62) .36

Beta ERD, Nontargets 22.86 (68) .006a 0.90 (68) .37 21.72 (68) .09 24.05 (62) ,.001a 0.35 (62) .72 20.24 (62) .81

All exploratory linear models included covariates for age, gender, and study montage to examine the relationship between ITPC/ERD and task
performance (dʹ ), psychiatric symptoms (Brief Psychiatric Rating Scale total score), and global cognition (Wechsler Adult Intelligence Scale, Third
Edition composite scores). Slope difference models included an interaction term for group to determine whether the schizophrenia (SCZ) and control
(CON) groups showed significant differences in their relationships. We also examined common slope relationships across groups as well as
relationships in the SCZ and CON groups independently.

ERD, event-related desynchronization; ITPC, intertrial phase coherence.
aSignificant difference (p , .05).
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type interaction (F1,140 = .72, p = .40). Next, ITPC averaged
across both trial types was entered into separate linear models
to predict task performance (dʹ), clinical (Brief Psychiatric
Rating Scale), and cognitive outcomes (Wechsler Adult Intel-
ligence Scale, Third Edition). These results are fully reported in
Table 2. ITPC predicting task performance revealed slope
differences between groups (t134 = 2.60, p = .01), but did not
show significant relationships within groups (ps . .05). Neither
clinical nor cognitive scores showed significant relationships
with ITPC. Antipsychotic medication dosage (chlorpromazine
equivalents) was also unrelated to ITPC for the subset of pa-
tients with schizophrenia taking medications (ps . .63).

Next we examined relationships between alpha ITPC and
IAPF. Groups did not show slow slope differences (t134 = 1.38,
p = .17); therefore, we examined patterns across schizophrenia
and control groups. IAPF across groups predicted ITPC across
both trial types (b = 0.22, t136 = 2.78, p = .006), suggesting that
faster endogenous cycling of alpha oscillations is related to
greater consistency in the phase of the alpha band after stimulus
presentation. This is consistent with a greater pace of the alpha
rhythm facilitating better reset of the cycle with sensory input.
However, within groups, this relationship was observed only in
patients with schizophrenia (b = 0.26, t68 = 2.52, p = .01) and not
control participants (b = 0.05, t62 = 0.43, p = .67) (Figure 3A).

Based on examination of the time and frequency plots in
Figure 2, we performed follow-up tests on frequency bands near
alpha to determine whether ITPC effects were specific to the
Biological Psychiatry: Cognitive Neuroscience and Ne
alpha range (Figure S1). Patients with schizophrenia showed
reduced early ITPC (50–250 ms) over occipital electrodes in the
lower beta band (13–20 Hz) compared with control participants
(F1,136 = 7.95, p = .006), which did not differ by trial type
(F1,140 = 0.59, p = .44), and group did not interact with trial type
(F1,140 = 1.04, p = .31). A similar, though longer, phase consis-
tency period (50–450 ms) was also observed in the theta band
(4–7 Hz), where ITPC was greater in control participants
compared with patients with schizophrenia (F1,136 = 8.04,
p = .005), with no trial type (F1,140 = 0.41, p = .52) or group 3 trial
type effects (F1,140 = 1.26, p = .26). We examined broadband
ITPC averaged from 4 to 20 Hz over 50 to 250 ms and across
both target and nontarget trial types in relation to task perfor-
mance, symptoms, and cognition (Table 2). The relationship
between broadband ITPC and task performance showed slope
differences between groups (t134 = 2.44, p = .02), but no signifi-
cant relationships within groups (ps . .05). Relationships be-
tween broadband ITPC and both symptoms and cognition were
also not observed (ps . .11). Together, these findings indicate
that schizophrenia is associated with less consistency in the reset
of oscillations with visual stimulus input, but only marginally relate
to performance impairments on a sustained visual attention task.

Event-Related Desynchronization

Alpha (8–12 Hz) ERD was measured over posterior parietal
electrodes (O1, O2, PO3, PO4, PO7, and PO8) 360 to 700 ms
uroimaging March 2024; 9:337–345 www.sobp.org/BPCNNI 341
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Figure 3. Relationships with alpha intertrial phase coherence (ITPC) and
event-related desynchronization (ERD). (A) Lower individual alpha peak
frequency (IAPF) measured from eyes-closed resting electroencephalog-
raphy was predictive of less consistency in the phase of the alpha band
response across trials (ITPC) (b = 0.22, t136 = 2.78, p = .006). Within groups,
this relationship was observed only in patients with schizophrenia (SCZ) (b =
0.26, t68 = 2.52, p = .01) and not control (CON) participants (b = 0.05, t62 =
0.43, p = .67). (B) Less reduction in alpha band power after stimulus pre-
sentation (alpha ERD, where stronger ERD reflects lower values) predicted
worse differentiation between degraded stimulus continuous performance
task (DS-CPT) targets and nontargets as measured by the signal detection
index dʹ (b = 20.25, t136 = 22.90, p = .004). This effect was observed
independently in both SCZ (b = 20.32, t68 = 22.72, p = .001) and CON
(b = 20.32, t62 = 22.50, p = .02) participants.
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after stimulus onset. ERD was weaker in patients with
schizophrenia (less reduction in alpha power) compared with
control participants (F1,136 = 9.06, p = .003) (Figure 4), with an
effect of trial type (F1,140 = 108.59, p , .001) where target
stimuli were followed by stronger ERD compared with non-
targets. There was no group 3 trial type interaction (F1,140 =
2.04, p = .16). Stronger ERD across trial types was predictive of
better task performance (dʹ, b = –0.25, t136 = –2.90, p = .004)
(Figure 3B), though neither group alone showed a significant
relationship (ps . .06). Stronger ERD across trial types and
groups was predictive of fewer psychiatric symptoms (b =
0.26, t136 = 2.99, p = .003) and better cognition (b = 20.30,
t136 = 23.17, p = .002). However, for patients with schizo-
phrenia, stronger ERD predicted better cognition (b = 20.35,
t68 = 22.80, p = .007), while ERD was not predictive of
cognition in control participants. ERD was unrelated to resting
IAPF, occipital ITPC, and antipsychotic dosage for patients
with schizophrenia taking medications (all ps . .24). Together,
these results suggest that while alpha ERD across groups is
related to the strength of visual sustained attention and the
severity of symptoms and cognitive deficits, it is independent
of diminished alpha phase consistency after stimulus onset.

On examination of the time and frequency plots in Figure 4,
we sought to follow up on posterior parietal ERD within briefer
time windows to better capture effects of the task demands
(Figure S2). Similar to previous work (21), we conducted post
hoc analyses on an early (360–530 ms) and a late (531–700 ms)
alpha ERD window. Early ERD showed main effects of group
(F1,136 = 6.52, p = .01) and an effect of trial type (F1,140 = 67.20, p
, .001), but no group 3 trial type interaction (F1,140 = 0.26, p =
.61). Later ERD also showed main effects of group (F1,136 =
12.08, p = .001) and trial type (F1,140 = 127.90, p , .001) as well
342 Biological Psychiatry: Cognitive Neuroscience and Neuroimaging M
as a group 3 trial type interaction (F1,140 = 4.07, p = .046). The
interaction effect was driven by stronger group differences in
target ERD (t140 = 3.32, p = .001) compared with nontarget ERD
(t140 = 2.74, p = .007).

Because the later window revealed a group 3 trial type
interaction, we separately examined the relationships of per-
formance and clinical variables with ERD for targets and
nontargets (Table 2). Task performance showed no relation-
ship with target ERD (ps . .13). However, better task perfor-
mance across groups was related to stronger nontarget ERD
(b = 20.35, t136 = 24.26, p , .001). This effect was observed
independently in both patients with schizophrenia (b = 20.32,
t68 = 22.72, p = .001) and control participants (b = 20.32,
t62 = 22.50, p = .02). Individuals with better global cognition
exhibited stronger target (b = 20.25, t136 = 22.56, p = .01) and
nontarget ERD (b = 20.23, t136 = 22.42, p = .02), though,
again, only patients with schizophrenia showed this relation-
ship with nontarget ERD (b = 20.29, t68 = 22.28, p = .03; all
other relationships p . .10). No relationships were observed
between later ERD and symptoms in the schizophrenia group.

Based on visual inspection of the surface plot, we also
performed post hoc analyses on beta (13220 Hz) ERD across
the 360- to 700-ms window (Figure S2). We observed weaker
ERD in patients with schizophrenia than control participants
(F1,136 = 12.48, p , .001) and less ERD for target than
nontarget trials. We also observed a significant effect of trial
type (F1,140 = 87.75, p , .001). There was a group 3 trial type
interaction (F1,140 = 3.96; p = .048) driven by stronger group
differences in target ERD (t140 = 3.64, p , .001) compared with
nontarget ERD (t140 = 2.47; p = .01). Both stronger target ERD
(b = 20.20, t136 = 22.25, p = .03) and nontarget ERD
(b = 20.44, t136 = 25.47, p , .001) were related to better task
performance (Table 2), though these relationships were
observed independently only for nontargets in schizophrenia
and control participants (schizophrenia: b = 20.33,
t68 = 22.86, p = .006; control: b = 20.48, t62 = 24.05, p =
.0002). Better cognition was associated with stronger target
ERD (b = 20.22, t136 = 22.50, p = .01) and nontarget ERD
(b = 20.20, t136 = 22.29, p = .02); neither group showed these
effects independently (all ps . .09).
DISCUSSION

Neural oscillatory dynamics are disrupted in schizophrenia (30)
and have been found to drive impairments in visual perception
and attention (10,21,31). Consistent with our hypotheses, pa-
tients with schizophrenia showed reduced early alpha ITPC in
response to both target and nontarget stimuli on the DS-CPT,
perhaps reflecting compromised perceptual processing
regardless of stimulus salience. Interestingly, ITPC was related
to IAPF measured during an eyes-closed resting state, sug-
gesting that alpha phase reset in response to visual stimuli
may be dependent on the pace of endogenous oscillatory
activity. We also found that alpha ERD was impaired in
schizophrenia, with weaker ERD during a later cognitive pro-
cessing time window relating to impaired task performance
across groups. The relationship between ERD and task per-
formance was most prominent during nontarget trials and was
evident separately in schizophrenia and control groups.
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Figure 4. Alpha event-related desynchronization (ERD) during the degraded stimulus continuous performance task (DS-CPT). Alpha ERD (i.e., the decrease
in alpha band power after stimulus presentation) was compared between schizophrenia (SCZ) and control (CON) groups for target and nontarget trials during
the DS-CPT. (A) ERD during target trials was examined in the alpha band (8–12 Hz) 360–700 ms after stimulus onset (depicted by the black boxes on the
surface plots) over posterior parietal electrodes (depicted in red on the topographies). Alpha ERD for targets was weaker in patients with SCZ compared with
CON participants for target trials (t140 = 2.92, p = .004). (B) ERD during nontarget trials also examined alpha 360–700 ms over posterior parietal electrodes. ERD
for nontargets was weaker in patients with SCZ compared with CON participants (t140 = 2.70, p = .008). A 2 3 2 analysis of variance comparing group and trial
type confirmed weaker ERD for patients with SCZ in response to target and nontarget stimuli (F1,136 = 9.06, p = .003) and revealed no effect of trial type or a
group 3 trial type interaction. *p , .05; **p , .01.
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We found impaired ERD to also be related to increased
psychiatric symptoms and poorer cognitive abilities. Overall,
blunted alpha ERD may reflect disruptions in the allocation of
attention or an inability to disengage from an inattentive default
state, which likely have broader impact on clinical and cogni-
tive functioning. Difficulty in leaving a default state may man-
ifest in slow or unresponsive alpha rhythms. Because early
alpha ITPC was unrelated to later alpha ERD, it may be that
alpha phase reset after stimulus onset reflects a sensory/
perceptual phenomenon, while higher-order cognitive func-
tions are elicited later and reflect a departure from the default
brain state. This is consistent with related work in an over-
lapping sample of subjects, who showed reduced late poste-
rior ERPs (P3) over parietal electrodes that also related to
impairments in task performance on the DS-CPT (25).

The current findings support the hypothesis that the
neuropathology associated with schizophrenia can be broadly
characterized by alterations in oscillatory cycles (30). Though
previous work in schizophrenia has focused on the timing of
higher-frequency oscillations during cognitive demands (32),
our findings as well as other recent findings implicate lower-
frequency oscillatory cycles as part of atypical perception
(10,20,31,33). In the current study, group differences in ITPC
Biological Psychiatry: Cognitive Neuroscience and Ne
were characterized by broadband (4–20 Hz) coherence re-
ductions in schizophrenia, which is consistent with previous
studies in schizophrenia that identified reduced ITPC in the
theta band that employed visual attention (34) and visual gaze
discrimination paradigms (35). It may also be consistent with
evidence of greater neural noise observed in schizophrenia
(36). These findings are also consistent with widely observed
perceptual timing impairments in schizophrenia (37–39), which
indicate that these cycles are present in behavioral data.
Overall, visual perceptual disruptions appear to be a prominent
feature of schizophrenia (40) and may contribute to down-
stream impairments in cognition (9) and functioning (41,42).
Oscillatory cycles may therefore be useful treatment targets for
this population.

The current findings also reveal that disruptions in alpha
oscillations, and possibly beta, disrupt aspects of adaptive
neuronal inhibition, as reflected in blunted ERD (i.e., reduction
of oscillatory power), important during states of enhanced
vigilance and cognitive control (43). Notably, both alpha and
beta ERD showed evidence of group 3 trial type interactions,
such that the control group demonstrated enhanced
desynchronization during target compared with nontarget tri-
als, while this was not observed in the schizophrenia group.
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This effect is consistent with previous studies in schizophrenia
that have identified impaired low-beta desynchronization in
response to lateralized attention deployment (44) and weaker
late window (approximately 500–700 ms) alpha desynchroni-
zation in response to salient stimuli in a cognitive control
paradigm (45).

While ERD was modulated for targets compared with non-
targets, our post hoc analyses found relationships only be-
tween better DS-CPT performance and stronger nontarget
ERD in both the alpha and the beta bands. This suggests that
enhanced oscillatory desynchronization during nontargets was
indicative of better task performance overall and coincides
with recent findings demonstrating that alpha ERD is modu-
lated by the saliency of a distractor during working memory
(46). Furthermore, our findings are consistent with evidence
that alpha desynchronization reflects cognitive load or effort
(47) as well as more complex cognitive control processes
(48,49).

Limitations

In the current sample, groups did not statistically differ on DS-
CPT performance, though a large-scale multisite study iden-
tified “medium” effect size impairments on this task in
schizophrenia (50) similar to that observed in the present study
(d = 0.25). While this may have blunted our observed neural
effects, it does indicate that oscillatory abnormalities persist
even when attention or perception is not significantly impaired.
Interpretation of the ITPC findings may be limited given the
triangular and broadband appearance of the task effect, sug-
gesting that phase coherence may in part be driven by early
event-related potentials (51). Also, our ERD analysis was
restricted by a short baseline period, which can impact the
estimate of alpha desynchronization. Because the DS-CPT
does not accommodate a longer baseline period, future work
may be required to use different paradigms to validate these
findings. Short baseline windows also limited examination of
prestimulus phase angle and synchrony that might have pre-
dicted varying levels of perception or attention from trial to trial.
However, given our previous findings demonstrating that lower
alpha peak frequencies are evident at rest in schizophrenia but
are related to DS-CPT performance (10), it is likely that slowed
oscillatory dynamics have an influential role on cognitive
performance—particularly when sustained visual attention is
required. Though future work may be directed at these re-
lationships in eyes-open resting conditions. We also did not
examine higher frequencies in the gamma range that may also
play an important role in higher-order cognitive deficits
observed in schizophrenia (30). Finally, the interpretation of
these results cannot offer insights about the source of cortical
dysfunction. Future work should pursue source-level analyses
to identify the mechanisms underlying impairments in oscilla-
tory coherence and synchronization in schizophrenia.

Conclusions

Individuals with schizophrenia exhibited impairments in
broadband ITPC as well as blunted alpha/beta ERD during a
sustained visual attention paradigm. While reduced ITPC may
reflect early perceptual impairments, decreased alpha ERD
likely reflects deficits in attention and cognitive control, as
344 Biological Psychiatry: Cognitive Neuroscience and Neuroimaging M
desynchronization was found to predict better task perfor-
mance. Impaired visual perception and attention in schizo-
phrenia could ultimately be the consequence of slowed alpha
oscillations that fail to effectively respond to stimuli and inef-
ficiently desynchronize in response to higher-order cognitive
demands. Slower ITPC and alpha/beta ERD may be mean-
ingful treatment targets for future interventions seeking to
enhance perception, attention, and cognitive control in
schizophrenia and related psychotic disorders.
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