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A B S T R A C T

Abnormal spontaneous and evoked oscillations have been reported in several studies of patients with psychotic
disorders. Resting alpha power and peak alpha frequency may be decreased in patients with psychosis. We used
high-density EEG (hd-EEG) to record resting-state data and steady-state visual evoked potentials (SSVEPs) in
patients with first episode psychosis (FEP) and healthy controls to compare brain resonances across multiple
frequencies. We recorded hd-EEG (128 channels) from 22 FEP patients and 22 healthy controls during eyes-
closed resting state and eyes-closed photic stimulation at 1 Hz, 4 Hz, 10 Hz, 20 Hz, and 40 Hz. Alpha power, peak
alpha frequency, and SSVEP amplitude were analyzed using ANOVA and statistical non-parametric mapping. We
found that FEP patients had lower peak alpha frequencies (9.72 Hz vs 10.40 Hz, p= .02, Cohen's d=0.73) and
this decrease was driven by slowing over the central and posterior scalp. There was no difference in alpha power.
Alpha waves propagated primarily from anterior to posterior and that propagation was slowed in patients.
During SSVEP, patients had smaller increases in EEG power in the stimulation band (F(1,184) = 5.3, p= .02).
Patients had attenuated responses to SSVEP stimulation at alpha, beta and gamma frequencies. The gamma
response was partially preserved in patients who also had depressive symptoms. We conclude that even in early
stages of illness, psychotic disorders are associated with decreased alpha peak frequency and impaired evoked
resonances. These findings implicate multiple patterns of dysconnectivity in cortico-cortico and cortico-thalamic
networks in FEP.

1. Introduction

During periods of quiet rest, the human electroencephalogram
(EEG) is dominated by large bursts of alpha (8–12 Hz) band activity.
This is a well-described phenomenon that was first noted by Hans
Berger during his initial investigations with EEG (Millett, 2001). Since
these reports, a large body of literature has been produced detailing the
nature of the alpha rhythm, its relationship with the resting state, and
its perturbation in neurological and psychiatric illnesses (Hughes and
Crunelli, 2005).

The basic neurophysiology of the alpha rhythm is incompletely
understood. Neuroimaging and invasive studies indicate that the alpha
rhythm is generated by a complex interplay between thalamic and
cortical pacemakers and propagates via short and long range cortico-
cortical, cortico-thalamic, and thalamo-cortical connections (Hughes
and Crunelli, 2005; Schreckenberger et al., 2004). Thalamic driving of
alpha activity is thought to arise from high-threshold burst firing within
thalamocortical neurons in the lateral geniculate nucleus (LGN) and

pulvinar nucleus which then project to the posterior cortex (Hughes and
Crunelli, 2005). However, the thalamus is not the sole pacemaker of the
alpha rhythm. High-threshold bursting within these thalamic nuclei is
tuned by corticothalamic input (Hughes and Crunelli, 2005). Further-
more, EEG and electrocorticography studies have shown that alpha
waves propagate from anterior-to-posterior and from the cortex to the
thalamus (Ito et al., 2005; Bahramisharif et al., 2013; Halgren et al.,
2017; Manjarrez et al., 2007). It may be that alpha activity in the
prefrontal cortex, modulated by attentional and cognitive demands,
propagates via short-range connections to adjacent cortical areas and
via long-range connections to the thalamus. The thalamic alpha pace-
maker is entrained by this input. The thalamic pacemaker entrains
downstream alpha waves in the posterior cortex. Thus frontal regions
drive posterior alpha activity via both cortico-cortical and cortico-tha-
lamo-cortical connections. This is consistent with a proposed role of the
alpha rhythm in mediating top-down cognitive control (Becker et al.,
2017; Hanslmayr et al., 2011; Samaha et al., 2015).

Given the complexity of the neural systems underlying the alpha
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rhythm, it is perhaps not surprising that these systems are disrupted in
patients with psychotic disorders. Multiple studies have reported that
patients with schizophrenia have decreased resting state alpha power,
but there are also reports of increased alpha power (Clementz et al.,
1994; Karson et al., 1988; Goldstein et al., 2015; Harris et al., 2006;
Boutros et al., 2008; Narayanan et al., 2014). Decreased alpha power
has been reported in a variety of psychiatric and neurological illnesses
as well as in healthy relatives of individuals with psychotic disorders
(Clementz et al., 1994; Boutros et al., 2008; Narayanan et al., 2014;
Basar et al., 2012; Karadaǧ et al., 2003; Prinz and Vitiello, 1989; Llinas
et al., 1999). Alpha power is decreased in medication-naïve first epi-
sode schizophrenia patients as well as in chronic, medicated patients
and euthymic bipolar patients without psychotic symptoms (Clementz
et al., 1994; Goldstein et al., 2015; Basar et al., 2012). It is unlikely to
be a medication effect given that patients with affective disorders who
use antipsychotic medication appear to be indistinguishable from con-
trols (Goldstein et al., 2015). In addition to changes in absolute alpha
power, the nature of the alpha activity is also altered in schizophrenia.
Specifically, studies of resting EEG of patients have also shown de-
creased peak alpha frequency (Harris et al., 2006). Peak alpha fre-
quency may be inversely correlated with duration of illness, but de-
creases are detected in first-episode patients (Clementz et al., 1994;
Goldstein et al., 2015).

The resting-state data suggests disruption in the alpha-generating
networks in psychotic disorders but are ambiguous as to the specific
causal dysfunction. One possibility is that patients with psychotic dis-
orders have an intrinsically slowed alpha rhythm as a result of persis-
tent hyperpolarization of thalamocortical neurons caused by in-
appropriate corticothalamic feedback and/or dsyfunction within the
thalamocortical neurons themselves (Hughes and Crunelli, 2005). In
this case, the “alpha” activity might extend into the slower theta band
(Llinas et al., 1999). Alternatively, there could be slowing of intrinsic
alpha pacemakers or relatively impaired propagation of faster alpha
activity. Steady-state visual evoked potentials (SSVEPs), a measure of
the entrainment of brain rhythms produced by repeatedly presenting a
visual stimulus at a fixed frequency, can further clarify the disruption in
this system (Rice et al., 1989). The SSVEP response is mediated by the
magnocellular and parvocellular neurons within the LGN as well as
pulvinar nuclei projections onto visual cortex (Vialatte et al., 2010).
SSVEPs can be elicited using a stimuli which preferentially target dif-
ferent components of this pathway (Wada et al., 1995). SSVEPs do not
rely on any potential frontal cortex pacemaker, although the amplitude
of the SSVEP response may be modulated by attention (Hanslmayr
et al., 2011; Müller and Hübner, 2002). There is a large body of lit-
erature describing abnormal SSVEP responses in schizophrenia. In
particular, the photic driving response which refers to the ability of
high-intensity periodic flashing light to induce harmonic oscillations in
the EEG via a magnocellular-mediated process, is known to be dis-
rupted in patients with schizophrenia (Jin et al., 1990, 1997; Butler and
Javitt, 2005).

There is a growing consensus that psychotic disorders are over-
lapping entities that exist on a continuum (Craddock and Owen, 2007).
A first episode of psychosis results from combinations of genetic, de-
velopmental and environmental events as well as complex homeostatic
responses to these events (Craddock and Owen, 2007; Corvin and
Harold, 2015; Ripke et al., 2014; Lisman et al., 2008). Such hetero-
geneity would likely vary over time and may be why diagnostic cate-
gories are highly unstable early in the course of psychotic illness (Shinn
et al., 2017). Furthermore, even in individuals with a stable, well-es-
tablished diagnosis, there is considerable variability in clinical outcome
that cannot be entirely explained by treatment adherence or co-morbid
substance use (Tohen et al., 2003). Therefore, in this study, we con-
sidered patients with first episode psychosis (FEP) as a distinct cate-
gory, irrespective of whether they were diagnosed with affective or
non-affective psychosis. In this way, we hoped to identify features that
were common to patients with a recent onset of psychotic symptoms

and that are unlikely to be related to prolonged medication exposure or
the impact of disease chronicity longer than 3 years. Within these pa-
tients, we used a recently developed five-factor analysis of the Positive
and Negative Symptom Scale (PANSS) in order to more precisely
characterize symptom burden at the time of EEG recording (Wallwork
et al., 2012).

We used resting-state high-density EEG (hd-EEG) and SSVEPs to
probe physiology in FEP patients. Hd-EEG allowed us to more precisely
delineate regional changes in alpha power and assess abnormalities in
traveling wave characteristics obscured by more limited EEG montages.
Based on prior findings and theoretical considerations, we hypothesized
that FEP patients would have decreased alpha power and alpha fre-
quency as well as decreased SSVEP responses to alpha, beta, and
gamma stimulation consistent with abnormal thalamic functioning. We
also hypothesized that the topography of these deficits would be con-
sistent with disrupted cortico-cortical propagation of the alpha wave.

2. Methods and materials

2.1. Participants

Twenty five patients with first-episode psychosis (within 3 years of
initial diagnosis) were recruited from inpatient units and outpatient
clinics at McLean Hospital. Age-matched controls with no history of
current or previous mental illness were recruited from advertisements
posted in the community (Table 1). We excluded individuals with a
history of head injury, neurological disorders, prior electroconvulsive
therapy, and active major medical illness. All study procedures were
approved by the Institutional Review Board of the Partners HealthCare
System. Participants provided written informed consent. Patients

Table 1
Demographic information about patients and controls. Values shown are
mean ± standard error of the mean. Sz= schizophrenia,
Sza= schizoaffective, BP=bipolar with psychotic features.

HC FEP

n 22 22
Age (years) 23.1 ± 2.7 22.0 ± 2.7
Sex (male/female) 11/11 15/7
PANSS Positive Factor 7.5 ± 2.8
PANSS Negative Factor 11.4 ± 3.6
PANSS Disorganized Factor 4.7 ± 2.1
PANSS Excited Factor 5.8 ± 2.3
PANSS Depressed Factor 4.4 ± 1.6
Chlorpromazine (CPZ) equivalents (mg) 232.7 ± 181.0

Chlorpromazine (CPZ)
equivalents (mg)

% Taking Mood
Stabilizer

SZ/SZA 7 360.4 ± 73.4 50
BP
Manic 7 209.6 ± 51.7 85.7
Depressive 1 0 100
Mixed 2 275.0 ± 125.0 100
Euthymic 2 133.5 ± 133.5 50
MDD w/psychosis 1 133 0
Psychosis NOS 2 200.0 ± 200.0 0
No current or past

substance use
disorders

8

Alcohol use disorder
Active 3
In remission 0
Cannabis use disorder
Active 9
In remission 2
Opioid use disorder
Active 1
In remission 1
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recruited from inpatient units had an independent evaluation of their
capacity to consent to research performed by independent clinicians.
Data from 3 patients and 3 controls were excluded from the study be-
cause of excessive EEG artifact (persistent broadband signal in all
channels). Five additional patients did not complete the visual steady
state evoked potentials portion and one patient completed all but the
40 Hz stimulation.

2.2. Procedure

Patient participants completed a video-taped Structured Clinical
Interview for the Positive and Negative Symptom Scale (SCI-PANSS).
Patient participants also completed the Structured Clinical Interview for
DSM-5. After interviews and collection of demographic data, the EEG
cap was applied (see below). For resting state data, participants were
instructed to fixate on a point approximately 90 cm in front of them and
to remain still and relaxed with eyes closed for three minutes. This was
then repeated with eyes open. Following the resting state recordings,
steady-state visual evoked potential (SSVEP) data was collected for
2min blocks at 1, 4, 10, 20, and 40 Hz. For each block, we instructed
participants to fixate on a lamp 90 cm in front of them and close their
eyes. The lamp was connected to a photic stimulator (PS-22, Grass
Technologies, Warwick, RI) which delivered a sinusoidal light flicker
(peak luminance 1200 cd/m2) at the appropriate frequency. Each
SSVEP block was separated by at least one minute in order to minimize
carry-over effects.

2.3. Clinical characterization

The recorded PANSS interviews were scored offline (Kay et al.,
1987). The PANSS is widely used in psychosis research, although the
factor structure of the scale is controversial. While the original authors
of the PANSS suggested three subscales/factors, multiple subsequent
studies have suggested that five or even seven factors are needed
(Wallwork et al., 2012; van der Gaag et al., 2006). Multiple weighting
algorithms to generate factors have been proposed. In this paper, we
use a five-factor model derived from a consensus of 29 previously
published five-factor models (Wallwork et al., 2012). These factors are
Positive, Negative, Disorganized, Excited, and Depressed. The model
incorporates 20 of the 40 PANSS items. One notable omission is the
Paranoia item (P6). We therefore analyzed this item independently.
Because a previous report suggested that the SSVEP response may be
correlated with hallucinations, we also examined the PANSS Halluci-
nation item independently (Krishnan et al., 2005).

2.4. Electroencephalography

EEG data were collected using a Geodesic Sensor Net (Electrical
Geodesics Incorporated, Eugene, OR) with 128 Ag-AgCl electrodes.
Data were collected at 1 kHz sampling rate with a vertex reference
using the NetStation software package (EGI) in an electrically shielded
room while patients sat in a comfortable chair. Impedences were
maintained below 65 kΩ. EEG data were preprocessed by 0.5–50 Hz
band-pass filtering and spline interpolation of bad channels identified
by visual inspection and then exported to MATLAB (MathWorks, Natick
MA). A semi-automated procedure was then used to identify artefactual
segments of data and any additional bad channels. Following artifact
rejection and bad channel interpolation, the data was then re-refer-
enced to the global average as has been done in previous studies of
resting EEG activity in schizophrenia (Goldstein et al., 2015; Hirano
et al., 2015). For frequency analyses, we estimated the power spectral
density using Welch's method with non-overlapping Hamming windows
of 2 s in length which were then averaged to generate the power
spectral density.

2.5. Traveling wave analysis

EEG data were referenced to linked mastoids and band-pass filtered
from 8 to 12 Hz. A virtual average channel was created by averaging
across all channels. Zero-crossings were detected in this average
channel (Fig. 3a). The timing of the zero-crossings was used to segment
the data. Intervals between positive-going zero- crossings and their
subsequent negative-going zero-crossing were used to identify positive
half-waves and intervals between negative going zero-crossings and
subsequent positive going zero-crossings were used to identify negative
half-waves. Within each half-wave interval, we calculated the timing of
the local maxima/minima for each channel that had a maximum/
minimum not on the edge of the interval. If any channel had multiple
local extrema within the window, we identified that wave as a multi-
peak wave and excluded it from further analysis. There was no differ-
ence between the percentage of multipeak waves in controls
(6.78% ± 0.73%) vs patients (7.81% ± 0.59%, p= .28 unpaired t-
test). This left us with 42,433 half waves in the controls and 33,345 half
waves in patients. For each half-wave, the first 10% of peaks were
considered the origin. This approach of identifying multiple channels as
the origin reduces the precision but makes the algorithm more robust to
spurious peaks (Murphy et al., 2009). For each channel that had a peak
during the half-wave, we calculated the latency between the timing of
the first peak and the peak in that channel as in (Massimini, 2004).

2.6. Source modeling

Source modeling was performed using the Brainstorm toolbox for
MATLAB (Tadel et al., 2011). Standardized electrode locations were co-
registered to a magnetic resonance image of an individual whose head
approximates the Montreal Neurological Institute head. The co-regis-
tered electrode locations and anatomical MRI were used to create a
boundary-element head model. Cortical current sources were modeled
using the standardized low resolution electromagnetic topography
(sLORETA) algorithm (Pascual-Marqui, 2002).

2.7. Statistical analyses

For topographic analyses and power spectral density comparisons,
family-wise error rate was controlled at a level of 0.05 by using sta-
tistical nonparametric mapping (SnPM) and SnPM suprathreshold
cluster analyses (Nichols and Holmes, 2001). For each comparison, we
ran 10,000 randomly selected permutations. We calculated covariance
and correlation matrices with the five PANSS factors, EEG peak alpha
frequency, alpha wave propagation speed and SSVEP responses at each
of the stimulation frequencies and their harmonics.

3. Results

3.1. Peak alpha frequency, but not power, is decreased in patients with first
episode psychosis

For each subject in the eyes-closed resting state, we estimated the
power spectral density (PSD) in each channel and then calculated the
average PSD across channels. Analysis of these mean PSDs showed no
statistically significant differences between patients and controls
(Fig. 1). Both groups had a peak in the alpha frequency range (Fig. 1A).
We found no topographic differences between the two groups in either
individual channel (tested with SnPM) or cluster analysis (tested with
SnPM suprathreshold cluster testing) (Fig. 1B). To quantify variability
in alpha power, we divided the data into 4 s windows, calculated the
alpha power within each window, and then calculated the variance
across windows for each subject. We found no statistically significant
differences in variance between controls (2.03 ± 0.51) and patients
(0.99 ± 0.27) (p= .08, unpaired t-test).

In order to calculate the individual alpha peaks, for each subject and
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each channel in the eyes-closed resting state, we identified the fre-
quency bin in the alpha range (8–12 Hz) with the greatest power. This
was the individual alpha peak for that subject and channel. We then
calculated the mean individual alpha peak by averaging across chan-
nels. Patients had a statistically significant lower peak alpha frequency
(9.72 ± 0.18 Hz) than controls (10.40 ± 0.18 Hz) (p= .011, un-
paired t-test, Cohen's d= 0.80, Fig. 1C). There were no statistically
significant between-group differences in average power across channels
at individual alpha peaks.

We note that within the patient group peak alpha frequency was not
correlated with chlorpromazine equivalents (r=−0.25, p > .26),
mood stabilizers (lithium, divalproic acid, topiramate, r= 0.20,
p > .37), antidepressant medications (bupropion and selective ser-
otonin reuptake inhibitors, r=−0.26, p > .24) or benzodiazepines
(r= 0.13, p > .56). In our study, all patients who were taking anti-
psychotic medication were taking atypical antipsychotics. In previous
work, one atypical antipsychotic, quetiapine, has been shown to de-
crease alpha power in healthy controls (Yoshimura et al., 2007). Two
patients in this study were taking quetiapine. Excluding these subjects
from the analysis did not change our findings of decreased peak alpha
frequency (9.81 ± 0.21 Hz, p= .041, unpaired t-test when compared
to controls) and unchanged alpha power. The two patients taking
quetiapine did not statistically different alpha power (2.59 ± 1.62 vs
3.10 ± 0.51) or peak alpha frequency (10.13 ± 0.12 Hz vs
9.81 ± 0.21 Hz) than the remaining patients, but we note that this
study was not designed or powered to detect such differences.

We repeated these analyses with the eyes-open resting state data.
We again found no statistically significant power differences between
patients and controls. We also found that in the eyes-open condition,
patients again had statistically significant lower peak alpha frequency
(9.03 ± 0.29 Hz) than controls (10.17 ± 0.24 Hz) (p= .0037,
Cohen's d= 0.98). However, for the eyes-open experiment, data from
four additional patients was rejected because of persistent movements,
eye blinks, and other artifacts. Therefore, we restricted our remaining
analyses to the eyes-closed data.

3.2. Decreased peak alpha frequency is driven by central, posterior, and
temporal cortical regions

In order to identify cortical regions that showed slowed alpha
rhythms, we used sLORETA to create cortical current models of the EEG
data and calculated the mean PSD across all cortical voxels (Fig. 2).
Mean source space PSDs and EEG PSDs were similar in appearance but
patients did show an increase in power in several frequency bins in the
theta band range, in particular from 6 to 7.5 Hz (SnPM, p-va-
lues.039–0.049). We did not find power differences in the alpha range.
We then calculated the peak alpha frequency for each cortical voxel and

the mean peak alpha frequency for each subject. To assess effect of
sLORETA on peak alpha frequency subject we compared the peak alpha
frequency in the EEG space to the peak alpha frequency in source space
for each subject (Fig. 2B). EEG and source individual alpha peak fre-
quencies were highly correlated (Pearson's r= 0.828, p < .00001)
although source space frequencies were generally higher. In source
space, there was also a reduction in peak alpha frequency in patients vs
controls (9.35 ± 0.23 Hz, 10.06 ± 0.23 Hz, p= .033, unpaired t-test,
Cohen's d= 0.66).

In both controls and patients, peak alpha frequency was lowest in
prefrontal cortex. We evaluated topographic differences in peak alpha
frequency between the two groups using SnPM suprathreshold cluster
testing and found a large cluster of cortical voxels that had slower peak
alpha frequencies in patients compared to controls (p= .002). This
cluster included portions of frontal, parietal, temporal, and occipital
cortex (Fig. 2c). Notably, prefrontal cortex was spared as was most
somatosensory cortex.

3.3. Propagation of alpha waves is impaired in patients with first episode
psychosis

We tracked the origins and propagation of alpha waves using the
timing of local maxima and minima relative to zero-crossings in the
mean mastoid-referenced channel as described in the Methods section
(Fig. 3). A representative wave is shown Fig. 3b. This wave began over
the front of the scalp and traveled posteriorly. Overall, controls and
patients had a similar pattern of alpha wave origins with most half-
waves originating in a hotspot extending from the anterior-most scalp
laterally to the ears and the fewest originating in a cold-spot over
central regions of the scalp (Fig. 3).

For each alpha half-wave, we calculated the difference between the
timing of the positive peak in each channel and the timing of the first
identified peaks for that wave (Fig. 3). We calculated the average delay
at each channel by averaging across waves. We found a cluster of
posterior-central channels with higher delays in patients compared to
controls indicating slower alpha wave propagation to these regions
(p= .045, SnPM suprathreshold cluster test). In patients, the rate of
propagation was not correlated with chlorpromazine equivalents
(r=−0.25, p > .26), mood stabilizers (lithium, divalproic acid, to-
piramate, r=−0.14, p > .53), antidepressant medications (bupro-
pion and selective serotonin reuptake inhibitors, r=−0.26, p > .24)
or benzodiazepines (r=−0.31, p > .16).

3.4. Patients showed decreased responses to steady state visual stimulation

In steady-state visual evoked potential (SSVEP) experiments, we
analyzed mean eyes-closed EEG power across channels in a 1 Hz bin

Fig. 1. Alpha power and peak frequency. A) Mean power spectra across all channels from 0 to 49 Hz were calculated for controls (black) and patients (red). Shaded
areas are standard error of the mean at each frequency. There were no statistically significant differences between patients and controls in any frequency bin. B)
Topoplots of control and patient alpha (8–12 Hz) power. There were no statistically significant differences in any channel. C) Violin plots of the mean alpha peak
frequency across all channels in controls (gray) and patients (red). * p= .011, unpaired t-test. Patients had significantly lower peak alpha frequencies
(9.72 ± 0.18 Hz vs 10.40 ± 0.18 Hz, Cohen's d= 0.80).
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centered on the stimulation frequency in the stimulation condition
compared to the eyes closed baseline condition (Fig. 4). In both groups,
1 Hz stimulation was unable to produce a clear increase in 1 Hz EEG
power (ANOVA, F(4,184) = 7.1, p < .00001). For all other frequencies,
patients generated smaller increases in power in the stimulation band
across stimulation frequencies (ANOVA F(1,184) = 5.3, p= .02). There
was a statistically significant difference between patients and controls
in response to alpha band (10 Hz) stimulation (p= .036, post-hoc un-
paired t-test).

We also analyzed responses at harmonics of the stimulation fre-
quencies (Fig. 5A). When we compared the responses during stimula-
tion to eyes-closed baseline, we found robust increases in mean EEG
power across channels for the stimulation frequency (first harmonic) at
20 and 40 Hz stimulation in both patients and controls. In healthy
controls, we also found increases in mean EEG power for the second and
third harmonics at 10 Hz stimulation and the second harmonic at 20 Hz
stimulation (SnPM, p < .05). The responses at the harmonic fre-
quencies were less pronounced in the patients and were only statisti-
cally significant in the second harmonic of the 10 Hz stimulation
(SnPM, p < .05).

We examined the spatial topography of the SSVEP responses
(Fig. 5B, leftmost panel). For the 10 Hz stimulation, controls had broad
increases in 10 Hz power. There were also increases in 10 Hz power in
patients, but these did not reach statistical significance. When we
compared the increases in 10 Hz power from baseline to stimulation
condition between patients and controls, we found a large cluster of
central electrodes that showed greater increases in controls than in
patients (SnPM suprathreshold cluster test, p= .01). At the 20 Hz
harmonic response to 10 Hz stimulation, we saw significant increases in

power in anterior and posterior scalp in controls and posterior scalp
only in patients (SnPM suprathreshold cluster test, p≤.0001 and
p < .001 respectively). At the 30 Hz harmonic response to 10 Hz sti-
mulation, controls showed increases in a large cluster of central elec-
trodes while patients showed a much smaller and spatially limited in-
crease in power (SnPM suprathreshold cluster test, p < .0001 and
p= .037).

In the 20 Hz stimulation condition, we found that controls showed a
broad increase in 20 Hz power across the scalp (SnPM suprathreshold
cluster test, p < .0001). In patients, the increase was most pronounced
posteriorly and attenuated toward the front of the head (SnPM, su-
prathreshold cluster test p= .01). There was a cluster of central right
channels that showed a greater 20 Hz power increases during 20 Hz
stimulation in controls compared to patients (SnPM suprathreshold
cluster test, p= .028). At the 40 Hz response, we saw a cluster of
posterior central channels that increased in power in controls (SnPM
suprathreshold cluster test, p < .0001) and a smaller such cluster in
patients (SnPM suprathreshold cluster test, p= .006).

In the 40 Hz stimulation condition, we again found a central cluster
of electrodes in controls that increased in power during photic stimu-
lation (SnPM suprathreshold cluster test, p < .0001). For the patients,
we saw two central electrodes with statistically significant increases
(SnPM, p= .046). When comparing controls to patients directly, we
saw a similar pattern to that observed in the in the 40 Hz harmonic of
10 Hz and 20 Hz stimulation with a central cluster of electrodes that
was greater in controls but did not reach statistical significance.

We also tested if the response to stimulation varied in time in either
controls or patients. For each stimulation frequency, we compared the
first 12 s of stimulation (“early response”) to the final 12 s of

Fig. 2. Source space analysis. A) Mean power spectra across all voxels from 0 to 30 Hz for controls (black) and patients (red). Shaded areas are standard error of the
mean at each point. Lower panel is p value in each bin calculated by statistical non-parametric mapping. There was increased theta power in patients compared to
controls. B) Mean EEG peak alpha frequency plotted vs mean source peak alpha frequency. The peak alpha frequencies derived from EEG are highly correlated with
peak alpha frequencies derived from source space transformed EEG data (Pearson's r= 0.828, p < .00001). C) Cortical map of alpha peak frequency. Average alpha
peak frequency in control (top row) and patient (middle row) groups. The bottom row shows voxels that have a statistically lower peak alpha frequency in the patient
population (SnPM suprathreshold cluster test, p= .002). These areas include medial frontal cortex, parietal cortex, temporal cortex, and occipital cortex.
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stimulation (“late response”) in each subject. We compared average
power in the stimulation frequency band as well as in the 20, 30, and
40 Hz harmonics for 10 Hz stimulation and the 40 Hz harmonic for

20 Hz stimulation. We found no statistically significant differences be-
tween the early response and the late response within either group at
any of the tested frequencies (paired t-tests, all p values> .62,

Fig. 3. Traveling alpha-wave analysis. A) A representative butterfly plot of 8–12 Hz filtered EEG data from a single subject. Each individual channel is plotted in gray.
The average channel is plotted in black. The red stars indicate negative-going zero-crossings and the yellow stars indicate positive going zero-crossings. B) The left
panel shows a representative positive alpha half-wave across channels. The channel tracings are colored based on their delay from the first identified peak. The black
dots are the peaks. The right panel is a topographic map of the delays showing a clear anterior-to-posterior propagation of this wave. C) Alpha wave origin analysis.
For each half wave, channels that peaked within the first ten percentile of the delays were considered to be the origin of that wave. The topoplots show the percentage
of waves each channel originated. Both controls and patients showed more anterior and temporal origins with no statistically significant differences between the two
groups. D) Alpha wave latency analysis. For each channel, we calculated the average delay across all waves. The left two panels are topoplots of this data for controls
and patients. The right most topoplot is the t-values for each channel comparing between the groups. The white dots are a cluster of statistically significant channels
were patients had higher delays than controls (statistical non-parametric mapping suprathreshold cluster test, p= .045).

Fig. 4. Steady state visual evoked potentials. The bar graphs
show average increase across all channels in the stimulation
bands in controls (gray) and patients (red). Error bars are
SEM. Patients showed significantly smaller increases in EEG
power in the stimulation band in response during SSVEP
(F(1,184) = 5.3, p= .02). For both controls and FEP patients,
stimulation at 1 Hz was statistically significantly less able to
produce increases in the stimulation frequency band
(F(4,184) = 7.1, p < .00001). * post-hoc unpaired t-test,
p= .036.
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corrected for multiple comparisons).

3.5. Ability to entrain to faster frequencies is relatively spared in patients
with higher depression scores

We examined the relationship between aspects of resting alpha ac-
tivity and SSVEP response and clinical characteristics such as symptom
severity and duration of illness (Table 1). In this exploratory analysis,
we found that the 40 Hz SSVEP response across all electrodes was po-
sitively correlated with the Depression Factor (Pearson's r= 0.59,
p= .02, uncorrected). The ability to produce 40 Hz EEG power in re-
sponse to visual stimulation at 10 Hz, 20 Hz, or 40 Hz was greater in
patients with higher values for PANSS Depression factor (Fig. 6,
p= .023, uncorrected). We note that this analysis was exploratory and
does not survive multiple comparison correction (p= .11, Bonferroni
adjusted), but may inform future hypothesis-driven work in this area.
Individual peak alpha frequency and alpha wave speed during baseline
were both correlated with 40 Hz stimulation response (r= 0.52,
p= .046 and r= 0.61, p= .009 respectively). In contrast with the
findings for the PANSS Depression factor, the 40 Hz SSVEP response
across all electrodes was negatively correlated with use of anti-
depressant medication (Pearson's r=−0.55, p= .033, uncorrected).

4. Discussion

In this study, we conducted a high-density EEG analysis of resting
alpha frequency and alpha, beta and gamma SSVEP response in a
transdiagnostic sample of FEP patients. This approach allowed us to

probe subtle topographic abnormalities in cortical and thalamic func-
tion in a highly symptomatic population. We report slowing of the peak
alpha rhythm in FEP patients that was most notable over central,
temporal and occipital cortex. Contrary to our hypotheses, we did not
find decreases in alpha power, even in analyses restricted to channels
used in previous reports (Goldstein et al., 2015). This may be related to
the fact that decreased alpha power has previously been shown to be
associated with negative symptoms in schizophrenia (Merrin and Floyd,
1996; Sponheim et al., 2000). Our study population had lower amounts
of negative symptoms than these previous reports (PANSS negative
subscale score of (16.0 ± 0.9, compared to 20.2 in Goldstein et al. for
example)(Goldstein et al., 2015). We also found that, in line with pre-
vious work, alpha waves generated during quiet rest originate in frontal
regions (Ito et al., 2005; Halgren et al., 2017). Origination of alpha
waves appears to be unaffected by psychotic illness while propagation
of alpha waves across the scalp is impaired. Finally, we show that pa-
tients are less able to entrain to alpha, beta, and gamma responses
suggesting an abnormality at or distal to the level of the thalamus that
is not specific to alpha frequencies.

4.1. Alpha rhythm and SSVEP abnormalities in first-episode psychosis
suggest both cortical and thalamic dysfunction

Resting state EEG alpha activity likely arises from coordinated ac-
tivity of frontal alpha generators, thalamic structures including the LGN
and pulvinar nuclei, and downstream posterior cortex (Hughes and
Crunelli, 2005; Halgren et al., 2017; Vijayan and Kopell, 2012).
Therefore, our data provides several lines of evidence that the alpha

Fig. 5. Topographic and harmonic analysis of steady state visual evoked potentials. A) Mean power spectra across all channels from 0 to 49 Hz for each stimulation
condition divided by eyes closed baseline for controls (black) and patients (red). Shaded areas are SEM at each point. Lower panels are statistically significant p-
values by frequency bin between stimulation condition and baseline for controls and patients (SnPM). B) For the 10 Hz, 20 Hz, and 40 Hz stimulation there are
topoplots of t-values for comparisons of, from left to right, “Control” - control stimulation vs Control baseline, “Patient” - patient stimulation vs patient baseline,
“Control vs Patient Increases” – control stimulation/control baseline vs patient stimulation/patient baseline. White circles are statistically significant channels
detected with SnPM suprathreshold cluster testing. +=p < .05, ++=p < .01, +++=p < .001. For each stimulation frequency, we show the comparison
calculated in a 2 Hz bin centered on peak in Fig. 5a that is nearest to stimulation frequency (top row). For the 10 Hz stimulation, we repeated the analysis at the
20 Hz, 30 Hz, and 40 Hz harmonics. For the 20 Hz stimulation, we repeated the analysis at the 40 Hz harmonic.
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findings in psychotic disorders may be related to aberrant corticocor-
tical connectivity, thalamic dysfunction and aberrant thalamocortical
connectivity. We did not find significantly decreased peak alpha fre-
quency in frontal and temporal regions where most alpha waves ori-
ginated. This suggests that frontal cortical alpha pacemakers are rela-
tively normal in these patients. Delayed propagation from these
anterior generators to central regions suggests that short-range supra-
granular corticocortical connections are impaired (Halgren et al.,
2017). In addition, we found that alpha slowing was most notable
posteriorly, downstream from both short-range corticocortical connec-
tions and long range input from thalamic nuclei.

It is unclear to what extent steady-state responses in the alpha band
are caused by entrainment of the endogenous alpha rhythm (Keitel
et al., 2014; Labecki et al., 2016; Notbohm et al., 2016). It is likely that
large scale cortical oscillations are driven by the LGN and by con-
nectivity from occipital cortex toward anterior regions rather than re-
lying on a frontal pacemaker as in endogenous alpha activity (Hoftman
et al., 2015; Krolak-Salmon et al., 2003; Burkitt et al., 2000). In this
paper, we report smaller areas of entrainment at multiple frequencies
and in particular decreases over central areas of the scalp. Anatomical
studies indicate that the LGN is structurally intact in schizophrenia,
although it may be abnormal in patients with affective disorders
(Dorph-Petersen et al., 2009; Selemon and Begović, 2007). This sug-
gests that the observed SSVEP deficits are related to previously reported
decreases in neuron number in visual cortex in schizophrenia or to
previously reported aberrant connectivity between LGN and down-
stream occipital cortex (Anticevic et al., 2014; Dorph-Petersen et al.,
2007). The decrease in 10 Hz SSVEP power with persevered alpha
power may be explained by the relative importance of the occipital
cortex in generating and sustaining the SSVEP response compared to
the endogenous alpha rhythm.

Many different stimuli have been used to elicit the SSVEP response
(Vialatte et al., 2010). The choice of stimuli is thought to influence the
relative recruitment of magnocellular and parvocellular pathways
(Vialatte et al., 2010). Within our photic stimulation paradigm higher
frequency of stimulation has been reported to favor activation of the
magnocellular pathway although this is controversial (Vialatte et al.,
2010; Brenner et al., 2009). Our SSVEP results are broadly consistent
with past work which has shown decreased SSVEP response in schizo-
phrenia at or above 10 Hz stimulation with preserved response at

frequencies below 10 Hz (Goldstein et al., 2015; Rice et al., 1989; Jin
et al., 1990; Krishnan et al., 2005; Brenner et al., 2009; Clementz et al.,
2004; Jin et al., 2000).

Given the uncertainty about the generation and maintenance of
both endogenous alpha rhythm and SSVEP responses, caution should be
taken when applying our results to experimental models of schizo-
phrenia. Amphetamine, which acts to increase dopaminergic tone, has
been used as a model of psychosis (Fink, 1968). However, amphetamine
administration does not appear to produce reliable changes in alpha
activity (Fink, 1968). Data from slice studies and computer modeling
studies have highlighted the role of metabotropic glutamate receptors
and muscarinic acetylcholine receptors in shaping thalamic alpha ac-
tivity (Hughes and Crunelli, 2005; Vijayan and Kopell, 2012; Hughes
et al., 2004). In particular, thalamic alpha rhythm may be slowed by
decreased cholinergic tone (Hughes and Crunelli, 2005). Hypofunction
of N-methyl-D-aspartate receptor (NMDAR) on GABA-ergic interneurons
has been implicated in the pathogenesis of schizophrenia (Nakazawa
et al., 2012). Consistent with this model and with our own results,
ketamine, a NMDAR antagonist, has been shown to decrease alpha
activity and also to exacerbate psychotic symptoms (Lahti et al., 1995;
Blain-Moraes et al., 2014). Furthermore, sub-anesthetic doses of keta-
mine disrupt alpha-band anterior-to-posterior connectivity which is line
with our findings of delayed alpha wave traveling (Nakazawa et al.,
2012). Taken together, this suggests that our findings are broadly
consistent with glutamatergic and GABA-ergic models of schizophrenia.
The GABA-ergic interneurons implicated in the above models are lar-
gely parvalbumin positive (Nakazawa et al., 2012). Methylazoy-
methanol acetate (MAM) has been used to produce a developmental
model of schizophrenia in rats (Lodge et al., 2009). MAM-exposed rats
have several neurologic abnormalities including a notable loss of par-
valbumin-positive interneurons (Lodge et al., 2009). Previous work has
not shown clear differences in spontaneous neural oscillations in MAM
rats compared to control animals (Lodge et al., 2009). However, evoked
oscillatory activity is reduced in these animals and therefore future
studies should determine if SSVEP are disrupted (Lodge et al., 2009).

4.2. Preserved SSVEP response to gamma frequency may be a state marker
of depression in patients with psychotic illness

Previous studies have reported mixed results when examining the

Fig. 6. A) Scatter plot of correlation coefficients between EEG power at 10, 20, 30, and 40 Hz in 10 Hz stimulation (black), 20 Hz stimulation (blue), and 40 Hz
stimulation (red) and the PANSS depression score. The dashed line is p= .05 for the individual correlations and the dotted line is p= .01. The trendline has an R
value of 0.82 and p value of 0.023 (uncorrected). Of note, individual peak alpha frequency and alpha wave speed during baseline were both correlated with 40 Hz
stimulation response (red dot, R=0.52, p= .046 and R=0.61, p= .009 respectively). B) The individual scatter plots that were used to generate the correlation
coefficients in A. The y-axes are the Depression Factor scores and the x-axes are the stimulation condition divided by the baseline condition at the specified frequency
band. As in A, the color of the dots is used to distinguish the stimulation frequency.
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relationship between resting-state alpha parameters and clinical fea-
tures in schizophrenia. One paper suggested that peak alpha frequency
may be a marker of disease chronicity (Goldstein et al., 2015). How-
ever, this was a cross-sectional analysis. There are fewer data about
SSVEP and symptom burden, with one study suggesting a possible re-
lationship between hallucinations and SSVEP power that did not
achieve statistical significance (Krishnan et al., 2005). Another study
found that clozapine increased SSVEP responses in responders (Jin
et al., 1995). We did find evidence that entrainment of gamma rhythm
in response to steady-state visual stimulation is stronger in patients with
depressive symptoms. While our study was not designed to distinguish
first-episode affective psychosis from first-episode non-affective psy-
chosis and we emphasize that diagnosis often changes during and after
a first episode of psychosis we nonetheless note that our finding is in
agreement with a small, but growing, body of evidence that beta and/or
gamma SSVEP responses may be different in patients with schizo-
phrenia compared to patients with other psychotic illnesses (Parker
et al., 2018). However, we note that our finding was specific for the
Depression symptom factor and not for diagnosis. Nor did we find a
similar association with the Excited symptom factor which would pre-
sumably be elevated in manic patients with bipolar disorder. Rather,
since all of our patients had a psychotic disorder, the presence of de-
pression may identify a state that allows the thalamus and occipital
cortex to entrain to gamma stimulation perhaps mitigating or com-
pensating for thalamocortical dysconnectivity.

4.3. Traveling waves as a tool to probe brain dysfunction

Neural oscillations vary across space and time. By including ana-
lyses of wave-traveling we can begin to distinguish between dysfunc-
tions within oscillatory pacemakers and others in corticocortical con-
nections which act in concert to synchronize neural activity over the
cortex (Nunez and Srinivasan, 2006a). Such analyses may be particu-
larly relevant for understanding psychotic disorders which are asso-
ciated with multiple subtle anatomical and genetic abnormalities. Our
findings suggest that traveling wave analyses may be used in concert
with standard EEG analyses to parse out distinct neural pathologies
associated with specific symptoms and perhaps responsive to different
treatments.

5. Limitations

This study has limitations that should be considered when inter-
preting our findings. We did not track eye movements and it is possible
that there were differences in fixation between the two groups. Our
study was not designed to measure the effect of medication on oscil-
lations nor was it designed to identify diagnostic biomarkers. Our
findings may be related to or mediated by medications however we note
that we found no correlations between medications and EEG findings in
our study and previous work have not consistently reported medication-
mediated effects in alpha rhythm or SSVEP response (Goldstein et al.,
2015; Butler and Javitt, 2005). Furthermore, previous work a study of
psychiatric patients without psychotic disorders who used antipsychotic
medication (for example, as an adjunctive treatment for depression)
had alpha activity that was indistinguishable from healthy controls
(Goldstein et al., 2015). It may be that patients with schizophrenia and
patients with bipolar disorder have distinct neuropathologies that give
rise to overlapping but distinct abnormal alpha rhythm and SSVEP re-
sponses. In addition, EEG has poor spatial resolution which makes
precise localization of abnormal oscillatory activity difficult. Further-
more, EEG cannot directly measure thalamic activity (Nunez and
Srinivasan, 2006b). As in previous work using EEG to model the cortical
correlates of large-scale oscillatory activity, our findings about alpha
wave origination and propagation should be interpreted in light of the
limitations and theoretical assumptions inherent in EEG source mod-
eling (Murphy et al., 2009). This study is cross-sectional which limits

our ability to draw inferences about relationships between abnormal
EEG oscillations and clinical symptoms. Future studies should use a
longitudinal repeated measures approach to investigate SSVEP in pa-
tients with psychotic illness. In particular, investigating patients with
bipolar depression and depression with psychotic features, whose
clinical states vary over time will allow us to further elucidate both
state and trait connections between mood symptoms and gamma SSVEP
entrainment.
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