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ABSTRACT

BACKGROUND: In 1999, Kwon et al. reported several electroencephalographic gamma band auditory steady-state
response (ASSR) abnormalities in schizophrenia, spawning approximately 100 subsequent studies. While many
studies replicated the finding of reduced 40-Hz ASSR power in schizophrenia and extended this by showing that
40-Hz phase synchrony (phase-locking factor [PLF]) was also reduced, none attempted to replicate the original
phase delay finding of Kwon et al. Accordingly, we measured the 40-Hz ASSR phase-locking angle (PLA) to
assess phase delay and examined its differential sensitivity to schizophrenia, relative to power and PLF measures.
METHODS: To obtain ASSRs, electroencephalography data were recorded from 28 patients with schizophrenia and
25 healthy control subjects listening to repeated 40-Hz 500-ms click trains. Evoked power, total power, PLF, and PLA
were calculated after Morlet wavelet time-frequency decomposition of single trial data from electrode Fz.
RESULTS: In patients with schizophrenia, 40-Hz PLA was significantly reduced (i.e., phase delayed) (p < .0001) and
was unrelated to reductions in their 40-Hz power or PLF. PLA discriminated patients from healthy control subjects
with 85% accuracy compared with 67% for power and 65% for PLF.

CONCLUSIONS: Consistent with the original Kwon et al. study, 40-Hz click train-driven gamma oscillations were
phase delayed in schizophrenia. Importantly, this phase delay abnormality was substantially larger than the
gamma power and phase synchrony abnormalities that have been the focus of prior 40-Hz ASSR studies in
schizophrenia. PLA provides a unique neurobiological measure of gamma band abnormalities in schizophrenia,

likely reflecting a distinct pathophysiological mechanism from those underlying PLF and power abnormalities.
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Event-related electroencephalography (EEG) signals may be
analyzed using time-frequency decomposition methods that
separate EEG oscillations into magnitude and phase compo-
nents for each frequency in EEG, allowing assessment of
frequency-specific changes in these signals with respect to
task events (1). Among the tasks to which these EEG analysis
methods have been applied are so-called steady-state para-
digms, in which a stimulus is repeated at a specific frequency
to drive EEG oscillations at that frequency. In cases in which an
auditory stimulus is repeated at a fixed rate or frequency, the
resulting stimulus-driven EEG oscillations are known as the
auditory steady-state response (ASSR) (2). Across a wide
range of tested frequencies, the ASSR has its peak signal
power when an auditory stimulus is presented at a 40-Hz
repetition rate, driving 40-Hz gamma frequency oscillations in
EEG (2-5). The 40-Hz ASSR has traditionally been quantified
by applying a fast Fourier transformation to the time-domain
average event-related potential (ERP) to obtain an evoked
power measurement in the spectral domain. However, it can
be represented in time-frequency space by event-related
change in ERP magnitude, known as evoked power; in single
trial signal magnitude, known as total power; or by the degree
of consistency in signal phase across trial repetitions, known
as phase-locking factor (PLF).

Starting with Kwon et al. (6), many 40-Hz ASSR studies
have shown EEG or magnetoencephalography gamma band
evoked power (7-16), total power (5,15,17-22), or PLF
(5,9,10,13-17,19,20,22-26) to be reduced in schizophrenia
(S2) [for reviews, see (27,28)], and a recent meta-analysis
concluded that these reductions are robust (29). These ab-
normalities reflect deficits in the amplitude and cross-trial
phase coherence of stimulus-driven gamma oscillations in
SZ. However, while Kwon et al. (6) also reported abnormalities
on a measure called phase-delay, which attempted to capture
the time between each click onset in a 40-Hz click train and the
subsequent negative peak in narrow band filtered time-domain
EEG data, this finding was essentially ignored in subsequent
40-Hz ASSR studies. This is the case even though time-
frequency decomposition methods provide time-varying
measures of the phase angle of oscillations, allowing for
comparisons of gamma oscillation phases across diagnostic
groups. Therefore, we propose a new measure, the phase-
locking angle (PLA), that captures the degree to which a
given subject’s oscillatory phase leads or lags behind the
mean phase angles of stimulus-locked oscillations derived
from a reference group such as a sample of healthy control
(HC) subjects. Such a measure has not been examined in prior
ASSR studies of clinical groups. This may in part be because
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commonly used time-frequency analysis software does not
return phase angle values by default, limiting the extent to
which researchers have been able to understand and exploit
the unique insights this information can provide about the
temporal characteristics of event-related neuro-oscillations.
Traditional ERP research has focused on characterizing
ERP component waveforms by identifying and measuring their
peaks. In effect, this approach focuses on either of two specific
phase angles of the sinusoidal ERP component waveform—
90° (or m/2 radians) corresponding to the peak of positive-
going components such as P1, P300, etc., or 270° (or —m/2
radians) corresponding to the peak of negative-going com-
ponents such as N1, N400, etc. These ERP peaks provide
evidence of consistent phase, or phase-locking, of specific
frequencies of EEG with respect to stimulus onset across trials,
as only the oscillations that are phase synchronized across
trials survive when trials are averaged to generate an ERP.
Similarly, the presence of negative and positive peaks in the
grand average ERP waveform derived by averaging ERPs
across subjects indicates that the phase of stimulus-evoked
oscillations is generally consistent across subjects as well.
Through the application of time-frequency analysis, the full
range (i.e., 0°-360°) of frequency-specific phase angles can be
tracked over time. Examination of time series of phase angles
could provide a more comprehensive and refined view of the
temporal characteristics of oscillations than has been achieved
using traditional ERP peak latency. Such data may inform 40-
Hz ASSR analyses by providing a continuous measure of
response latency throughout the stimulation period, potentially
generating new insights into gamma band dysfunction in SZ.
Changes in EEG magnitude (i.e., power) are typically inter-
preted as reflecting changes in underlying neuronal activity
(i.e., either changes in the local magnitudes of inhibitory and/or
excitatory postsynaptic potentials or changes in local syn-
chronization of these potentials). The PLF is generally
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interpreted as reflecting the consistency of stimulus-evoked
phase synchronization of emergent or ongoing (i.e., phase
resetting) neuro-oscillatory activity at specific time points
across trials. Perhaps because of difficulties associated with
its interpretation, the actual mean phase angle across trials is
rarely considered except in a few studies. Picton et al. (30)
used phase information to improve detection of the ASSR,
while others have used phase data to directly test for shifts in
latency of steady-state visual evoked potentials (31-33).

Using circular statistics, we attempted to replicate and
extend the finding of Kwon et al. (6) of delayed 40-Hz ASSR in
SZ using a novel PLA measure. Specifically, using 40-Hz ASSR
EEG data collected from patients with SZ or schizoaffective
disorder and age-matched HC subjects, we asked whether 1)
SZ patients have delayed PLA in the gamma band response to
40-Hz auditory stimulation relative to HC subjects, in addition
to having reduced power and PLF; 2) delayed PLA is specific to
the 40-Hz frequency or is also evident in the ASSR evoked by
20-Hz and 30-Hz auditory stimulation; 3) the PLA measures of
the ASSR were correlated with evoked/total power or PLF
measures; 4) these four measures of different aspects of the
40-Hz ASSR show differential sensitivity to SZ.

METHODS AND MATERIALS

Participants

EEG data from a previously published study (19) of 28 patients
with DSM-IV SZ (n = 18) or schizoaffective disorder (n = 10) and
25 HC subjects were analyzed in the present study. The de-
mographic and clinical data for these subjects are summarized
in Table 1. All subjects provided written informed consent to
participate in this institutional review board-approved study.
Additional details regarding participants, experimental para-
digm, EEG acquisition, time-frequency analysis, and a basic
review of concepts relevant to circular statistics are presented

Table 1. Demographic and Clinical Data for Schizophrenia Patients and Healthy Control Subjects

Schizophrenia Patients (n = 28)

Healthy Control Subjects (n = 25)

Mean SD Min Max Mean SD Min Max
Age, Years 39.3 10.7 22.1 56.1 36.1 12,5 21.8 59.3
Average Parental SES? 33.82 17.4 11 69 33.78 14.7 11 62
Education, Years” 13.7 1.7 10 16 16 2.3 12 20
PANSS Positive® 15.4 5 7 25
PANSS Negative 14.3 5.2 7 22
PANSS General 30.4 9.1 17 54
Duration of lliness, Years 15.6 9.9 2 36

Race 22 Caucasian, 5 African American, 1 Asian
Handedness 27 Right, 1 left

Gender 21 Male, 7 female

Diagnosis 16 Paranoid schizophrenia

2 Undifferentiated schizophrenia
6 Schizoaffective depressed type
4 Schizoaffective bipolar type

Antipsychotic Medication 2 Typical, 20 atypical, 6 both

16 Caucasian, 4 African American, 3 Hispanic, 2 Asian
22 Right, 2 left, 1 ambidextrous
14 Male, 11 female

Max, maximum; Min, minimum; PANSS, Positive and Negative Syndrome Scale; SES, socioeconomic status.
2SES based on the Hollingshead two-factor index (49); higher scores indicate lower SES.

bp < .05 with independent samples t test.
°Ratings not available for 2 patients.
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in the Supplement. Figure 1 shows the 40-Hz ASSR ERPs,
total power, PLF, and associated mean phase angles within
HC and SZ groups at two time points (214 ms and 227 ms) in
the middle of the stimulation period.

Statistical Analysis

Evoked power, total power, PLF, and PLA values were
extracted from electrode Fz between 200 ms and 400 ms.
These values were averaged for power and PLF, but additional
steps were required before calculating an average angle value.
Owing to the periodic nature of the angle values, averaging
over an interval equal to or greater than one complete sine
wave cycle (e.g., 25 ms for one 40-Hz cycle) would not be
informative because the full period of phase angle measures
from each 360° cycle will effectively cancel each other out,
leading to an uninterpretable mean angle measure. Therefore,
the value of the phase angle at each time point is re-expressed
as its difference from the expected angle at that time point. The
expected angle is defined as the HC circular mean at a specific
time point. This difference defines the PLA, and it is expressed
in units of radians (see Supplement). The average PLA at 40 Hz
between 200 ms and 400 ms was used for subsequent anal-
ysis of the 40-Hz ASSR. Similar PLA calculations were used to
capture the 20- and 30-Hz ASSR from 20- and 30-Hz click train
blocks as well as the 40-Hz ASSR harmonic generated by
20-Hz stimulation.

PLA univariate analyses were conducted using the Watson-
Williams test (34), which is analogous to the one-way analysis
of variance in circular statistics. Circular statistics are neces-
sary because the PLA values (radians) are nonlinear and peri-
odic (i.e., not continuous; see Supplement) in their distribution.
A significance level of p = .05 was used for the Watson-
Williams tests.

40 Hz ASSR Total Power

40 Hz ASSR Phase-Locking Factor
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Before running linear regression and mixed models, all
measures (PLA, PLF, and power) were transformed to z scores
based on the HC mean and SD, using appropriate methods in
the case of PLA values (see Supplement). Note that PLF and
total power measures were linear, normally distributed, and
continuous to begin with, and as such the linear z score
transformation simply allows all measures to be plotted on the
same scale, facilitating comparisons between them. However,
the z score transformation of PLA values could be considered
a nonlinear transformation because it changes periodic values,
in radians, to standard units of deviation from the HC group.

Six separate multiple linear regression models were run to
examine the pairwise relationships among the four time-
frequency measures (evoked/total power, PLF, and PLA) eli-
cited by 40-Hz stimulation. Specifically, using z scores, 1) total
power was regressed on PLF, 2) PLA was regressed on PLF, 3)
PLA was regressed on total power, 4) total power was
regressed on evoked power, 5) evoked power was regressed
on PLF, and 6) PLA was regressed on evoked power. In each
model, a group indicator variable and a group X time-
frequency measure interaction term (e.g., group X PLF for
models 1, 2, and 5) were included. The interaction term tested
for group differences in the regression line slopes. If the
interaction term was not significant, it was removed, resulting
in a reduced model that tested the relationship between the
time-frequency measures assuming a common slope across
groups. Diagnostic plots were used to assess model as-
sumptions of normality of residuals and homogeneity of vari-
ances. Bonferroni correction was used (p = .05/6 or .00834) for
these regression tests.

To assess possible differential sensitivity to the patho-
physiology of SZ, 40-Hz PLA, evoked/total power, and PLF z
scores were tested in a mixed model with group as the
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between-subjects fixed factor and time-frequency measure z
score (PLA, evoked power, total power, PLF) as the within-
subjects fixed factor. Subject nested within group was a
random factor, and the main effects, interaction, and follow-
up contrasts were estimated with an unstructured covariance
matrix using PROC MIXED in SAS 9.4 (SAS Institute Inc.,
Cary, NC). A similar model assessing the frequency speci-
ficity of potential PLA abnormalities in SZ included steady-
state frequency (20 Hz, 30 Hz, 40 Hz) as a within-subjects
fixed factor. Given our previously reported significant 40-Hz
total power and PLF deficits in the SZ group relative to HC
group (19) as well as the planned group comparisons of PLA
using Watson-Williams tests described above, significant
group X within-subject factor interactions in the mixed
models were followed up with tests of relative differences,
comparing the groups on three orthogonal Helmert contrasts
between the measures. In the first model, these contrasts
were 1) evoked minus total power, 2) PLF minus the mean of
evoked and total power, and 3) PLA minus the mean of the
other measures. In the second model, these contrasts were
1) 20-Hz frequency minus 30-Hz frequency, and 2) 40-Hz
frequency minus the mean of 20- and 30-Hz frequency. To

Gamma Band Phase Delay in Schizophrenia

examine relationships between clinical symptoms and PLA
measures in the SZ group, we conducted Pearson correla-
tions between Positive and Negative Syndrome Scale (35)
positive, negative, general, and total symptom subscale
scores and 40-Hz PLA z scores.

RESULTS

Visual inspection of box plots of the z-scored data revealed
one SZ outlier on the 40-Hz PLA measure (PLA z score >6 SD
from HC mean). There were no clear problems or issues with
this patient’s EEG recording or single trial data. His 40-Hz PLA
data were removed from the 40-Hz PLA Watson-Williams test,
censored with an indicator variable in regression tests, or
omitted from the mixed models that can account for missing
data.

Watson-Williams Tests (One-Way Analysis of
Variance)
There was a significant group difference in the 40-Hz PLA

(Figure 2), with SZ patients showing lagged PLA relative to HC
subjects (F150 = 27.51, p < .0001). Tests of the PLA in other

20-Hz ASSR 40-Hz Harmonic to 20-Hz ASSR 30-Hz ASSR
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6
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Figure 2. Polar histogram overlays depict the distribution of phase-locking angle (PLA) measures in healthy control (HC, blue) and schizophrenia (SZ, red)
groups in the 20-Hz condition (top left panel), 40-Hz harmonic during 20-Hz stimulation (top center panel), 30-Hz condition (top right panel), and 40-Hz
stimulation condition (bottom center panel). On these histograms, each wedge represents a phase angle bin, and its length indicates the number of sub-
jects who fall into that bin. Single-subject PLA vectors are plotted for the 40-Hz condition in the bottom left panel, with each blue line representing one HC
subject and each red line representing one SZ patient. In the bottom right panel, all PLA group average values (HC group: blue squares; SZ group: red circles)
+ associated SDs (depicted by colored arcs centered on each PLA group mean) are plotted for each auditory steady-state response (ASSR) condition (black
semicircle lines) labeled along the y axis. The plot in the bottom right panel shows that the phase angle lag in the SZ group relative to HC group is greater for the
40-Hz ASSR condition than for the other ASSR conditions, including the 40-Hz harmonic elicited during 20-Hz stimulation.
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steady-state blocks revealed no difference at 20 Hz (F1 51 =
0.4744, p = .4941), marginal reductions in SZ patients at 30 Hz
(F1,51 =3.71, p =.0599), and marginal reductions in SZ patients
in the 40-Hz harmonic response during the 20-Hz click train
block (F151 = 3.91, p = .0534).

Linear Regression Models

The pairwise relationships among the four 40-Hz time-
frequency measures are plotted in Figure 3. There were no
significant slope differences between groups in any of these
relationships (all p values > .07). Total power and PLF z scores
showed a significant direct relationship. The reduced model
testing the common slope of the regression line predicting
total power from PLF showed a strong positive linear rela-
tionship between the two measures, but model diagnostic
plots suggested a quadratic term should be added. The final
model (Table 2) revealed a strong quadratic relationship be-
tween PLF and total power in both groups, with the steep
direct association starting to flatten out at the lower levels of
PLF. In the models regressing PLA on PLF and total power,
reduced models showed no evidence of a significant associ-
ation between PLA and either PLF or total power. Group dif-
ferences in PLA remained significant after controlling for either
PLF or total power (Table 2). Evoked and total power z scores
showed a significant relationship, although the evoked power
data were highly skewed. Similar to total power, evoked power
appeared to show a nonlinear relationship with PLF, and a
quadratic PLF term was added to this model. The final model
indicated both linear and marginal quadratic PLF relationships
with evoked power that did not differ between the groups.
Finally, there was no evidence of a relationship between
evoked power and PLA.
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Mixed Models

In the 40-Hz mixed model that included all four z-scored time-
frequency measures, there was a significant group X time-
frequency measure interaction (Fzs1 = 4.81, p .005).
Helmert follow-up contrasts revealed that the group difference
in evoked and total power were statistically equivalent
(ts1 = —0.97, p = .3347), as was the difference in PLF and the
average of these two power measures (t51 = 1.15, p = .2563).
Importantly, the group difference in 40-Hz PLA was signifi-
cantly greater than the average group difference in evoked
power, total power, and PLF (ts; = 3.25, p = .002). This
approximately 1 SD (1.113 = 0.343) increased abnormality in
the PLA measure can be appreciated in Figure 4. Figure 5
displays the receiver operating characteristic curve for each
measure and represents the strength of the discrimination
between SZ patients and HC subjects using the area under the
curve statistic.

In the mixed model analysis of PLA z scores that included
steady-state frequency (20 Hz, 30 Hz, 40 Hz) from the corre-
sponding click train block, there was a significant group X
steady-state frequency interaction (Fos1 = 6.64, p = .0027).
Helmert contrasts revealed that the group difference in 20-Hz
and 30-Hz PLA was statistically equivalent (ts; = —0.89, p =
.3774), but the group difference in 40-Hz PLA was significantly
greater than the average group difference in 20- and 30-Hz
PLA (ts; = 3.65, p = .0006) (Figure 4, right). A separate anal-
ysis of data from electrode Cz produced a similar pattern of
results.

Clinical Correlations

There were no symptom correlations with 40-Hz PLA z scores
(all p values > .32). The 40-Hz PLA effect was not influenced

Figure 3. The relationship between three 40-Hz
time-frequency measures is shown with separate
scatterplots for total power vs. phase-locking factor
(PLF) (upper left panel), phase-locking angle (PLA)
vs. PLF (upper middle panel), PLA vs. total power
(upper right panel), total power vs. evoked power
(lower left panel), evoked power vs. PLF (lower
middle panel), and PLA vs. evoked power (lower right
panel). Each point represents single subject data
(healthy control [HC] subjects: blue squares;
schizophrenia [SZ] patients: red circles), averaged
across 200-400 ms at the 40-Hz electroencepha-
lography frequency in response to the 40-Hz click
train. Each measure is z-scored relative to the mean
and SD of the HC group. Separate regression lines
are plotted for each group (SZ group: red; HC group:
blue), but slopes are the same because group dif-
ferences in slopes were not significant. For evoked
and total power vs. PLF, both linear and quadratic
regression line fits are shown, with quadratic fit
significantly increasing the variance accounted for
over and above the linear fit. The linear and quadratic
PLF variables accounted for approximately 76% of
the variance in total power and 31% of the variance
in evoked power, controlling for group (total power
R? change = .7618; evoked power R® change
.3086). PLA was not significantly related to PLF

Group
- HC
—— SZ

1 2

Group
- HC
—— SZ

2 3

(upper middle panel), total power (upper right panel), or evoked power (lower right panel). One SZ patient with extremely small PLA values was censored from

regressions but plotted as an open red circle marked by an X for reference.
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Table 2. Relationships Between 40-Hz Time-Frequency
Measure z Scores

Model Effect B SE t Ve':l)ue
Total Power vs. PLF Intercept —.198 0.105 —1.892 .0644
Group —.052 0.137 —-0.379 .7065

PLF 1.092 0.084 12.992 < .0001

PLF? 207 0.044 4.649 < .0001

PLA vs. PLF Intercept —.003 0.222 -0.014 .989
Group —-1.451 0.318 —4.560 < .0001
PLF 265 0.141  1.875 .0667

PLA vs. Total Power Intercept —.003 0.223 -0.014 .989
Group —1.477 0.319 —4.624 < .0001

Total power 240 0.146 1.646 .106

Evoked Power vs.  Intercept 4x107" 0140 0.000 1.000
Total Power Group —099 0201 -0.496 .6218
Total power 3.688 0.091 4.033 .0002
Evoked Power vs. Intercept —.149 0.148 —1.002 3213
PLF Group —-098 0194 —0504 .6164
PLF 547 0118  4.625 < .0001

PLF2 155  0.064 2.405 .0201

PLA vs. Evoked Intercept —-.003 0.225 -0.014 .989
Power Group —-1.523 0.318 —4.792 < .0001
Evoked power 274 0.198  1.381 174

PLA, phase-locking angle; PLF, phase-locking factor.

by the SZ (n = 17) versus schizoaffective disorder (n = 10)
distinction; both subgroups showed significant and similar
phase delays relative to the HC group.

DISCUSSION

This study compared EEG time-frequency measures of the
40-Hz ASSR between SZ patients and HC subjects with a
focus on the PLA, a time point-specific estimate of the dif-
ference from the HC group average in mean phase angle
across single trials, and yielded three major findings. First,
when averaged over the 200- to 400-ms post—click train-onset
time window during which stimulus-driven oscillations achieve
steady state, the 40-Hz PLA was significantly delayed in SZ
patients relative to HC subjects. Second, the 40-Hz PLA
measure showed no substantial relationship with 40-Hz power
or PLF in SZ patients or HC subjects. Third, the 40-Hz PLA
phase delay in SZ patients was significantly greater than 40-Hz
power and PLF deficits. Given every possible permutation of
HC-SZ pairs in the sample, the area under the curve represents
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the percentage of pairs where the HC subject’s value is greater
than the SZ patient’s value. In the case of 40-Hz PLA, the SZ
patient’s oscillation phase lagged behind the HC subject’s
oscillation phase in approximately 85% of the combinations.
By contrast, the SZ patient had reduced 40-Hz evoked power,
total power, or PLF values compared with the HC subject in
only approximately 62%, approximately 65%, and approxi-
mately 67% of the combinations.

In their seminal study, Kwon et al. (6) also reported a delay in
the 40-Hz ASSR in SZ. However, no subsequent ASSR studies
attempted to replicate this finding. The current study not only
replicated the basic 40-Hz phase-delay finding using a more
comprehensive analytic approach, but also demonstrated that
the phase delay exhibited by SZ patients was specific to 40-Hz
oscillations. In a repeated-measures analysis of the PLA
measure from three different steady-state stimulation fre-
quencies, phase delay in SZ patients was significantly greater
at 40 Hz relative to both 30 Hz and 20 Hz, neither of which
showed abnormal PLA. The 40-Hz harmonic in the EEG
response to 20-Hz stimulation was marginally delayed in SZ
patients relative to HC subjects. Accordingly, our findings
provide new evidence of specific gamma oscillation phase
delay abnormalities during 40-Hz auditory steady-state stim-
ulation in SZ.

Kwon et al. (6) demonstrated 40-Hz phase delays in SZ
using peak picking methods. Specifically, the latency of each
gamma oscillation peak was measured relative to the pre-
ceding click, with subsequent analysis of these latency mea-
sures. Time-frequency analysis toolboxes typically provide
frequency-specific and time point-specific measures of po-
wer and phase synchrony from event-related EEG data.
However, such software generally does not include methods to
analyze the mean phase angles, likely contributing to the
absence of attempts to replicate the finding of Kwon et al. of
40-Hz phase delay in SZ. In this study, we implemented such a
method, which involved extracting the mean phase angle
across trials after time-frequency decomposition. One
approach to analyzing these data is to use circular statistics to
compare groups on the phase angles from 40-Hz oscillations.
As can be seen in the Supplemental Video (see also at https://
www.youtube.com/watch?v=0HWkcIMn3Vo), the angle mea-
sures show excellent correspondence to the ASSR ERP in that
peaks in the grand average ERP occur when the angle is 90°,
and troughs occur when the angle is 270°. However, our
approach uses the PLA estimates at every sample in the epoch
to track the phase over time, rather than limiting analysis to the
peaks or troughs of the oscillation cycle. Furthermore, by

Figure 4. Group differences in the four 40-Hz
time-frequency measures are plotted in the left
panel. Because each measure is z-scored to the

Group healthy control (HC: blue squares) group, HC
- HC  group average values are equal to zero, and the
schizophrenia (SZ: red circles) group negative
- SZ "
average values indicate lagged or reduced
responses for phase-locking angle (PLA),
phase-locking factor (PLF), total power, and

evoked power measures. Group differences in the
20-, 30-, and 40-Hz PLA responses from the
corresponding steady-state stimulation frequency

trials are plotted in the right panel. Each measure is z-scored to the HC group; the 40-Hz PLA data are identical in both panels but are plotted twice

for reference.
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Figure 5. The 40-Hz phase-locking angle (PLA), evoked power, total
power, and phase-locking factor (PLF) receiver operating characteristic
curves are plotted to show the differential performance of each measure as
a classifier discriminating between patients with schizophrenia and healthy
control subjects. Each measure’s corresponding area under the curve (AUC)
value quantifies the discriminative strength of each classifier. PLA, evoked
power, total power, and PLF z scores classified patients with schizophrenia
and healthy control subjects with 84.9%, 62.4%, 67.1%, and 64.7%
accuracy.

standardizing PLA measures relative to HC, we eliminated the
need to use circular statistics, allowing PLA to be combined
with or compared with other linear measures in multivariate
analyses.

One patient exhibited extreme delay in 40-Hz PLA during
40-Hz stimulation. Whereas this patient had reduced 40-Hz
PLF, power, and 30-Hz PLA measures relative to the group
average, he was not an outlier on any of those measures or on
any clinical and/or demographic variables. This suggests that
this patient was unable to produce a 40-Hz ASSR and further
suggests that PLA can be a useful tool for assessing ASSR
data quality, consistent with its use in a previous study (30).
Therefore, PLA-like measures may prove useful for screening
single-subject ASSR data quality, supplementing artifact
rejection and inspection techniques employed in electrophys-
iological research.

The 40-Hz ASSR PLA better discriminated SZ patients from
HC subjects than power or PLF, suggesting the relatively

Group Differences in 40 Hz ASSR Time—-Frequency Measures
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greater potential utility of PLA as an illness biomarker. How-
ever, it is important to note that the 40-Hz phase delay in SZ
was not uniform over time. Whereas a statistically significant
difference in the 40-Hz PLA was evident 25 ms after stimulus
onset and was present throughout the stimulation period, it
was particularly pronounced between 170 ms and 350 ms after
onset (Figure 6). This suggests that midtrain 40-Hz ASSR
stimulation may be particularly effective for detecting gamma
phase delays in SZ, perhaps owing to recurrent driving of the
auditory cortex at the gamma frequency. Nonetheless,
marginally significant gamma band phase delays were also
evident in response to 30-Hz stimulation and the 40-Hz har-
monic response to 20-Hz stimulation. Thus, the pathophysio-
logical mechanism underlying phase delayed gamma
oscillations in SZ patients may be evident with varying sensi-
tivity across a variety of task conditions and stimuli that elicit
gamma oscillations.

As the average 40-Hz phase lag in SZ patients was 38° or
approximately 3 ms relative to HC, any candidate patho-
physiological mechanism underlying this effect must operate
on a similar time scale. At the cellular level, fast-spiking par-
valbumin expressing gamma-aminobutyric acidergic basket
cells generate gamma oscillations (36,37). In the boutons of
such basket cells in auditory cortex, Moyer et al. (38) observed
decreased glutamic acid decarboxylase 65, a protein involved
in gamma-aminobutyric acid synthesis, postmortem in SZ
patients relative to HC subjects. This complements similar
postmortem findings of reduced glutamic acid decarboxylase
67 expression in other brain regions, including prefrontal
cortex (39). In the auditory cortex, this glutamic acid decar-
boxylase 65 reduction could lead to inefficient gamma-
aminobutyric acidergic transmission and the delayed gamma
oscillations observed in the 40-Hz ASSR.

N-methyl-D-aspartate receptor hypofunction has been
implicated in the pathophysiology of SZ (40,41). N-methyl-D-
aspartate receptor dysfunction on parvalbumin interneurons
has been proposed as one possible source of gamma oscil-
lation abnormalities in SZ (42), but this primary role has been
questioned (43,44). This ongoing debate may be informed by
analysis of a measure such as PLA in various animal models
and pharmacological challenge studies because PLA may be
more sensitive than power or PLF measures to the gamma
oscillation abnormalities in SZ.

All patients in this study were taking typical and/or atypical
types of antipsychotic medication. This medication confound

Figure 6. Healthy control (HC) group minus
schizophrenia (SZ) group differences from electrode
Fz for phase-locking angle (PLA; square), evoked
power (diamond), total power (circle), and phase-
locking factor (PLF; triangle) are plotted at each
25-ms time point throughout the steady-state stim-
o ulation period. Differences are in standardized units
relative to the HC mean and SD for each measure,
allowing the group differences in the measures to be
compared despite their measurement scale differ-
ences. The lines represent 95% confidence intervals
for the independent samples t test differences. The

1 L L L L L
0 50 200 250 300 350
Time (milliseconds)

| |
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has been present in all prior 40-Hz ASSR SZ studies, and in
one study, patients taking atypical antipsychotics (clozapine,
olanzapine, and risperidone) had greater 40-Hz power than HC
subjects (45). Nine patients were also taking benzodiazepines,
which did not appear to affect any of the measures (see
Supplement). Studies of unmedicated individuals who are at
high risk for psychosis may at least partially address the po-
tential confounds of medications.

While both N-methyl-D-aspartate receptor hypofunction
and impaired gamma-aminobutyric acidergic neurotransmis-
sion have been implicated in the pathophysiology of gamma
oscillation abnormalities in SZ, this noninvasive EEG study
cannot directly address the source of 40-Hz ASSR abnormal-
ities at the cellular level. Accordingly, determining the patho-
physiological significance of delayed PLA requires additional
animal studies focused on elucidating the mechanisms un-
derlying the onset and phase regularity of stimulus-evoked
gamma oscillations.

In addition to cellular abnormalities at the microcircuit level
that may contribute to phase-delayed gamma oscillations in
SZ, effects of attention and task parameters must be consid-
ered. There were no explicit behavioral measurements in the
task, and while all subjects were told to remain alert and
attentive, it is possible that HC subjects attended to the stimuli
better than SZ patients. Attention has previously been shown to
enhance the 40-Hz ASSR (46). Additional studies are required
to tease apart effects of attention and other task parameters.

We did not observe significant clinical symptom correlations
with the PLA in our SZ sample. Many factors, including
insufficient power, medication, symptom instability, and mea-
surement error associated with symptom ratings, can make the
discovery of such correlations challenging (47,48). Larger-
sample 40-Hz ASSR studies in SZ should incorporate PLA to
assess its clinical correlations as well as its cognitive, phar-
macological, and genetic correlates.

In conclusion, while reductions in power and phase syn-
chrony of ASSR-evoked gamma oscillations have been
consistently reported in SZ, the current study suggests that
these oscillations are also delayed in SZ. Importantly, this
phase delay abnormality has a larger pathophysiological effect
size than either the reductions in gamma power or PLF.
Moreover, the gamma band-specific PLA abnormality in SZ is
unrelated to their power and PLF deficits, suggesting that it
may be subserved by a distinct pathophysiological mecha-
nism. More research is needed to fully elucidate the meaning of
the 40-Hz PLA abnormality in SZ identified here.
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