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ARTICLE INFO ABSTRACT
Articl_e history: Deviant auditory steady-state responses (aSSRs) in the gamma range (30-90 Hz) may be translational bio-
Received 8 January 2019 markers for schizophrenia (SZ). This study tests whether aSSR deviations are (i) specific to SZ across the psycho-
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sis dimension, (ii) specific to particular frequency bands, and (iii) present in bipolar I disorder without psychosis
(BDNP).

Methods: Beta (20-), low- (40-), and high-gamma (80-Hz) aSSRs were measured with EEG and compared across
113 SZ, 105 schizoaffective disorder (SAD), 99 bipolar disorder with psychosis (BDP), 68 BDNP, and 137 healthy
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Auditory steady-state response comparison subjects (HC). Standard aSSR measures (single-trial power [STP] and inter-trial phase coherence
EEG biomarkers [ITC]), as well as evoked responses to stimulus onsets/offsets and pre-stimulus power, were quantified. Multivar-
Psychosis iate canonical discriminant analysis was used to summarize variables that efficiently and maximally differenti-

Bipolar disorder
Schizophrenia
Gamma oscillations

ated groups.
Results: (i) Psychosis groups showed reduced responses on ITC 20 Hz, STP/ITC 40 Hz, STP/ITC 80 Hz, indicating
dimensional reductions in aSSR across the psychosis spectrum not specific to aSSR frequency. For the 40- and
80-Hz ITCs there was greater reduction in SZ compared to SAD, possibly indexing cortical disruptions linked to
psychosis without mood symptoms. (ii) All probands had elevated pre-stimulus power, possibly compromising
neural entrainment to the steady-state stimuli. (iii) Onset/Offset and 80 Hz ITC responses were most important
for group discrimination and showed dimensional reduction across the schizo-bipolar spectrum.
Conclusions: Deviant aSSRs were found across the schizo-bipolar spectrum at multiple frequencies with psychosis
status and severity linked to greatest reductions at low and high gamma.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Cortical oscillations emerge when neural ensembles exhibit tempo-
rally coherent coactivity. Beta (14-30 Hz) and gamma (30-90 Hz) oscil-
lations depend on tightly tuned feed-forward and feed-back circuitry
composed of reciprocally connected gamma-aminobutyric acid-
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containing (GABA-ergic) inhibitory interneurons and excitatory pyra-
midal cells (Womelsdorf et al., 2014; Sohal et al., 2009). It is hypothe-
sized that abnormalities in neural oscillations observed with
electroencephalography (EEG) in schizophrenia (SZ) mark underlying
disturbances in cortical circuity (Foss-Feig et al., 2017) that are associ-
ated with sensory, perceptual, and cognitive deficits (Gonzalez-Burgos
and Lewis, 2012).

The auditory steady state response (aSSR) is an oscillatory event
arising from neuronal activity entrained to the frequency of a repetitive
auditory stimulus (e.g., a train of clicks or an amplitude modulated
tone). Most aSSRs below 90 Hz (i.e., a stimulus every 11.1 ms) reflect ac-
tivity in auditory cortices (Hamm et al., 2011), though additional contri-
butions from subcortical/brainstem sources have been demonstrated
(Korczak et al., 2012). By varying the frequency of steady-state stimula-
tion, the integrity of neural circuits supporting multiple functions can be
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assessed (Picton et al., 2003). Further, the aSSR also provides informa-
tion about early transient (onset) responses like N100 and P200 and
other traditional event-related EEG measures (Hamm et al., 2011).

Deviations of 40 Hz aSSRs have been reported frequently in SZ
(Thuné et al., 2016). First-degree relatives, first-episode patients, and
ultra high-risk individuals may have similar abnormalities (Tada et al.,
2016; Rass et al., 2012; Spencer et al., 2008), supporting proposals the
aSSR is a translational biomarker for SZ and/or drug response target
(O'Donnell et al., 2013). A number of questions remain regarding aSSR's
utility as a biomarker for SZ. In a recent meta-analysis aggregating find-
ings across 20 studies (SZ = 606, HC = 590), the effect size for aSSR
components inter-trial phase coherence (ITC) and single-trial power/
evoked power (STP/Evoked) was —0.50, a moderate reduction in SZ
compared to healthy subjects (Thuné et al., 2016). Some studies have
also found aSSR reductions in bipolar disorder in comparison to both
healthy and major depressive disorder groups (Rass et al., 2010;
Isomura et al., 2016; Oda et al., 2012), questioning the specificity of
40 Hz aSSR deviations to SZ. Additionally, most studies have focused
on the 40 Hz aSSR, but there are hints of oscillatory deviations in other
frequency ranges (e.g. Hamm et al., 2011; Tsuchimoto et al., 2011), rais-
ing questions about neuro-pathological models that assume distinct ab-
normalities in circuitries specifically responsible for generating the
40 Hz aSSR. Post-mortem SZ studies show molecular and microanatom-
ical abnormalities in multiple interneuron populations, supporting a
general cortical neuropathology affecting signal processing in multiple
bandwidths (Hashimoto et al., 2008).

The present study used EEG to examine the aSSR at three stimulation
frequencies capturing beta (20 Hz), low (40 Hz) and high (80 Hz)
gamma oscillations in a large well-characterized group of probands.
The study had three major goals: (i) determine whether aSSR deviations
are either specific to SZ in comparison to schizoaffective disorder (SAD)
and bipolar I disorder with psychosis (BDP) or are dimensional markers
of psychosis, (ii) determine if deviations are limited to a specific stimu-
lation frequency, (iii) determine whether individuals with non-
psychotic bipolar I disorder (BDNP) have similar aSSR deviations as
the psychosis groups, are normal, or show novel characteristics, and
(iv) determine whether aSSR measures are correlated with clinical
symptomatic severity. This comparison will help to clarify whether
the aSSR is a specific biomarker for psychosis or a general marker for se-
vere psychopathology.

2. Methods and materials
2.1. Recruitment

Subjects (Total n = 522, HC = 137,SZ = 113, SAD = 105, BDP = 99,
BDNP = 68) were recruited at three Psychosis and Affective Research
Domains and Intermediate Phenotypes (PARDIP) and Bipolar-
Schizophrenia Network on Intermediate Phenotypes (B-SNIP2) consor-
tium sites: Boston, Dallas, and Hartford, and followed previously pub-
lished approaches (for details about study design, recruitment and
clinical assessments see Tamminga et al. (2013) and Supplemental
methods information). Since these subjects were recruited from the on-
going studies from the BSNIP and PARDIP consortiums and have not
been classified using the Clementz et al. (2016) biotypes methods,
these subjects were analyzed using only their DSM diagnoses. This
study was approved by Institutional Review Boards at each consortium
site and all participants provided written informed consent before par-
ticipation. Demographic information and clinical ratings across groups
is presented in Table 1. For full medication information, see Supplemen-
tal Tables 1-4.

2.2. Stimuli

Recording conditions, stimulus presentation and recording equip-
ment were standardized across sites. Seated in a sound and electrically

shielded booth subjects listened to 166 sinusoidally amplitude modu-
lated broadband noise at 20 (50 trials), 40 (50 trials), and 80 (50 trials)
Hz and 16 unmodulated noise (duration 1500 ms; carrier pitch
1000 Hz; randomly ordered). Broadband noise bursts were used since
they are known to elicit the most robust aSSRs, especially at higher fre-
quencies (John et al,, 1998; Picton et al,, 2003; Hamm et al., 2012). Stim-
uli were presented binaurally through headphones at 75 dB SPL with an
inter-trial interval of 1 s. Subjects were instructed to count the number
of unmodulated noise bursts to maintain continuous investment in the
stimuli.

2.3. EEG recording

Electroencephalogram (EEG) from 64 sensors was recorded follow-
ing previously published methods from the B-SNIP consortium
(Hamm et al., 2014; Supplemental methods).

24. EEG processing

EEG data were pre-processed following previously published
methods (Hamm et al., 2014, Supplemental methods). Data were seg-
mented into 3000-ms epochs from 750 ms pre- to 750 ms post-
stimulus onset and down-sampled to 500 Hz and digitally band pass fil-
tered from 0.5 Hz to 100 Hz (zero-phase filter; roll-off: 6 and 48 dB/oc-
tave, respectively). Epochs containing activity >75 pV at any sensor
were not included, see Table 1 for number of trials by group.

2.5. EEG analysis

Event-related potentials (ERPs) were calculated for each trial-type,
sensor, and subject and converted to the time-frequency domain yield-
ing complex numbers for points ranging from —500 to 2000 ms in 2 ms
bins and 1- to 90-Hz following previously published methods (Hamm
et al., 2015; Supplemental methods). Power values (squared absolute
values of complex FFT outputs) were then converted to decibels (10
x log10). The baseline period was defined as the average response
from —500 to 0 ms. After averaging over subjects and trial types, 11 sen-
sors with peak auditory response (‘F1’, ‘Fz, ‘F2’, ‘FC3’, ‘FC1’, ‘FCzZ’, ‘FC2’,
‘FC4’, ‘C1’, ‘Cz’, ‘C2’) were identified and a grand average time-
frequency plot was created by averaging power values over these sen-
sors (Fig. 1).

2.6. Onset and offset evoked response

Auditory evoked responses to transient stimuli have complex fre-
quency compositions involving stimulus locked alterations in oscilla-
tory amplitudes and phase coherence across multiple frequency bands
that is not captured in the temporal domain alone (Hamm et al.,
2012). In order to measure initial auditory integration abilities and reg-
istration of stimulus change in relation to steady-state initiation and ter-
mination, onset and offset evoked responses were examined in the
time-frequency domain. The peak responses from the 11-sensor aver-
age were between 3-9 Hz and 50-300 ms for the onset and 3-9 Hz
and 1550-1800 ms for the offset. See Fig. 1, Supplemental Fig. 1.

2.7. Single-trial analysis

Single-trial voltage data for each subject and sensor were converted
to the time-frequency domain using the same method as described
above. “Baseline Power”, a measure of pre-stimulus neuronal activity
for each steady-state driving frequency condition, was defined as
power values at each frequency averaged from —500 ms to the onset
of the stimulus across trials for each trial type. This metric provides a
measure of brain activity in preparation for, not in response to, auditory
stimulation.
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Table 1
Demographics and clinical scales by group.
HC Sz SAD BDP BDNP Statistic p

N 137 113 105 99 68

Mean age 41.7 39 38.9 40.8 39.8 F(4,517) = 1.33 26

Age SD 115 122 11 11 125

Sex (M/F) 71/66 62/51 49/56 43/56 23/45 x(4) =927 055

Site
Dallas 41 49 34 43 26
Boston 44 25 17 22 10 x%(4) = 20.08" 01
Hartford 52 39 54 34 32

Number of trials

(150 total)
Mean trials 136 128 130 131 133 F(4,515) = 2.48" 043
SD trials 16 24 22 13 19

GAF F(4,481) = 182.64™" <001

F(3,363) = 6.55""" <001

N 130 111 98 98 68 HC > BDNP***, BDP""*, SAD""", & SZ"**
M 82.53 50.35 52.84 53.16 58.35 BDNP > BDP", SAD", & SZ***
SD 1335 1434 13.83 139 14.6

Birchwood Social Functioning Scale F(4, 483) = 59.96"" <001

F(3,353) = 9.14™ <.001

N 131 102 98 95 62 HC > BDNP™*, BDP***, SAD""*, & SZ***
M 151.5 115 115 124 130 BDNP > SAD™™* & SZ***
SD 17 21.5 24 23 20.5 BDP > SAD" & SZ"

PANSS Positive F(3,354) = 14.18""" <001
N N/A 104 96 93 65 BDNP < SAD*** & SZ**
M N/A 18.26 18.11 15.18 12.75 BDP < SAD™" & SZ**
SD N/A 6.6 6.99 6.3 3.73

PANSS Negative F(3,353) = 5.07" .002
N N/A 104 96 93 65 BDNP < SAD* & SZ**
M N/A 18.78 1834 16.62 14.86
SD N/A 7.17 7.54 6.89 6.32

PANSS General F(3,353) =131 27
N N/A 104 96 93 65
M N/A 34.53 34.18 34.67 31.74
SD N/A 10.74 9.71 10.68 9.09

PANSS Total F(3,353) = 5.39" 001
N N/A 103 96 93 65 BDNP < SAD™* & SZ***
M N/A 71.74 70.64 66.47 59.35
SD N/A 22.33 21.54 21.94 1633

MADRS F(3,356) = 9.75™" <001
N N/A 104 98 93 65 BDNP > SZ**
M N/A 9.73 13.43 17.65 1491 BDP > SAD" & SZ***
SD N/A 8.74 105 1248 9.63

YMRS F(3,354) = 1.54 205
N N/A 104 96 93 65
M N/A 10.12 11.74 11 9.25
SD N/A 6.84 75 9.37 7.29

Note. Tukey's test was used for post-hoc analyses.

GAF = Global Assessment of Functioning; Birchwood Social Functioning Scale; PANSS = Positive and Negative Syndrome Scale; MADRS = Montgomery-Asberg Depression Rating Scale;

YMRS = Young Mania Rating Scale. SD = standard deviation.
* p<.05.

* p<.01.

¥ p<.001.

Single-trial power (STP), a measure of stimulation specific neuronal
responses, was calculated by averaging power over trials and then
subtracting pre-stimulus baseline power (see above; Supplemental
Fig. 2). Inter-trial phase coherence (ITC), a measure of the consistency
of the phase of oscillatory responses with respect to stimulus onset
across trials, was calculated by dividing the complex FFT result by its ab-
solute value (Jammalamadaka and SenGupta, 2001). The resulting
values were then averaged across trials within each trial type (Supple-
mental Fig. 3). Due to the sensitivity of ITC to the number of trials con-
tributed each participant's chance ITC was subtracted from the
observed ITC (Moratti et al., 2007; Supplemental methods). The 20
and 40 Hz responses had similar topographies as the evoked aSSR so
identical sensors (‘F1’, ‘Fz’, ‘F2’, ‘FC3’, ‘FC1’, ‘FCz’, ‘FC2’, ‘FC4’, ‘C1’, ‘Cz,
‘C2’) were used; for the 80 Hz response 6 additional sensors from the
central-parietal region (‘P1’, ‘Pz, ‘P2’, ‘PO3’, ‘POz, ‘PO4’) were included
(Supplemental Figs. 2 and 3). STP and ITC were epoched in 300 ms

bins to empirically determine if there were changes in entrainment
levels over the steady-state periods.

2.8. Principal component analysis for data reduction

In order to capture maximum explanatory variance across variables
and to avoid information redundancy and reduce the number of statis-
tical comparisons, data reduction was accomplished by principal com-
ponent analysis (PCA, with promax rotation) in SPSS. Three separate
PCAs were conducted and the number of components selected was
based on an eigenvalue cutoff of 1 (Ethridge et al., 2015; Hamm et al.,
2014). The Onset/Offset periods (6 variables) was reduced to a single
component (variance accounted: 49%), and the Baseline Power (3 vari-
ables) was reduced to a single component (variance accounted: 68%).
The Steady-State STP and ITC for each stimulation frequency and time
bin (30 variables: 3 frequencies, 2 neural measures [STP ITC], 5 time
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20 Hz 40 Hz 80 Hz

Onset
Offset

1000
Time (ms)

Auditory Steady-State Response

Fig. 1. Evoked Power. Evoked Power (dB) response averaged over all trial-types and all subjects using peak central-frontal sensors. Red Box indicate areas used for onset (3-9 Hz;
50-300 ms) and offset (3-9 Hz; 1550-1800 ms) evoked response analysis. Topographies of each steady-state stimulation frequencies averaged over all trial-types and all subjects
from onset of stimulus to offset (0-1500 ms). Bottom topography is the average of both the onset and offset response periods.

bins [0-1500 ms in 300 ms bins]) was reduced to five components
(20 Hz STP, 20 Hz ITC, 40 Hz Response (STP and ITC), 80 Hz ITC, 80 Hz
STP; variance accounted: 71%). The inclusion of 300 ms time bins helped
evaluate the consistency of steady-state response across the entire
steady-state period. Importantly, if there were different PCA loadings
for the time-bin periods it would indicate different levels of entrain-
ment possibly indexing unique properties of the auditory stimuli or cor-
tical disruptions linked to specific time periods. However, for each PCA
component, regardless of frequency of stimulation or neural measure
that the component indexed, time bins showed a similar pattern: the
0-300 ms time bins had lower loadings [20 Hz STP: 0.65, 20 Hz ITC:
0.62, 40 Hz STP/ITC: 0.78/0.75, 80 Hz STP: 0.58, 80 Hz ITC: 0.85], but
each of the following bins (300-600, 600-900, 900-1200,
1200-1500 ms) had similarly high loadings [20 Hz STP: 0.75-0.83,
20 Hz ITC: 0.70-0.78, 40 Hz STP/ITC: 0.85-0.96, 80 Hz STP: 0.74-0.92,
80 Hz ITC: 0.87-0.91]. Bartlett factor scores were generated for each
subject for each PCA component. PCA Pattern Matrices and loadings
are presented in Supplemental Tables 5-7.

2.9. Statistical analysis

All statistics were performed in SPSS Statistics version 23 (Armonk,
NY: IBM Corp.). For each PCA component (7) a 1-way ANOVA was con-
ducted to determine group differences. All ANOVAs were corrected
using the Holm-Bonferroni method (Holm, 1979). Significant effects in-
volving group membership were followed with hypothesis driven or-
thogonal contrasts (Healthy vs. Probands; BDNP vs. [BDP, SAD & SZ];
BDP vs. [SZ & SAD]; SAD vs. SZ). Equal variance was not assumed. Full
statistical results are presented in Supplemental Tables 8 and 9.

2.10. Post hoc analyses: canonical correlation and discriminant analysis

To parsimoniously evaluate the relationships between the PCA neural
components and clinical measures (GAF, SFS, PANSS Negative, PANSS
Positive, PANSS General, Young Mania Rating Scale, Montgomery-
Asberg Depression Rating Scale), canonical correlation analyses (CCA)
across all proband groups was performed (Lambert et al., 1988; Supple-
mental methods).

To summarize variables that efficiently and maximally differentiated
groups based on aSSR-related neural responses, PCA components that
were significant after Holm-Bonferroni correction were submitted to a
canonical discriminant analysis (CDA) (Hamm et al., 2014; Supplemental

methods). For each significant canonical variate, means and standard
error of the mean were calculated and plotted (Fig. 3). A Post-Hoc
Tukey's B test was performed to identify homogenous sub-groupings.
The CDA results and PCA correlations entered into the CDA are listed in
Table 2.

3. Results
3.1. Onset and offset evoked response

The ANOVA on the Onset- and Offset-evoked response component
(Average of 3-9 Hz from 50 to 300 ms and 1550-1800 ms) revealed a sig-
nificant main effect for Group (F = 10.51, df = 4, 517, p <.001; p <.001,
Holm-Bonferroni corrected). Contrasts showed that HC > probands (t =
5.35, df = 229, p <.001), BDNP> psychosis groups (t = 2.22, df = 107,
p = .028), and BDP > SZ/SAD (t = 2.22, df = 107, p = .035). The SZ
and SAD groups did not differ. See Fig. 2, Supplemental Tables 8 and 9;
PCA loadings are presented in Supplemental Table 7.

3.2. Baseline Power

The ANOVA on the Baseline Power component (Overall neuronal ac-
tivity from —500 - stimulus onset at each frequency of stimulation) re-
vealed a significant main effect for Group (F = 3.02, df = 4,517,p =
.018; p = .044, Holm-Bonferroni corrected). Contrasts showed that HC
< probands (t = —3.24, df = 267, p = .001), but the proband groups
did not differ (p's > 0.12). See Fig. 2, Supplemental Tables 8 and 9; PCA
loadings are presented in Supplemental Table 6.

3.3. Steady-state responses

Five separate ANOVAs were conducted on PCA components that
corresponded to 5 separate neural responses: 20 Hz ITC, 20 Hz STP,
40 Hz Response, 80 Hz ITC, 80 Hz STP. See Supplemental Table 5 for
PCA pattern matrix loadings.

3.3.1. 20 Hz response

The ANOVA on the 20 Hz ITC (measure of phase consistency across
trials) component revealed a significant main effect for Group (F =
3.13,df = 4,517, p = .015; p = .044, Holm-Bonferroni corrected). Con-
trasts showed that HC> probands (t = 2.92, df = 221, p = .004), but the
proband groups did not differ (p's >0.12). The ANOVA on the 20 Hz STP
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Table 2
Canonical discriminant analysis.

D.A. Parker et al. / Schizophrenia Research 209 (2019) 218-226

Eigenvalue % of variance Wilks' Lambda Chi-square Df Canonical correlation Sig.
Canonical variate 1: 0.14 87.2%"" 0.86 7524 24 0.34™" <0.001
Correlations: Onset and offset ITC STP and ITC STP ITC Baseline activity
80 Hz 40 Hz 80 Hz 20 Hz

PCA components and canonical variate 1 0.765 0.71 0.45 0.44 0.42 —0.37
Group centroids:
Canonical variate 1 N Mean SD Lower 95% Upper 95%
HC 137 0.56 1.11 0.37 0.75
BDNP 68 0.04 0.94 —0.18 0.27
BDP 99 —0.07 1.06 —0.28 0.14
SAD 105 —0.25 0.96 —0.43 —0.06
Sz 113 —0.41 0.87 —0.58 —0.25
* p<.05.

** p<.01.

 p<.001.

(measure of the magnitude of response across trials) component did not
show a significant main effect for Group (F = 1.1, df = 4,517, p = .36).
See Fig. 2, Supplemental Tables 8 and 9.

3.3.2. 40 Hz response

The ANOVA on the 40 Hz Response component revealed a significant
main effect for Group (F = 4.4, df = 4, 517, p = .002; p = .008, Holm-
Bonferroni corrected). Contrasts showed that HC > probands (t = 2.95,
df = 225, p = .004) and SAD>SZ (t = 2.03, df = 211, p = .044), how-
ever, the contrasts between BDNP vs psychosis subgroups and BDP vs
SZ/SAD did not differ (p's >.07). See Fig. 2, Supplemental Tables 8 and 9.

3.3.3. 80 Hz response

The ANOVA on the 80 Hz ITC component revealed a significant main
effect for Group (F = 9.04, df = 4, 517, p <.001; p <.001, Holm-
Bonferonni corrected). Contrasts showed that HC > probands (t = 4.7,
df =200, p<.001) and SAD>SZ (t = 2.01, df = 206, p = .046), however,
the contrasts between BDNP vs psychosis subgroups and BDP vs SZ/SAD
did not differ (p's >.27). The ANOVA on the 80 Hz STP component re-
vealed a significant main effect for Group (F = 3.57,df = 4,517,p =
.007; p = .028, Holm-Bonferroni corrected). Contrasts showed that HC

> probands (t = 2.61, df = 202, p = .01), but the proband groups did
not differ (p's >.096). See Fig. 2, Supplemental Tables 8 and 9.

3.4. Canonical correlation analysis

The six PCA components that showed significant group differences
(onset/offset, baseline, 20 Hz ITC, 40 Hz Response (STP and ITC), 80 Hz
ITC, and 80 Hz STP) and seven clinical measures (Global Assessment of
Functioning scale, Birchwood Social Functioning Scale, PANSS Negative,
PANSS Positive, PANSS General, Young Mania Rating Scale,
Montgomery-Asberg Depression Rating Scale) were used in the CCA,
however, none of the variates reached significance (p's >.265). See Sup-
plemental Tables 10 and 11 for individual correlations and CCA loadings.

3.5. Canonical discriminant analysis

The six PCA components that showed significant group differences
(onset/offset, baseline, 20 Hz ITC, 40 Hz Response (STP and ITC), 80 Hz
ITC, and 80 Hz STP) were used in the CDA to efficiently summarize
group differentiations (HC, BDNP, BDP, SAD, SZ). Only the first variate
(A = 0.34, Wilks' Lambda = 0.86, Chi = 75.24, df = 24, p <.001) was
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BDP SAD

Fig. 2. PCA scores derived from the unadjusted single-trial power from the pre-stimulus period (—500-0 ms), the onset (3-9 Hz; 50-300 ms) and offset (3-9 Hz; 1550-1800 ms) evoked
response and the Steady-State response at 20, 40 and 80 Hz, resulting in unique 7 components by group. See Supplemental Tables 6, 7 and 8 for PCA weights. HC, Healthy Comparison
subjects (n = 137); SZ, probands with schizophrenia (n = 113); SAD, probands with schizoaffective disorder (n = 105); BDP, probands with bipolar disorder I with psychosis (n =
99); BDNP, probands with bipolar disorder I without psychosis (n = 68). Error bars = SEM. Full orthogonal contrast results can be found in Supplemental Table 9.
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statistically significant. Correlations between each of the components
and canonical variate are provided in Table 2. The canonical variate
(plotted in Fig. 3) is mostly associated with higher neural activity to
stimulus onset and offset (r = 0.765), and phase coherence in response
to the 80 Hz steady-state stimuli (r = 0.71). This variate showed a pat-
tern of HC (Mean: 0.56, SEM: 0.095) > BDNP (Mean: 0.04, SEM: 0.11)
> BDP (Mean: —0.07, SEM: 0.11) > SAD (Mean: —0.25, SEM: 0.096)
> SZ (Mean: —0.41, SEM: 0.087). A follow up Tukey B post-hoc test
identified three homogenous sub-groups: Healthy, affective disorders
[BDNP, BDP & SAD], and psychosis [BDP, SAD, & SZ].

4. Discussion

We examined the aSSR and related neural activations in a large sam-
ple of individuals across the schizophrenia-bipolar spectrum. The sample
size of this individual aSSR study of psychosis is 44% that of a previous
meta-analysis of gamma aSSR psychosis studies (Thuné et al., 2016) and
has a more diverse syndromal representation. The results yield informa-
tion concerning the utility of this family of neural activations to serve as
psychosis and/or severe psychopathology biomarkers. Detailed discussion
of the study outcomes and their importance for understanding neuro-
pathological correlates of psychosis and bipolar disorder is provided
below.

There were five main study outcomes: (i) psychosis groups (SZ, SAD,
and BDP) had dimensionally deviant auditory neural responses to the
steady-state stimuli, with differences following the pattern of most se-
vere deviations occurring in SZ and the least severe in BDP; (ii) deviant
auditory responses in psychosis and BDNP were not limited to a specific
stimulation frequency, to magnitude (STP), or phase coherence (ITC). In
response to 40 Hz and 80 Hz stimuli, however, ITC values were lower
among SZ compared to SAD; (iii) Reductions of onset and offset re-
sponses were found in all probands in comparison to HC, between
BDNP and psychosis subgroups, BDP and SAD/SZ, but not between
SAD and SZ; (iv) The combined proband groups showed statistically
similar elevations of neural activity prior to stimuli onset (as measured
by neural activity during the baseline period) compared to healthy sub-
jects; (v) there were no substantial associations between clinical and
social functioning measures and the auditory neural components in re-
sponse to the steady-state stimuli. In a recent article Zhou et al. (2018)
examined the aSSR across the psychosis spectrum (SZ, SAD, and BDP).

Canonical Discriminant Analysis

The current study replicates the main findings of a reduction to the
aSSR across the psychosis spectrum that is not limited to 40 Hz. By uti-
lizing a multivariate approach across the full schizo-bipolar spectrum
the current study provides a number of useful insights into the utility
of the aSSR as a biomarker for serious mental illness.

4.1. Response to stimuli onset and offset

Due to the complex frequency compositions of early transient re-
sponses the onset and offset evoked response was examined in the
time-frequency domain. Previous studies have found reduced early
transient neural responses in SZ to the aSSR in lower frequencies
(Hamm et al.,2012; Hamm et al., 2011). This is consistent with a general
reduction in early ERP (traditional N100/P200) responses to auditory
stimuli; however, prior studies have been limited by only including SZ
(Hamm et al., 2011; Rosburg et al., 2008), SZ and BDP (Hamm et al.,
2014; Ethridge et al., 2015), or by not distinguishing between BDP and
BDNP (Wang et al., 2014). The current study shows a general pattern
of psychopathology severity (HC > BDNP>BDP > SZ/SAD). These reduc-
tions may be related to inhibitory-excitatory imbalances in cortical cir-
cuits (Javitt and Sweet, 2015; Blatow et al., 2003) especially those
involving dysfunction of inhibitory somatostatin-containing (SST) in-
terneurons (Hamm and Yuste, 2016). This study provides evidence
that earlier evoked response reductions in the low-frequency range
are a marker for severity of serious mental illness (Fig. 2).

4.2. Baseline Power

High levels of intrinsic neural activity had been shown previously in
SZ (Rolls et al., 2008; Clementz et al., 2008; Clementz et al., 2004) and
are present in some mouse models of the disease (Hamm et al., 2017).
Examining the role of ongoing and pre-stimulus background brain ac-
tivity at the driving frequencies provides important insight into
steady-state deviations. In all proband groups baseline power (—500
to stimulus onset) was increased in comparison to HC (Fig. 2). The re-
sults in the current study show that disturbances are present across
the bipolar/schizophrenia spectrum, regardless of psychotic or affective
status and could partially explain the overlap in deviations to the
steady-state found across the probands in investigation not adjusting
for background brain activity. This issue deserves study in other
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Fig. 3. Canonical variate. Show a dimensional pattern of severity of psychopathology. The variate correlated strongest with the onset and offset PCA component and the 80 Hz ITC PCA
component. HC, Healthy Comparison subjects (n = 137); SZ, probands with schizophrenia (n = 113); SAD, probands with schizoaffective disorder (n = 105); BDP, probands with
bipolar disorder I with psychosis (n = 99); BDNP, probands with bipolar disorder I without psychosis (n = 68). Error bars = SEM. *p < .05, **p < .01, ***p <.001 based on Tukey HSD

post-hoc tests.
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neurophysiological dimensions relevant to serious mental illness and
provides an important target for translational future translational
studies.

4.3. Steady-state response

Across a range of aSSR stimulation frequencies and measures there
was not any single feature of the specific steady-state responses associ-
ated with any syndrome. In an exploratory analysis, there was no group
by steady-state PCA components interaction (F(13.5,1741) = 1.06,p =
.39; Greenhouse-Geisser corrected). SZ tended to have lower amplitude
responses to 40- and 80-Hz stimulation than the other groups, but these
differences were qualitative rather than quantitative with considerable
between-groups overlap. The dimensional nature of abnormalities ob-
served is summarized by the discriminant analysis outcome displayed
in Fig. 3, combined with the statistical outcome of those results that in-
dicated the healthy, affective disorder, and psychosis cases seemed to
yield an ordered severity continuum.

These results might inspire questions about understanding of aSSR
deviations among clinically defined psychiatric groups (Fig. 2), but they
might simultaneously yield an important development in our under-
standing of this interesting family of translational biomarkers. These
data seem to be most consistent with the thesis that EEG deviations, in-
cluding the ERPs to stimulus change as well as the actual steady-state
components, especially in response to gamma range stimuli, index sever-
ity across affective and nonaffective syndromes. This pattern of results is
consistent with molecular and micro-anatomical abnormalities in SZ-
like psychosis in multiple interneuron families (Hashimoto et al.,
2008), and suggests pathology is not limited to parvalbumin containing
interneurons related specifically to the 40 Hz aSSR (Sivarao, 2015;
Sivarao et al., 2016; Sohal et al., 2009; Kim et al., 2015) or to cortical
somatostatin-containing interneurons which naturally control sensory
responses in the beta (20 Hz) band (Hamm et al., 2017; Veit et al.,
2017), and that these mechanisms might transcend any psychosis
syndrome.

Further, each of the steady-state frequencies may probe different spa-
tial scales of cortical communication. Beta (20 Hz) has been implicated in
long-range cortical to cortical communication (Kopell et al., 2000), audi-
tory gamma (40 Hz) is primary generated in Heschel's gyrus with contri-
butions from the thalamus and midbrain (Herdman et al., 2002), and high
gamma (80 Hz) may have significant subcortical/brainstem sources
(Korczak et al., 2012). The specific deviations at low and high gamma
could be due feedfoward inhibition dysfunction from thalamus to layer
IV parvalbumin interneurons (Womelsdorf et al., 2014). However, future
systematic translational and animal model studies linking cell- and
circuit-level motifs to macro-level biomarkers like aSSR could provide in-
sight into the neurophysiological deviations present across serious mental
illness. Alternatively, a more fundamental alteration affecting the stability
of cortical ensembles and/or attractors (Hamm et al., 2017) could affect
neuronal computation across all bandwidths and time courses, offering
an intriguing, more parsimonious basis for the diverse EEG abnormalities
seen in serious mental illness.

4.4. Relation to clinical and social functioning

Some previous studies have found an association between clinical
and social functioning and the auditory steady-state response (Zhou
etal., 2018; Hamm et al., 2012; Spencer et al., 2009), the multivariate
approach used in this study did not find associations that met conven-
tional statistical significance thresholds. Nevertheless, the variates did
show patterns consistent with previous findings (see Supplemental
Table 11). The first canonical correlation indicated a relationship be-
tween mostly 20 Hz ITC, and overall functioning as indexed by the
GAF. The second canonical variate indicated a relationship between
mostly 40 Hz ITC/STP and PANSS negative symptom ratings and the
MADRS. These associations warrant additional study to further

understanding of relationships between the auditory steady-state re-
sponse and clinical correlates of psychosis.

4.5. Strengths and limitations

The strengths of our study include a large carefully collected sample
covering a broad range of serious mental illness syndromes, and a rich
characterization of clinical and cognitive measures. Among limitations, al-
most all patients were receiving psychiatric medications, which in some
studies have been shown to interact with the aSSR (Rass et al., 2010),
therefore the effect of treatment cannot be ruled out. However several
medication considerations should be taken into account. Importantly,
while the majority of SZ, SAD and BDP were treated with antipsychotics
(SZ = 86%, SAD = 79%, BDP = 78%), a nontrivial portion of BDNP cases
were also receiving antipsychotics (38%). CPZ dosages were similar across
groups and did not correlate with any PCA component (p's > .29). Addi-
tionally, while there was a significant overall difference in frequency of
mood stabilizer use, BDP and BDNP showed similar rates (BDP = 65%,
BDNP = 59%; lithium: BDP = 27%, BDNP = 18%) and lithium dosage
level were similar across groups and did not correlate with any PCA com-
ponent (p's >.23). There were no differences in anti-depressant use (Sup-
plemental Tables 1-4). No study to date has examined the aSSR in
psychosis samples before and after receiving antipsychotic, mood stabi-
lizer, and antidepressant medications, which could be an important area
for follow up research. Since this study used a cross-sectional design, it
is unable to assess how stable the aSSR is across time in psychiatric pop-
ulations, although the aSSR has been shown to have high test-retest reli-
ability in healthy persons (Legget et al., 2017). A majority of the cases
reported on here were chronic, stable mid-course outpatients. While
there is some evidence of aSSR abnormalities in pre-onset and first epi-
sode psychosis, and first-degree relatives of SZ (Tada et al., 2016; Rass
et al,, 2012; Spencer et al., 2008), this has not been assessed in BD. Such
an investigation could provide a biomarker of partially distinct etiologies
or risk profiles across serious mental illness.

4.6. Conclusions

The aSSR provides useful information about the auditory system and
neural circuitry abnormalities/disruptions that are shared across the di-
mensions of psychosis, and appear to be shared dimensionally across
the bipolar-schizophrenia spectrum. In order to investigate its utility as
a biomarker the current study used a multivariate approach to examine
intrinsic neural activity, transient evoked responses, and the steady-
state response across beta, low, and high gamma frequencies. The aSSR
and intrinsic activity deviations are shared across the bipolar-
schizophrenia spectrum that suggest an overlap in shared cortical disrup-
tions, with the most severe reductions occurring in the most SZ-like cases.
Transient evoked responses suggest a more severe reduction occurring in
both affective and psychosis syndromes. Future studies could usefully ex-
amine temporal stability of the aSSR across the bipolar-schizophrenia
spectrum and examine its relationship to prodromal/high risk
populations.
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