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Abstract
Objectives—Abnormalities in auditory steady state response (ASSR) at gamma range
frequencies have been found in bipolar disorder, but the relationship of these neurophysiological
disturbances to clinical factors has not been well characterized. We therefore evaluated the ASSR
in bipolar disorder and examined its sensitivity to clinical symptoms, cognitive function, and
pharmacological treatment.

Methods—A total of 68 patients with bipolar disorder and 77 control participants were
evaluated. Click trains presented at 20, 30, 40, and 50 Hz evoked ASSRs. Mean trial power (MTP)
and phase locking factor (PLF) measured response magnitude and phase synchronization of the
ASSR at each stimulation frequency. Clinical state, pharmacological treatment, and
neuropsychological performance were assessed, and their respective relationships with ASSR
measures were evaluated.

Results—Patients with bipolar disorder showed reduced MTP and PLF compared to control
participants. Bipolar disorder patients taking psychotropic medications had decreased PLF relative
to patients withdrawn from medications. Control participants performed better on
neuropsychological tests than bipolar disorder patients; however, test scores did not correlate with
ASSR measures.

Conclusions—Deficits in the generation and maintenance of ASSR are present in bipolar
disorder, implicating disturbances in auditory pathways. ASSR may be sensitive to medication
status. Other clinical features, including mood state, psychotic features, cognitive performance,
smoking, or history of substance use disorder, were unrelated to MTP or PLF.
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Periodic auditory stimulation entrains the electroencephalogram (EEG) to produce an
auditory steady state response (ASSR) that synchronizes to the phase and frequency of the
external stimulus (1). The ASSR can therefore probe frequency response characteristics of
sensory neural circuits with respect to phase synchronization and response magnitude (1,2).
The ASSR is thought to reflect the activity of neurons in the brainstem, thalamocortical
projections, and auditory cortex (1,3–7). In humans, the ASSR is largest for clicks or
modulated tones presented at 40 Hz (1,8). Deficits of ASSR have been demonstrated in
schizophrenia and early-onset or first-episode psychosis at 30 Hz (2,9) and 40 Hz (2,9–14).

Whereas the ASSR deficit appears to be sensitive to schizophrenia, it may not be specific to
the disorder. O’Donnell and colleagues (15) measured ASSR in unmedicated patients during
manic or mixed episodes of bipolar disorder and found reduced EEG signal power at
stimulation frequencies of 20, 30, 40, and 50 Hz and reduced EEG phase synchronization at
20, 40, and 50 Hz (15). Furthermore, Spencer and colleagues (9) measured ASSR in a mixed
affective disorder group of first-episode psychosis patients with primary diagnosis of bipolar
disorder (n = 13) or major depressive disorder (n = 3) and found reduced EEG signal power
at 30 Hz and reduced EEG phase synchronization at 30 Hz and 40 Hz. Finally,
magnetoencephalography (MEG) recordings in euthymic bipolar disorder patients showed
reduced power and phase locking for transient gamma band response (20–70 ms) and ASSR
(200–500 ms) during 40 Hz stimulation (16).

ASSR deficits in bipolar disorder may index disturbances of GABAergic neurotransmission
within auditory pathways and cortex. In terms of cellular mechanisms, decreased GABA
transmission, glutamate receptor expression, and glutamic acid decarboxylase, an enzyme
involved in GABA synthesis and regulation, have been implicated in bipolar disorder (17–
19). Uhlhaas and Singer (20) induced oscillations in hippocampal slices to investigate the
effects of spontaneous, pharmacological, and tetanic stimulation and concluded that GABA
circuits modulate the generation and synchronization of beta and gamma range oscillations,
whereas glutamate determines strength, duration, and range of oscillations. Consequently,
GABAergic dysregulation in bipolar disorder may alter the ASSR at these frequencies.

Clinical features may be associated with variations in the ASSR. Deficits in auditory
processing and perception in both schizophrenia and bipolar disorder are suggested by
clinical symptoms (e.g., auditory hallucinations) and abnormal auditory event-related
potentials (ERPs) (see 21 for review), including P50 gating measures (22–25) and P300
ERPs (25–29). Psychotic features, often associated with schizophrenia, are present in 58–
80% of bipolar disorder patients and may influence ERP responses (22,30). Acute (i.e.,
symptoms of mania or depression) and euthymic (asymptomatic) illness phases in bipolar
disorder are associated with behavioral, cognitive, and EEG differences (31). ASSR deficits
could be linked to cognitive deficits, which are evident across depressive, hypomanic, and
euthymic phases (32,33).

EEG measures including ASSR may also be affected by medications and illicit drug use
(11,34). Acute administration of alcohol suppresses 40 Hz ASSRs (35,36). The cholinergic
and GABA agonist nicotine can influence EEG waveforms and ERPs (see 37,38 for review)
because cholinergic circuits modulate oscillatory facilitation and response (20,39).
Prescribed medications (e.g., mood stabilizers, antipsychotics, antidepressants) could affect
the ASSR (17,40–44).

The present study assessed ASSRs in bipolar disorder, and tested the relationship of ASSR
measures to mood state, history of psychosis, medication status, drug history, and cognitive
functioning of bipolar disorder patients. Age and gender effects were also investigated as
potential covariates. Mean trial power (MTP), or event-related spectral perturbation, and
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phase locking factor (PLF), or intertrial coherence, were used as measures of ASSR. MTP
quantifies baseline-normalized EEG activity at specific frequencies during stimulation.
Because MTP captures the change in power relative to background activity in the baseline
period, it reflects both phase-locked and non-phase-locked activity across trials. PLF
measures phase synchronization of EEG activity across trials at particular temporal intervals
and frequencies (45). PLF values can range from 0 (absence of synchronization) to 1
(perfect synchronization, or phase reproducibility across trials at a given latency). We
expected to find decreased power and phase locking of ASSR in bipolar disorder patients
compared to control participants and tested whether clinical variables modulated the ASSR.

Methods
Participants

Two groups of participants were evaluated: 68 patients with a diagnosis of type I bipolar
disorder and 77 nonpsychiatric comparison participants (see Table 1 for characteristics).
Exclusion criteria for all participants included a history of neurological or cardiovascular
disease, failure to complete a grade-school education, clinically documented hearing loss,
head injury that resulted in loss of consciousness, current substance or alcohol dependence
and electroconvulsive therapy. Participants were paid for participation. The protocol was
approved by the Indiana University–Purdue University Indianapolis Human Subjects
Review Committee. All participants received detailed information about the study protocol
and gave written and oral informed consent.

Bipolar disorder patients were diagnosed using the research modules of the Structured
Clinical Interview for DSM-IV Axis I Disorders (SCID-I) (46), clinical observations, and
chart review. Bipolar disorder patients, described in Table 1, were referred by physicians
and recruited at the Indiana University School of Medicine Neuroscience Clinical Research
Center (Indianapolis, IN, USA). Sixteen patients had discontinued anticonvulsant mood
stabilizers, lithium, antipsychotic, and antidepressant medications for at least three days
prior to the EEG (range: 3–730, median = 8, SD = 196); however, 7 patients were prescribed
benzodiazepines or similar sedative medications if required and therefore were not
completely unmedicated. Table 2 describes the prescribed medication types among bipolar
disorder patients. Three months of remission from substance dependence were required for
inclusion.

Nonpsychiatric control participants were recruited through newspaper advertisements.
Participants were excluded from participation if they had a current or past substance abuse
or dependence, diagnosis of any current or past Axis I psychiatric illness, or first-degree
relatives with schizophrenia or bipolar disorder. The SCID-I was used to rule out Axis I
disorders in healthy participants. Control participants had completed more years of
education than bipolar disorder patients [t(143) = 3.011, p < 0.01], but did not differ in age
or gender distribution (χ2 = 0.008).

Clinical and neuropsychological assessment
The Young Mania Rating Scale (YMRS) (47) and Montgomery-Åsberg Depression Rating
Scale (MADRS) (48) were used to characterize the phase of illness in patients within a week
of EEG testing (Table 2). A manic episode was characterized by a score of > 12 on the
YMRS and a depressed episode by a score of > 8 on the MADRS according to empirically
derived criteria where the two scales were calibrated with the Clinical Global Impression
Scale–Bipolar Version (49). Participants in the euthymic phase did not meet criteria for
mania or depression.
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Subtests from the Wechsler Adult Intelligence Scale (WAIS-III) (50) were used to assess
abstract verbal reasoning (Similarities task), short-term auditory memory and working
memory (Digit Span task), visuospatial perception (Picture Completion task), and working
memory and psychomotor speed (Digit Symbol Coding task). The Trail Making Test A
assessed psychomotor speed, and Trails B assessed the ability to shift between sets within
working memory (51). The word-list learning test form of Consortium to Establish a
Registry for Alzheimer’s Disease (CERAD) (52) was used to assess episodic memory. Table
3 shows performance on these measures.

Electrophysiological assessment
During the evaluation, participants were seated comfortably with eyes open while listening
to trains of clicks presented through Etymotic insert earphones (Etymotic Research, Inc., Elk
Grove Village, IL, USA). The individual stimuli were 1 ms duration clicks (80 dB SPL),
presented in trains which varied in rate of presentation (20, 30, 40, and 50 Hz) in each of
four blocks. The duration of the click train was 450 ms for 20 Hz, 467 ms for 30 Hz, 475 ms
for 40 Hz, and 480 ms for 50 Hz. Each block had 80 trains of clicks with a 700 ms intertrain
interval. Order of conditions was randomized across participants.

The EEG was continuously recorded (band pass 0.1–200 Hz, sampling rate 1000 Hz) and
digitized (Neuroscan SynAmps, Compumedics Neuroscan, Charlotte, NC, USA) from the
scalp, using a 29-channel electrode cap. Recordings were referenced to the nose. Electrode
impedances were maintained at < 10 kOhm. For each stimulus condition, the EEG was
segmented into epochs with a 350 ms baseline before stimulus onset to 350 ms post-stimulus
padding after the end of each 512 ms click train using Brain Vision Analyzer software
(Brain Products, GmbH, Gilching, Germany). Epochs were corrected for ocular artifacts
using the Gratton, Coles, and Donchin algorithm (53). Epochs with voltage exceeding ± 150
μV at any site were automatically excluded from further analyses. Participants with fewer
than 20 remaining segments in a frequency condition (20, 30, 40, or 50 Hz) were excluded
from analysis in that condition. A mean number of 67 (SD = 14), 67 (SD = 12), 67 (SD =
14), and 66 (SD = 14) trials were included in the 20, 30, 40, and 50 Hz conditions,
respectively. The number of segments accepted for signal processing did not differ
significantly between groups.

Time-frequency analyses
Time-frequency analyses were applied to single-trial EEG epochs using MATLAB (The
MathWorks, Inc., Natick, MA, USA) and EEGLAB software (45). After applying a 100%
Hanning window to the data, a time-frequency spectrogram using short time windowed fast
fourier transform (FFT) was computed for a segment of EEG for the different component
frequencies. The spectrogram was used to measure change in power from baseline (MTP)
and intertrial coherence (PLF). A sliding window of 128 ms duration with 10 ms time steps
was used for the spectrogram analysis. The frequency resolution was 1.953 Hz.

MTP was obtained by averaging the power from individual trials after subtracting the mean
from the baseline period (350 ms before stimulus onset). PLF was obtained by first
averaging the normalized complex output from spectrogram for every time period and
frequency, then taking its absolute value (or complex norm) (54). For statistical analysis,
mean values were obtained for the 100–500 ms interval after stimulus onset for the
frequencies corresponding to 5 Hz below and above the stimulation frequency.

Statistical analysis
Analyses are reported for the FCz electrode where the signal power was largest. Differences
in EEG measures were analyzed for 20, 30, 40, and 50 Hz stimulation frequencies using

Rass et al. Page 4

Bipolar Disord. Author manuscript; available in PMC 2011 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



repeated-measures analysis of variance (ANOVA) with Greenhouse-Geisser epsilon
adjustments when appropriate, performed separately for MTP and PLF analyses. The within-
subject factor was frequency (4: 20, 30, 40, 50 Hz). The between-subject factor was group
(2: control, bipolar). Adding age and gender as covariates did not change results for the
reported MTP and PLF analyses. A repeated-measures ANOVA for between-subject factor
of group (3: control, bipolar off medication, bipolar on medication) by frequency (4: 20, 30,
40, 50 Hz) was used to determine the effect of medication on ASSR. To assess the
relationship between cognitive test scores and EEG response, a single average value was
calculated for MTP and PLF at the frequency of interest for the 100–500 ms interval after
stimulus onset. For all analyses, post-hoc t-tests were used to clarify main effects or
interactions revealed by ANOVA.

Separate analyses on bipolar disorder patients were used to assess the between-subject
factors of phase of illness (2: acute, euthymic), psychotic symptoms (2: present, absent),
history of substance use disorder (2: present, absent), and smoking status (2: smoker,
nonsmoker). Participants smoking less than one pack of cigarettes per week were excluded
from analysis of smoking effects. Independent samples t-tests assessed differences of bipolar
disorder patients with differing illness phase or medication states on factors of age, years of
education, age of onset, illness duration, and clinical measures of mood. Chi-square testing
assessed differences of bipolar disorder patients with differing illness phase or medication
states on the factors of gender, psychotic features, and drug abuse/dependence history.
Multiple regression analysis was used to explore potential relationships between
neuropsychological measures and EEG measures of MTP and PLF. A two-tailed p-value of
≤ 0.05 was used for significance testing.

Results
Clinical measures

Phase of illness—Euthymic patients scored lower than acute patients on the YMRS
[t(63) = 5.491, p < 0.001] and MADRS [t(63) = 5.430, p < 0.001], but did not differ on age,
age of onset, illness duration, or years of education. Acute patients included more females
(χ2 = 5.340, p = 0.021) and more participants taking medication (1 acute versus 13
euthymic) compared to the euthymic group; however, no differences were found between
patient groups for presence of psychotic features, drug abuse/dependence history, and
smoking status.

Electrophysiological measures
Mean trial power—Bipolar disorder patients had reduced MTP response at 40 Hz (Fig. 1).
Results from a (group = 2) × (frequency = 4) repeated-measures ANOVA can be found in
Table 3. A main effect for frequency indicated that both groups showed a stronger response
at 40 Hz than the other frequencies, and a group × frequency interaction supports a
differential response between groups (see Fig. 2). Post-hoc t-tests revealed decreased 40 Hz
MTP for bipolar disorder patients. MTP response was not affected by phase of illness,
psychotic symptoms, smoking, or substance use history.

Phase locking factor—Bipolar disorder patients had reduced PLF response at 40 Hz
(Fig. 1) and 50 Hz. Results from a (group = 2) × (frequency = 4) repeated-measures
ANOVA can be found in Table 3. A main effect for group, frequency, and a group ×
frequency interaction indicated a larger overall response for control participants, a larger
response at 40 Hz than other frequencies, and a differential response between groups (see
Fig. 3). Post-hoc t-tests revealed decreased 40 Hz and 50 Hz PLF for bipolar disorder
patients (Table 3).
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For bipolar disorder patients, separate repeated-measures ANOVA for between-subject
factors of the investigated variables (i.e., phase of illness, psychotic symptoms, smoking,
and substance use history) at each frequency showed main effects of frequency, with
greatest response at 40 Hz.

Medication status—Patients on medications had lower YMRS [t(63) = 3.290, p = 0.002)
and MADRS [t(63) = 2.393, p = 0.020) scores, but did not differ on age, age of onset, illness
duration, or years of education. Medicated patients were marginally more likely to have a
history of drug abuse or dependence (χ2 = 3.838, p = 0.050) than patients off medications;
however, no differences were found between patient groups for gender, presence of
psychotic features, and smoking status.

Medication status influenced PLF and MTP response at 40 Hz and 50 Hz. Results from a
(group = 3) × (frequency = 4) repeated-measures ANOVA can be found in Table 3. One-
way ANOVAs for each stimulation frequency were used to interpret the interaction effects
(Table 3). For MTP, patients off medication had greater response than those on medication
at 50 Hz, and a trend for greater response of control participants than bipolar disorder
patients was found for 40 Hz and 50 Hz. For PLF, control participants had greater responses
than patients on medications at 40 Hz and 50 Hz, but control participants did not differ from
unmedicated patients (Fig. 4). There was a trend for unmedicated participants to have a
greater response compared to those on medication at 50 Hz. These differences persisted
when the ANOVA included only patients (n = 9) who discontinued all medications,
including benzodiazepines and sedatives.

Neuropsychological measures
WAIS-III subtest performance scores were age scaled and analyzed for Picture Completion,
Digit Symbol Coding, Similarities, and Digit Span measures. One-way ANOVA for group
(control, bipolar) on each measure showed that control participants performed better than
bipolar disorder patients on Picture Completion, Digit Symbol, and Digit Span (Table 4).
Trail Making Test performance was analyzed for completion time of Trails A and Trails B.
One-way ANOVA for group (control, bipolar) on each measure showed that control
participants performed better than bipolar disorder patients on Trails A and Trails B
completion time (Table 4). CERAD performance was analyzed for grand total retention and
delay retention scores. One-way ANOVA for group (control, bipolar) on each measure
showed that control participants performed better than bipolar disorder patients did overall
and after a 20-minute delay (Table 4).

Hierarchical linear regression was used to examine whether cognitive measures predicted
ASSR response among control participants and bipolar disorder patients. In the first step,
analysis was based on group membership (bipolar = 1, control = 2). In the second step, the
model was tested using eight predictors, including scores on the WAIS-III (Picture
Completion, Digit Symbol Coding, Similarities, Digit Span), Trails A and B, and CERAD
total and delay. The dependent variables were 40 Hz MTP and 40 Hz PLF. For 40 Hz MTP,
the initial group model analysis was significant [R2 = 0.07, F(1,104) = 8.198, p = 0.005],
with group membership as a significant predictor (β = −0.270, t = −2.863, p = 0.005). The
cognitive measures model analysis approached significance [R2 = 0.15, F(9,96) = 1.938, p =
0.055]; however, no cognitive predictor was significant. For 40 Hz PLF, the initial group
model approached significance [R2 = 0.03, F(1,104) = 3.173, p = 0.078], and group
membership approached significance (β = −0.172, t = −1.781, p = 0.078).
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Discussion
Auditory steady state response

The present study replicated a gamma range ASSR deficit in bipolar disorder patients using
a larger sample size (9,55) and suggested that this deficit was not related to clinical factors
with the exception of medication status. Patients had reduced power (MTP) at 40 Hz and
reduced synchronization (PLF) at 40 Hz and 50 Hz. Medication use was related to ASSR
response, whereas other clinical factors, including phase of illness, history of psychotic
episodes, cognitive function, smoking, and history of substance abuse and dependence, were
unrelated to ASSR measures.

Dysregulated GABA function in bipolar disorder may play a role in the ASSR deficit at
gamma frequencies of stimulation. Gamma range oscillatory activity appears to be
dependent on GABAergic modulation, and both preclinical and clinical evidence suggests
that GABAergic neurotransmission is altered in bipolar disorder. Postmortem brains of
bipolar disorder patients have shown increased gamma-2 subunits of the GABAA receptors
that may influence GABA neurotransmission and benzodiazepine binding, leading to
changes in ASSR (56). Anticonvulsant mood stabilizers as well as lithium typically
upregulate GABAergic levels or activity in animal models, and cerebrospinal fluid, plasma,
and imaging studies suggest similar effects in patients with bipolar disorder (17–19).

Patients who had discontinued mood stabilizers and antipsychotic medication showed
gamma range ASSR PLF values comparable to those of control participants, in contrast to
decreased PLF response of patients currently receiving these medications. MTP at 50 Hz,
but not at 40 Hz, was also larger in unmedicated compared to medicated patients.
Medication may therefore have an effect on GABA function and ultimately the ASSR in
bipolar disorder. To our knowledge, no previous studies have compared medicated and
unmedicated bipolar disorder patients for ASSR measures. In a sample of schizophrenic
patients, Hong and colleagues (11) found that those taking atypical antipsychotic
medications had greater PLF at 40 Hz than both healthy controls and patients taking
conventional antipsychotic medications. However, it is important to note that patients in
neither the present study nor the Hong et al. study experimentally manipulated
pharmacological treatment, and it is therefore possible that differences between groups were
due to individual differences unrelated to medication. Additionally, in the present sample
benzodiazepines or similar sedative medications were provided as required to otherwise
unmedicated patients. Sedatives could affect gamma range ASSRs, since these are GABA
agonists. In the neonatal ventral hippocampal rodent model of schizophrenia, ASSR
magnitude and synchronization were decreased by applying GABA agonist muscimol, and
the effect was reversed when a GABAA receptor antagonist was given prior to muscimol
administration (57). Clarification of the role of pharmacological effects on the ASSR in
bipolar disorder awaits experimental studies, ideally with patients tested both on and off
medication.

Neurophysiological and imaging evidence indicate that the ASSR is primarily generated by
the auditory cortex across a wide range of frequencies, although thalamic, brainstem and
cochlear processing may also affect the response (58). Consequently, abnormalities in these
pathways could play a role in ASSR deficits. Maharajh and colleagues (16) proposed that a
reduction in the neuronal population or the inability of neurons to synchronize consistently
to the stimulus between trials may underlie PLF reduction in bipolar disorder. Meta-analyses
of structural magnetic resonance imaging (MRI) findings indicated that temporal lobe
volume is not affected in bipolar disorder (59,60). The few studies that quantified superior
temporal gyrus (STG) or auditory cortex in bipolar disorder suggest an interaction with stage
of illness. STG volumetric reductions have been reported in children and adolescents with
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bipolar disorder (61) and adult bipolar disorder patients (62), while studies of primarily
bipolar disorder patients at first episode have found no such abnormalities (63,64). Frey and
colleagues (65) found that length of bipolar illness was inversely correlated with total gray
matter volume. There is scant cellular neuropathology of the STG in bipolar disorder, but a
recent cytaoarchitectural assessment of the planum temporale reported reduced neuronal
clustering, reduced neural size in layer 3, and glial cell reduction in layer 6 (66). Moreover,
neuroanatomical location estimates using MEG revealed diminished interhemispheric
asymmetry of the primary auditory cortex in bipolar disorder patients, suggesting cortical
disorganization at the STG (67). Reite and colleagues (67) suggest that neurodevelopmental
abnormalities underlie functional disorganization of the primary auditory cortex and may
contribute to the disturbed function of GABAergic interneurons in layer 3 that modulate the
ASSR. In conjunction with the present data, these findings suggest that more anatomically
specific measures of auditory cortical regions and cellular features may reveal abnormalities
in these regions in bipolar disorder, although they may not be evident at first episode.

Cognitive function
Consistent with many previous studies, cognitive performance was impaired in bipolar
disorder patients, particularly on tests of psychomotor performance and verbal learning
(32,33). In the present data set, ASSR measures had little relationship with
neuropsychological measures, suggesting that ASSR deficits do not index cellular
disturbances which have a general relationship to cognitive function in bipolar disorder.

Future directions
Gamma range ASSR deficits may be a neurophysiological commonality shared by bipolar
disorder and schizophrenia, perhaps associated with common genetic risk factors or
neuropathological processes. Dysfunctional GABA and glutamate signaling may underlie
auditory EEG abnormalities present in both disorders, interacting with
psychopharmacological medications common to both patient groups. The interpretation of
the gamma range abnormalities in bipolar disorder depends on delineation of the
relationship of these deficits to the course of the illness and to cellular mechanisms that
affect auditory responses. Understanding the neuropathology of GABA and glutamate in
bipolar disorder could explain their role in disturbance of the ASSR. Animal models of
bipolar disorder and pharmacological manipulations would help to experimentally
characterize mechanisms responsible for deficiencies in the ASSR and could provide a
cross-species measure to assess pharmacological interventions. Findings of gray matter STG
volumetric reduction in chronic patients and cellular abnormalities in postmortem auditory
cortex suggest that the illness may have direct effects on auditory processing. Investigating
the relationship of the ASSR with structural MRI of auditory pathways may reveal
anatomical contributions to abnormal response in bipolar disorder.
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Fig. 1.
Averaged auditory steady state response waveforms for the 40 Hz stimulation frequency of
control and bipolar disorder participants.
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Fig. 2.
A. Mean trial power spectrogram at 40 Hz stimulation for control participants and bipolar
disorder patients showing magnitude of response across time. B. Mean trial power as a
function of stimulation frequency for control participants and bipolar disorder patients
recorded at site FCz. Error bars represent ± 1 standard error. *p < 0.05.
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Fig. 3.
A. Phase locking factor spectrogram at 40 Hz stimulation for control and bipolar disorder
participants showing synchrony across time. B. Phase locking factor as a function of
stimulation frequency for control and bipolar disorder participants recorded at site FCz.
Error bars represent ± 1 standard error. *p < 0.05.
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Fig. 4.
Phase locking factor as a function of stimulation frequency for bipolar disorder (BD)
patients taking medication and patients that discontinued medication with comparison to
control participant response. Error bars represent ± 1 standard error. *Control participants
differ from medicated patients at 40 Hz and 50 Hz (p < 0.05).
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Table 1

Participant demographic information

Control (n = 77) Bipolar disorder (n = 68)a

Euthymic (n = 22) Acute (n = 43)

Sex (M:F) 30:47 12:10 11:32

Age, mean (SD) 41.0 (10.3) 43.6 (10.5) 42.6 (10.3)

Years of education, mean (SD) 14.8 (2.4) 14.4 (2.3) 13.1 (3.3)

Age at onset, mean (SD) – 25.0 (7.1) 24.6 (8.9)

Illness duration, years, mean (SD) – 18.6 (11.4) 18.1 (12.0)

YMRS score, mean (SD) – 3.9 (3.9) 16.0 (9.9)

MADRS score, mean (SD) – 3.6 (2.6) 15.3 (9.9)

Psychotic features present, n – 12 15

Medication (on:off) – 21:1 30:13

Smokes > 1 pack cigarettes/week, n 12 10 13

Substance abuse or dependence history, n – 10 15

a
Young Mania Rating Scale (YMRS) and Montgomery-Åsberg Depression Rating Scale (MADRS) measures were not completed proximal to the

electroencephalograph date for three bipolar disorder patients, of whom two were off medications. Therefore, these three patients were not included
in either illness phase category.
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Table 2

Medication types among bipolar disorder groups

Euthymic (n) Acute (n)

Atypical antipsychotic 11 21

Conventional antipsychotic 3 4

Lithium 7 8

Benzodiazepine 1 11

Antidepressant 6 16

Anticonvulsant 8 14

Patients taking psychotropic medications typically used multiple medications. Anticonvulsant medications included Depakote (valproic acid). Of
unclassified patients (n = 3), two were not taking medications and one was taking an atypical antipsychotic, benzodiazepine, and antidepressant.
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Table 3

Significant effects from the analyses of mean trial power (MTP) and phase locking factor (PLF)

ASSR analysis Factor Omnibus ANOVA

Control versus BD

MTP F F(2.56, 363.12) = 7.36***

F × G F(2.56, 363.12) = 3.22*

PLF F F(2.60,368.19) = 77.91***

F × G F(2.60,368.19) = 2.82*

G F(1,143) = 5.12*

Medication effect

MTP F F(2.54,367.75) = 3.25*

F × G F(5.07,367.75) = 2.35*

PLF F F(2.59,365.55) = 47.71***

F × G F(5.185,365.55) = 1.96, p = 0.081

G F(2,141) = 5.15**

Bipolar disorder analysis: PLF

Mood state F F(2.68,165.96) = 16.29***

Psychotic symptoms F F(2.62,170.39) = 22.08***

Substance use history F F(2.61,169.65) = 20.61***

Smoking F F(2.57,138.56) = 21.35***

Follow-up analysis Condition Post-hoc Direction

Control versus BD t-test

MTP 40 Hz t(143) = 2.79** C > BD

40 Hz t(143) = 2.31* C > BD

PLF 50 Hz t(143) = 2.15* C > BD

Medication effect ANOVA Tukey HSD

MTP 40 Hz F(2,142) = 4.1* C > BD− 0.076

C > BD+ 0.053

50 Hz F(2,142) = 4.2* C > BD+ 0.052

BP– > BD+ *

PLF 40 Hz F(2,142) = 4.0* C > BD+ *

50 Hz F(2,142) = 5.0* BP– > BD+ 0.060

C > BD+ *

ASSR = auditory steady state response; BD = bipolar disorder; F = frequency; G = group; C = control; BD+ = on medication; BD− = off
medication; HSD = honestly significant difference.

*
p < 0.05,

**
p < 0.01,
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***
p < 0.001.
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