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Abstract

Abnormal brain activity during the processing of simple sounds is evident in individuals with increased genetic liability for
schizophrenia; however, the diagnostic specificity of these abnormalities has yet to be fully examined. Because recent evidence
suggests that schizophrenia and bipolar disorder may share aspects of genetic etiology the present study was conducted to
determine whether individuals with heightened genetic liability for each disorder manifested distinct neural abnormalities during
auditory processing. Utilizing a dichotic listening paradigm, we assessed target tone discrimination and electrophysiological
responses in schizophrenia patients, first-degree biological relatives of schizophrenia patients, bipolar disorder patients, first-degree
biological relatives of bipolar patients and nonpsychiatric control participants. Schizophrenia patients and relatives of
schizophrenia patients demonstrated reductions in an early neural response (i.e. N1) suggestive of deficient sensory registration
of auditory stimuli. Bipolar patients and relatives of bipolar patients demonstrated no such abnormality. Both schizophrenia and
bipolar patients failed to significantly augment N1 amplitude with attention. Schizophrenia patients also failed to show sensitivity
of longer-latency neural processes (N2) to stimulus frequency suggesting a disorder specific deficit in stimulus classification. Only
schizophrenia patients exhibited reduced target tone discrimination accuracy. Reduced N1 responses reflective of early auditory
processing abnormalities are suggestive of a marker of genetic liability for schizophrenia and may serve as an endophenotype for
the disorder.
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1. Introduction

Aberrant brain activity during the processing of
sound may reflect a genetically determined predisposi-
tion for psychosis (Ahveninen et al., 2006; Frangou
et al., 1997). Investigations have shown that individuals
who carry genetic liability for schizophrenia exhibit
abnormal brain electrical responses during sensory
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gating and identification of simple auditory stimuli
(Bramon et al., 2005; Freedman et al., 1997; Hall et al.,
2007; Schreiber et al., 1992; Waldo, 1999). Individuals
who develop schizophrenia also manifest anomalous
attentional modulation of neural responses to simple
sounds (Umbricht et al., 2006). Nevertheless, it has yet
to be determined whether auditory processing abnorm-
alities are diagnostically specific to genetic liability for
schizophrenia (Turetsky et al., 2007). Because recent
evidence suggests that some genes may create vulner-
ability for both schizophrenia and bipolar disorder it is
necessary to determine whether etiologic mechanisms
are shared between the two disorders, and examine the
possibility that the disorders, as clinically-defined, may
not conform to the genetic nosology of severe
psychopathology (Badner and Gershon, 2002). We
used a dichotic listening task to study auditory
processing in schizophrenia and bipolar disorder
patients, first-degree biological relatives of both patient
groups, and nonpsychiatric comparison participants.
The study design allowed us to determine whether
neural abnormalities during auditory processing were
consistent with a diagnostically specific genetic liability
for schizophrenia and whether the abnormal brain
responses were modulated by attention. To our knowl-
edge this is the first published study to investigate
multiple event-related potential components in relatives
of schizophrenia patients and relatives of bipolar
patients.

Deficient sensory registration and impaired atten-
tional modulation of auditory input may reflect etiologic
mechanisms in schizophrenia (Clementz and Blumen-
feld, 2001; Freedman et al., 1997; Heinrichs &
Zakzanis, 1998). The negative event-related potential
(ERP) that occurs approximately 100 ms after the onset
of an auditory stimulus (N1 or N100) is elicited in the
absence of task demands but is modulated by voluntary
attention (Neelon et al., 2006). Several studies have
revealed reduced N1 amplitudes in individuals with
schizophrenia with reductions apparently present
regardless of illness chronicity (Brown et al., 2002;
Bruder et al., 1999; Shelley et al., 1999; Wood et al.,
2006). Direct recordings from the cortex have provided
evidence that the N1 potential derives from the upper
superior temporal gyrus, a cortical region shown to be of
reduced volume in schizophrenia patients and first-
degree relatives of schizophrenia patients (Goghari et
al., 2007; McCarley et al., 2002; Neelon et al., 2006).
N1 peak amplitude is highly heritable and reductions in
N1 peak amplitude appear to be a function of genetic
relatedness in monozygotic and dizygotic twins dis-
cordant for schizophrenia (Ahveninen et al., 2006;
Anokhin et al., 2007). Thus, decremented auditory N1
may serve as a functional manifestation of superior
temporal gyrus anomalies that are evident in schizo-
phrenia, relate to genetic liability for the disorder, and
operate as an endophenotype (Gottesman and Gould,
2003).

Although no studies have directly examined whether
early abnormal neural responses (i.e., N1 and N2, [i.e.,
N200]) to tones are specific to liability for schizo-
phrenia, two investigations examined early auditory
processing in schizophrenia and bipolar disorder
patients. One study documented that N1 peak amplitude
was reduced in the schizophrenia patients but not in
individuals with bipolar disorder (O'Donnell et al.,
2004). Both studies reported that only schizophrenia
patients exhibited diminished longer-latency compo-
nents (P2 [i.e., P200] and N2), while both patient groups
exhibited decremented P3 (i.e., P300) amplitude (Muir
et al., 1991; O'Donnell et al., 2004). Also, a recent
investigation of auditory responding in schizophrenia
revealed diminished late ERP components (i.e., N2 and
the P3) in first episode schizophrenia patients and
chronic patients but abnormal preattentive components
(i.e. MMN) only in chronic patients (Umbricht et al.,
2006) suggesting that several mechanisms comprise
auditory processing and that they may be differentially
affected over the course of the disorder. Recordings
during a dichotic listening task requiring shifts in
directed attention may provide insight into abnormal
mechanisms of volitional attention in biological rela-
tives of patients with schizophrenia. Although attention
and orienting abnormalities are observed outside the
auditory domain in schizophrenia (e.g., Gouzoulis-
Mayfrank et al., 2007) biological indices employed in
the context of a family study involving more than one
severe mental disorder allows determination of which
elements of the auditory response are abnormal,
influenced by volitional attention, and specific to
liability for schizophrenia.

To carry out the first direct test of whether auditory
processing abnormalities are possibly specific to genetic
liability for schizophrenia, we collected electrophysiolo-
gical data from schizophrenia and bipolar disorder
outpatients, first-degree biological relatives of individuals
with each disorder, and nonpsychiatric control partici-
pants during a dichotic listening task. The study was
designed to address 1) whether early auditory processing
abnormalities (N1) showed evidence of specificity to
genetic liability for schizophrenia, and 2) whether
auditory processing abnormalities in the disorder were
modified by directed attention. As researchers have
found N2 and P3 abnormalities in individuals with
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schizophrenia, these components were subjected to
exploratory analyses (Brown et al., 2002; Mathalon
et al., 2000). Due to the study not being a twin design we
were unable to directly test the amount of genetic
contribution to electrophysiological abnormalities.

2. Methods and materials

2.1. Participants

Table 1 presents the characteristics of participants.
Stable psychiatric outpatients were recruited from the
Minneapolis VA Medical Center and community mental
health agencies and screened for exclusion criteria.
Patients were identified through application of exclusion
criteria during reviews of clinic rosters by clinicians,
chart reviews, or screening interviews with individuals
expressing interest in study participation. We excluded
potential participants if they had English as a second
language, charted IQ less than 70 or a diagnosis of
mental retardation, current alcohol or drug abuse, past
drug dependence, a current or past central nervous
system disease or condition, a medical condition or
disease with likely significant central nervous system
effects, history of head injury with skull fracture or loss
of consciousness of greater than 20 min, a physical
problem that would render study measures difficult or
impossible to administer or interpret (e.g., blindness,
hearing impairment, paralysis in upper extremities, etc.),
an age less than 18 or greater than 59, significant tardive
dyskinesia as indicated by a Dyskinesia Identification
System: Condensed User Scale (DISCUS), or been
adopted. Research staff identified first-degree biological
Table 1
Characteristics of participants

Schizophrenia patients Relatives of schizophrenia patien

n=19 n=37

Variable Mean (SD) Mean (SD)
Age (years) 41.3 (10.3) 49.8 (10.3)
% female 21 a,b 68
Education 13.1 (3.1) a,b 14.9 (2.5)
Estimated IQ 96.6 (12.6) a, b 108.7 (10.3)
BPRS total 46.9 (9.2) NA
SPQ total NA 14.7 (10.8)

Note. SD=Standard Deviation. IQ=Intelligence Quotient. Estimated IQ was
(Brooker and Cyr, 1986). BPRS=Brief Psychiatric Rating Scale (Ventur
Questionnaire (Raine, 1991).
a Schizophrenia patients different from control group mean, pb .05.
b Schizophrenia patients different from relatives of schizophrenia group m
c Bipolar patients different from control group mean, pb .05.
d Bipolar patients different from relatives of bipolar group mean, pb .05.
relatives of patients by completing a pedigree from the
patient's report. Interested relatives completed a tele-
phone interview to determine their demographic and
medical characteristics and were excluded if they had a
physical problem that would render study measures
impossible to measure, or were younger than age 18 or
older than age 68. Control participants were solicited
through postings in the medical center, community
libraries, fitness centers, and fraternal organization
newsletters. Study staff screened potential control
participants via a telephone interview using the same
age range as relatives and the same exclusion criteria as
schizophrenia participants. Additionally, staff excluded
control participants if they had a personal history of, or a
first-degree biological relative with a likely history of
psychotic symptoms or an affective disorder as defined
by the Diagnostic and Statistical Manual of Mental
Disorders, fourth edition (DSM-IV) (American-Psy-
chiatric-Association, 1994).

To obtain diagnostic information a trained doctoral-
level clinical psychologist completed the Diagnostic
Interview for Genetic Studies (Nurnberger et al., 1994)
(DIGS) with each patient. From the clinical interview
the psychologist rated current symptomatology using
the Scale for the Assessment of Negative Symptoms
(Andreasen, 1983a) (SANS) the Scale for the Assess-
ment of Positive Symptoms (Andreasen, 1983b)
(SAPS), and the 24-item version of the Brief Psychiatric
Rating Scale (Lukoff, et al., 1986) (BPRS). The
psychologist utilized all available clinical information
to apply the Operational Criteria for Psychotic Illness
(McGuffin et al., 1991) (OPCRIT) to determine the
DSM-IV (American-Psychiatric-Association, 1994)
ts Controls Bipolar patients Relatives of bipolar patients

n=36 n=18 n=25

Mean (SD) Mean (SD) Mean (SD)
47.5 (15.1) 44.8 (9.8) 45.7 (17)
42 22 c, d 36
15.3 (2.8) 16 (2.6) 14.3 (3.5)
111.9 (10.8) 112.8 (14.4) 111.1 (13.4)
NA 36 (8.9) NA
10.0 (6.7) NA 14.9 (13.8)

derived from a formula using Vocabulary and Block Design subtests
a et al., 1993). NA=not applicable. SPQ=Schizotypal Personality

ean, pb .05.
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diagnosis. A second psychologist or advanced doctoral
psychology student reviewed all the available material
and completed a second OPCRIT for the participants.
Any diagnostic disagreement was resolved through
review of OPCRIT items. See a previously published
report for full information regarding clinical assessment
of relatives and control participants (Sponheim et al.,
2006).

A minority of relatives had DSM-IV diagnoses and
relatives of both patient groups had similar levels of
diagnosed psychopathology. Of the relatives of schizo-
phrenia patients, one was diagnosed with schizophrenia
and another with schizoaffective disorder, ten were
diagnosed with an affective disorder though all but
three were in full remission, and one had a history of
alcohol dependence. For cluster A personality dis-
orders, one relative met the criteria for schizotypal
personality disorder and three met criteria for schizoid
personality disorder. Of the relatives of bipolar patients,
one relative was diagnosed with delusional disorder,
nine were diagnosed with an affective disorder with
five in remission, one had comorbid alcohol depen-
dence and one met criteria for past alcohol and cannabis
dependence. For cluster A personality disorders one
relative met criteria for schizotypal personality disorder
and two met criteria for paranoid personality disorder.
Of the 36 control participants, two were diagnosed with
past alcohol dependence and one participant had a
current eating disorder. Of the schizophrenia patients,
three were diagnosed with past alcohol dependence,
one of which was also diagnosed with past cannabis
dependence. For the patients with bipolar disorder,
there were no past or current substance dependence
diagnoses. The exclusion of relatives with a current or
past DSM-IV diagnosis on either Axis I or Axis II had
no significant effect on the dependent variables of
interest. There were virtually no medication effects on
dependent variables. The few identified effects indi-
cated that medications tended to normalize responses of
patients and thus findings are unlikely to be an artifact
of medication status. See Supplemental material for
detail on analyses of medication effects. All partici-
pants completed an informed consent process and the
Minneapolis VA Medical Center and University of
Minnesota Institutional Review Boards approved the
study protocol.

2.2. Auditory processing task

The task was a two-dimensional (space and pitch)
dichotic listening task with an established design and
akin to that used to investigate auditory abnormalities in
children at risk for schizophrenia (Hillyard et al., 1973;
Schreiber et al., 1992). Participants completed the task
in a single session of four blocks consisting of 200 trials.
Headphones were used to present 96 dB tone pips over
55 dB background white noise. Pips alternated between
each ear and for each block participants were instructed
to identify the high tone only in the attended ear (i.e.,
target), which for half of the trials was not the highest
overall tone (i.e., higher pitched targets in the ear that
was presented the lower pitched set of pips). They were
instructed to respond as quickly as possible to the target
tones in the attended ear with a single button press using
the right thumb. The order of directed attention was:
block 1-left, block 2-right, block 3-right, and block 4-
left. For the third and fourth blocks the headphones were
reversed on the participant's head to counterbalance
stimulus delivery. Thus, each set of infrequent and
frequent pips was delivered to each ear twice, once
attended and once unattended. Participants completed
30 practice trials before the first and second blocks to
ensure their ability to distinguish between tone pips.

The pips were of four different pitches and pseudo-
randomized such that 10% were infrequent tones
delivered to the attended ear (targets) and 10% were
infrequent tones delivered to the unattended ear
(unattended deviants). The remaining 80% of the pips
were a half-octave lower than the corresponding
infrequent pips (channel 1: 2400 Hz infrequent and
1600 Hz frequent; channel 2: 1200 Hz infrequent and
800 Hz frequent). As each set of pips were delivered to
each ear twice, once attended and once unattended,
participants only responded to infrequent pips (i.e.,
target was 1200 Hz in the lower pitched set of pips and
target was 2400 Hz in the higher pitched set of pips) in
the attended channel. Tone pips were 100 ms in length
with a 10 ms rise/fall time, with a between-channel
inter-stimulus interval varying pseudorandomly
between 1120 ms, 1220 ms, 1330 ms, 1420 ms, and
1530 ms.

2.3. Electrophysiological data collection and processing

Electroencephalograms (EEG) were collected utiliz-
ing an elastic electrode cap with 27 tin electrodes placed
on the scalp conforming to a subset of locations in the
10–10 International System (Chatrian et al., 1988).
Electrodes were filled with conductive gel and the sites
were abraded to reduce impedances to less than 5 kΩ.
Data were collected referenced to the left earlobe and
digitized at the rate of 500 Hz with .05-Hz low-
frequency and 100-Hz high-frequency filters and a
60 Hz notch filter. To reduce horizontal eye movements



1 Though the gender ratios of the patient groups are relatively
similar, the relatives of schizophrenia patients group had a majority
of females. Repeated measures ANOVAs (2×2×2) on peak N1
amplitude with gender and group as between subject factors and
pitch (high-tone set, low-tone set), attention (attend, unattended),
and probability (rare, frequent) as within subjects factors of group
comparisons yielded no significant main effect of gender nor
significant interaction between group and gender. The following
F values are for the main effect of gender as well as the gender by
group interactions: For bipolar patients, schizophrenia patients and
controls [F(1,67)= .65, p=.42], interaction [F(2,67)= .93, p=.40],
relatives of bipolar patients, relatives of schizophrenia patients and
controls [F(1,94)= .02, p=.89], interaction [F(2,94)=1.61, p=.21],
schizophrenia patients, their biological relatives, and controls [F(1,88)=
.04, p= .85], interaction [F(2,88)= .88, p= .42], and the bipolar
patients, their biological relatives, and controls [F(1,73)=.95, p=.33],
interaction [F(2,73)=1.29, p=.28]. Similar repeated measures ANOVAs
(2×2×2) on peak N2 amplitude with gender and group as between subject
factors and pitch (high-tone set, low-tone set), attention (attend,
unattended), and probability (rare, frequent) as within subjects factors
indicated no significant main effect of gender or significant interaction
betweengroup andgender. The followingFvalues are for themain effect of
gender as well as the gender by group interactions: For the bipolar patients,
schizophrenia patients and controls group [F(1,67)=.15, p=.70], interac-
tion [F(2,67)=.75, p=.48], the relatives of bipolar patients, relatives of
schizophrenia patients and controls group [F(1,94)=1.03, p=.31],
interaction [F(2,94)= .74, p= .48], schizophrenia patients, their
biological relatives, and controls group [F(1,88)=.54, p=.47], interaction
[F(2,88)=.70, p=.50], and the bipolar patients, their biological relatives,
and controls group [F(1,73)=.81, p=.45], interaction [F(2,73)=.81,
p=.45].
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during the task participants were instructed to focus their
eyes on an arrow at center 1 m away. The arrow
reminded participants of the ear to which to attend.
Electrodes above and below the right eye recorded the
vertical electro-oculogram (VEOG) which was used to
remove ocular artifact (Semlitsch et al., 1986). Offline
EEG recordings were referenced to linked-ears and
bandpass filtered with .05 Hz low-frequency (48 dB/
octave roll-off) and 30 Hz high-frequency (48 dB/octave
roll-off) filters. Data were epoched from 100 ms pre-
stimulus to 800 ms post-stimulus. Epochs with voltages
exceeding +/−75 uV were automatically rejected and all
remaining data were visually inspected for bioelectrical
artifact including eye movements evident in the
horizontal electro-oculogram. For each participant, trials
were averaged by condition and grand averages were
computed by averaging waveforms within conditions
across participants. ERP component windows were
defined through inspection of grand average waveforms
and review of the literature. N1 and N2 amplitudes were
defined as the maximal negative voltage occurring
between 80 and 120 ms, and 180 and 260 ms,
respectively. P3 amplitude was also analyzed and
defined as the greatest positive voltage occurring
between 300 and 430 ms post-stimulus at midline
sites. See Supplemental material for extended results
of the P3 component analyses and associations of
clinical, demographic and behavioral indices with ERP
components.

2.4. Statistical analyses

To examine differences in task performance a
repeated measures analysis of variances (ANOVAs)
were computed on signal detection indices (d′ and β)
(Swets and Green, 1966) and reaction time for correctly
identified targets with a between subjects factor of group
(schizophrenia patients, relatives of schizophrenia
patients, controls or bipolar patients, relatives of bipolar
patients, controls) and within subjects factors of pitch
(high-tone set, low-tone set) and side (left ear, right ear).
For ERP component analyses we examined scalp sites
where the component of interest was most prominent.
Peak amplitude of the N1 and N2 components were
analyzed at site CZ. Separate repeated measures
ANOVAs were computed for each ERP component.
The analyses included the same between subjects factors
as analyses of performance data as well as within-
subjects factors of pitch (high-tone set, low-tone set),
attention (attend, unattended), and probability (rare,
frequent). Gender was not included as a factor in
analyses of N1 and N2 as there were no differences
between genders for early components, [N1 t(125)=
− .041, p=.97, N2 t(125)=−1.18, p=.24].1

3. Results

3.1. Performance

Dichotic listening task performance data of schizo-
phrenia patients, relatives of schizophrenia patients and
control participants are presented in Table 2. Schizo-
phrenia patients had reduced target detection (d′) and a
greater tendency to respond (β) for the low-pitched pair
of tones compared to the relatives of schizophrenia
patients and controls, but the patients did not exhibit low
performance for the high-tone pair. Schizophrenia
patients were also slower in their responses to the low-
pitched targets compared to control participants and the
relative group. The relatives of schizophrenia patients
and controls failed to differ on any behavioral index.
Task performance data for patients with bipolar disorder,
relatives of bipolar patients, and nonpsychiatric controls
are presented in Table 3. Bipolar patients and relatives of
bipolar patients failed to deviate from controls in
dichotic listening task performance.



Table 2
Dichotic listening task performance for schizophrenia patients, first-degree relatives of schizophrenia patients, and nonpsychiatric control groups

Patients Relatives Controls

n=19 n=37 n=36

Task Mean (SD) Mean (SD) Mean (SD) Test value p value a

Accuracy: number of correct targets b

High tones 38.32 (3.42) 39.54 (1.10) 39.25 (1.66) F(2,89)=2.5 .09
Low tones 32.78 (6.72) c, d 38.28 (2.08) 36.78 (5.05) F(2,89)=8.8 b .001
Total 71.06 (8.28) c, d 77.81 (2.56) 76.03 (5.83) F(2,89)=9.3 b .001

Target detection: d′
High tones 4.45 (.65) 4.65 (.42) 4.63 (.53) F(2,89)=1.0 n.s.
Low tones 3.73 (.79) c, d 4.53 (.47) 4.41 (.70) F(2,89)=9.8 b .001
Total 4.09 (.58) c, d 4.59 (.33) 4.52 (.53) F(2,89)=6.9 .002

Response threshold: β
High tones .96 (.06) .98 (.02) .98 (.03) F(2,89)=2.9 .06
Low tones .87 (.10) c, d .96 (.04) .94 (.08) F(2,89)=8.5 b .001
Total .91 (.07) c, d .97 (.02) .96 (.05) F(2,89)=9.3 b .001

Reaction time for targets: (ms)
High tones 408 (139) 369 (88) 362 (69) F(2,89)=1.6 n.s.
Low tones 508 (121) c, d 434 (92) 440 (85) F(2,89)=4.0 .02
Total 460 (127) c, d 399 (86) 401 (73) F(2,89)=3.1 .05

Note. SD=Standard Deviation. A correction factor was used in computing d′ in cases of a perfect hit rate (1.0) or false-alarm rate (0.0) to allow for
unbiased estimation of d′. A two-way ANOVA of d′ with group (patients, relatives, and controls) and trial type (high tones: 2400 Hz and 1600 Hz
collapsed across attended side; low tones 1200 Hz and 800 Hz collapsed across attended side) revealed main effects for trial type, F(2,89)=20.16,
pb .0001 and a group-by-trial type interaction, F(2,89)=4.84, p=.01. A similar two-way ANOVA of β yielded a main effect of trial type, F(2,89)=
45.10, pb .0001 and a group-by-trial type interaction, F(2,89)=4.71, pb .05. Subjects responded faster to the high-tone pairs of tones as compared to
low-tone pairs, F(1,89)=180.48, pb .0005.
a Denotes significance level of One-way ANOVA for specified set of trials.
b Total number of targets presented at each tone was 40.
c Schizophrenia patientsbNonpsychiatric controls.
d Schizophrenia patientsbRelatives of schizophrenia patients.
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3.2. Electrophysiological responses

3.2.1. Sensory registration and early auditory attention
(N1)

Schizophrenia patients, relatives of schizophrenia
patients, and control participants differed in their overall
N1 peak amplitude [F(2,89)=6.29, pb .005]. Bonferroni
post hoc tests revealed that across conditions both
schizophrenia patients [M=−7.01, SD=2.50] [Mean
difference=2.49, pb .005] and relatives of schizophrenia
patients [M=−7.93, SD =2.54] [Mean difference=1.56,
pb .05] exhibited reduced N1 amplitude in comparison
to control participants [M=−9.50, SD=2.82]. The
schizophrenia patients and relatives had similar N1
amplitudes. Fig. 1A depicts ERPs to target stimuli for
schizophrenia patients, biological relatives of schizophre-
nia patients, and control participants. The omni-
bus ANOVA of N1 also revealed a main effect of
attention [F(1,89)=23.81, pb .0001]. Fig. 2 depicts N1
mean amplitudes for participant groups as a function of
attention. Controls [t(35)=−5.22, pb .0001] and relatives
[t(36)=−3.02, p=.005] exhibited significantly greater N1
amplitudes for tones in the attended ear than the
unattended ear, but schizophrenia patients failed to show
significant augmentation in N1 peak amplitude in the
attended condition [t(18)=−1.15, p=.27]. Nevertheless,
the interaction of group and attention forN1 failed to reach
significance [F(2,89)=2.04, p=.14]. N1 amplitude also
showed main effects of pitch [F(1,89)=22.45, pb .0001],
probability [F(1,89)=8.41, p=.005], and an interaction of
pitch and probability [F(1,89)=25.29, pb .0001]. As
expected, overall amplitude was larger to rare tones
[M=−8.56, SD=2.92] compared to frequent tones [M=
−8.15, SD=2.81]. N1 amplitude was generally larger in
response to the low pitched tone set (800Hz and 1200Hz)
[M=−8.75, SD=2.93] compared to higher pitched tone
set (1600 Hz and 2400 Hz) [M=−7.96, SD=2.85].

We carried out similar analyses to test whether N1
amplitude reduction was specific to schizophrenia by
examining bipolar patients and relatives of bipolar



Table 3
Dichotic listening task performance for bipolar patients, first-degree relatives of bipolar patients, and nonpsychiatric control groups

Patients Relatives Controls

n=18 n=25 n=36

Task Mean (SD) Mean (SD) Mean (SD) Test value p value a

Accuracy: number of correct targets b

High tones 39.35 (1.17) 39.76 (.44) 39.25 (1.66) F(2,75) = 1.2 n.s.
Low tones 36.65 (3.90) 38.56 (1.80) 36.78 (5.05) F(2,75) = 1.7 .18
Total 76.00 (4.64) 78.32 (2.06) 76.03 (5.83) F(2,75) = 2.1 .13

Target detection: d′
High tones 4.41 (.54) c 4.84 (.18) 4.63 (.53) F(2,75) = 4.0 .02
Low tones 4.12 (.82) c 4.64 (.40) 4.41 (.70) F(2,75) = 2.9 .06
Total 4.27 (.61) c 4.74 (.23) 4.52 (.53) F(2,75) = 4.4 .01

Response threshold: β
High tones .99 (.04) .98 (.004) .98 (.03) F(2,75) = 0.6 n.s.
Low tones .93 (.07) .96 (.04) .94 (.08) F(2,75) = 1.5 n.s.
Total .96 (.04) .97 (.02) .96 (.05) F(2,75) = 1.3 n.s.

Reaction time for targets: (ms)
High tones 343 (85) 350 (72) 362 (69) F(2,75) = 0.4 n.s.
Low tones 442 (98) 418 (79 440 (85) F(2,75) = 0.5 n.s.
Total 392 (89) 384 (71) 401 (73) F(2,75) = 0.3 n.s.

Note.SD=StandardDeviation. A correction factorwas used in computing d′ in cases of a perfect hit rate (1.0) or false-alarm rate (0.0) to allow for unbiased
estimation of d′. A two-way ANOVA of d′with group (patients, relatives, and controls) and trial type (high tones: 2400 Hz and 1600 Hz collapsed across
attended side; low tones 1200Hz and 800Hz collapsed across attended side) revealedmain effects for trial type,F(2,75)=10.64, pb .005 but no group-by-
trial type interaction. A similar two-way ANOVA of β yielded a main effect of trial type, F(2,75)=28.03, pb .0001 but no group-by-trial type interaction.
Participants responded faster to the high-tone pairs of tones as compared to low-tone pairs, F(1,75)=206.32, pb .0005.
a Denotes significance level of One-way ANOVA for specified set of trials.
b Total number of targets presented at each tone was 40.
c Bipolar patientsbRelatives of bipolar patients.

2 In a direct test of diagnostic specificity, schizophrenia patients,
bipolar patients and controls demonstrated a differences in N1 peak
amplitude [F(2,74)=6.30, pb .01] ]. Bonferroni post hoc tests re-
vealed schizophrenia patients differed from control participants
[p=.002, Cohen's d=.93,] while bipolar patients did not [p=.31,
Cohen's d=.44]. Similarly, the relative groups were significantly
different [F(2,101)=3.71, pb .03]. Bonferroni post hoc tests indicated
that relatives of schizophrenia patients differed from control parti-
cipants [p=.02, Cohen's d=.56] while relatives of bipolar patients did
not [p=.75, Cohen's d=.24]. Demographic variables failed to show
significant effects on N1 amplitude as covariates across groups (e.g.,
years of education [F(1,117)= .22, p=.64]) although there was a trend
effect for IQ [F(1,117)=3.34, p=.07].
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patients. Fig. 1B depicts ERPs to target stimuli for
bipolar disorder patients, biological relatives of bipolar
patients, and control participants. Unlike the schizo-
phrenia patient comparison there failed to be a group
effect for N1 [F(2,75)=1.14, p=.32]. Nevertheless,
there was a main effect of attention [F(1,75)=18.53,
pb .0001] with N1 peak amplitude being greater for
tones presented to the attended ear [M=−9.49, SD=
2.80] than the unattended ear [M=−8.62, SD=2.60].
Like schizophrenia patients, bipolar patients failed to
show significant augmentation of the N1 in the attended
condition [t(16)=− .61, n.s.] though relatives of bipolar
patients exhibited significantly greater N1 amplitude to
attended than unattended tones [t(24)=−3.11, p=.005].
Similar to the schizophrenia group comparison
the interaction of group and attention was not significant
[F(2,75)=1.89, p=.16]. The omnibus ANOVA revealed
larger N1 amplitudes to rare tones [M=−9.46, SD=
2.65] compared to frequent tones [M=−8.65, SD=2.70]
[F(1,75)=33.19, pb .0001] and a trend toward a group-
by-pitch interaction [F(2,75)=2.83, p=.06]. The bipolar
patient group had similar N1 amplitudes for low and high-
tone sets [t(16)=− .96, n.s.], while the relatives of bipolar
patients [t(24)=1.95, p=.062] and controls [t(35)=2.51,
pb .02] tended to exhibit larger N1 amplitudes to the
low-tone set compared to the high-tone set.2

3.2.2. Mid-latency auditory stimulus classification (N2)
To examine electrophysiological processes asso-

ciated with stimulus classification we carried out
repeated measures ANOVAs of N2 peak amplitude.



Fig. 1. A) Average event-related potentials for schizophrenia patients, first-degree biological relatives of schizophrenia patients, and nonpsychiatric
control participants for target trials during the dichotic listening task. B) Average event-related potentials for bipolar patients, first-degree biological
relatives of bipolar patients, and nonpsychiatric control participants for target trials during the dichotic listening task.
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Fig. 2. Means of N1 peak amplitude at site CZ for attended and unattended stimuli of schizophrenia patients, first-degree biological relatives of
schizophrenia patients, bipolar patients, first-degree biological relatives of bipolar patients, and nonpsychiatric control participants.
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Although analysis of schizophrenia patients, relatives of
schizophrenia patients, and controls failed to reveal a
main effect of group [F(2,89)= .023, p=n.s.] on N2
amplitude, there was a significant interaction between
group and probability [F(2,89)=3.42, p= .037]. Overall,
N2 amplitude was larger for the rare tones [M=−3.23,
SD=3.27] compared to the frequent tones [M=.48,
SD=1.95] [F(1, 89)=103.4, pb .0001]. The schizo-
phrenia patients showed the least augmentation of N2
amplitude from frequent [M=− .56, SD=1.98] to rare
tones [M=−2.45, SD=3.04] [t(18)=−2.881, pb .01],
followed by the relative group [frequent: M= .48,
SD=1.95; rare: M=−3.23, SD=3.27] [t(36)=−6.97,
pb .0001]. The control group exhibited the largest
difference in N2 amplitude in relation to the probability
of tones [frequent: M=.46, SD=2.81; rare: M=−3.45,
SD=4.24] [t(35)=−9.84, pb .0001]. See Fig. 1A to
view the N2 component for infrequent target stimuli. N2
amplitude was also increased to tones in the attended ear
[M=−1.74, SD=3.29] compared to the unattended ear
[M=−1.16, SD=2.39] [F(1,89)=5.38, pb .05]. Unlike
the N1 component, N2 peak amplitude was larger for the
higher tones (1600 Hz and 2400 Hz) [M=−1.75,
SD=2.92] than the lower tones (800 Hz and 1200 Hz)
[M=−1.15, SD=2.70] [F(1,89)=9.83, pb .005].

To explore the specificity of N2 amplitude anoma-
lies to schizophrenia a repeated measures ANOVAwas
carried out on N2 amplitude in bipolar disorder
patients, relatives of bipolar patients, and controls.
The groups exhibited similar N2 amplitudes [F(2,75)=
.082, n.s.] and there were no interactions involving
group (see Fig. 1B). N2 amplitude was greater for
tones presented to the attended ear [F(1,75)=8.79,
pb .005], and were of higher pitch [F(1,75)=20.88,
pb .0001] and rare [F(1,75)=174.64, pb .0001].

3.2.3. Target detection and context updating (P3)
To evaluate late electrophysiological processes

related to target detection a repeated measures ANOVA
was computed with P3 peak amplitude to infrequent
tones as the dependent variable. Group (schizophrenia
patients, relatives of schizophrenia patients, controls)
and gender were the between subjects factors, and
attention (attended ear infrequent, ignored ear infre-
quent) and electrode site (FZ, CZ, PZ) were the within
subjects factors. The analysis failed to reveal a group
main effect [F(2,89)= .73, n.s.] or any interaction
involving group. There was a trend towards a main
effect for gender [F(2,89)=3.32, p=.07] and a trend
towards an interaction of gender and group [F(2,89)=
2.75, p=.07]. In the control group women exhibited
significantly greater P3 amplitude [t(32)=3.09, p=.004],
but in the relative group [t(34)=− .91, p=.37] and
schizophrenia patients [t(17) =−1.07, p= .30] the



3 To test for laterality effects on N1 amplitude we conducted a
repeated measures ANOVAwith the between subjects factors of group
(schizophrenia patients, relatives of schizophrenia patients, and
controls) and the within subjects factor of side (electrode sites T7
and T8). The analysis failed to yield group differences in N1 peak
amplitude [F(2,89)= .389, p=.68]. Further paired t-tests revealed no
differences in overall N1 peak amplitude for schizophrenia patients
(sites T7 and T8) [t(18)= .651, p=.523; left hemisphere site, M=
−2.94, SD=1.23, right hemisphere site, M=−3.11, SD=1.13].
Similarly, analyses of laterality revealed no significant differences
in overall N1 peak amplitude for relatives of schizophrenia patients
(sites T7 and T8) [t(36)=1.72, p=.09; left hemisphere site, M=
−2.94, SD=1.23, right hemisphere site, M=−3.11, SD=1.13].
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difference between genders was not significant. As
expected, therewas a significant increase in P3 amplitude
for the attended ear [F(1, 89)=96.48, pb .0005], and a
main effect of site [F(2,178=128.09, pb .0005] with the
greatest P3 amplitude at PZ. A similar ANOVA testing
for left hemisphere P3 amplitude reductions (Salisbury
et al., 1994) using electrode sites (T7, T8) neither
revealed a main effect of group [F(1,53)= .305, n.s.] nor
an interaction of group and site [F(1,53)= .631, n.s.].

An analysis of P3 amplitude in bipolar disorder patients
and their relatives also failed to show a group main effect
[F(2, 75=.22, n.s.] but did reveal a trend towards a gender
by group interaction [F(2, 75=2.35, p=.10], though no
other interactions with group were significant. Women
with bipolar disorder exhibited significantly greater
P3 amplitude than men with the disorder [t(16)=2.68,
p=.02], but in the relative group there was no dif-
ference between genders [t(23)=− .863, p=.40]. There
were expected increases in amplitude for the attended ear
[F(1, 75)=63.53, pb .0001] and from frontal to parietal
midline sites [F(2, 150=97.97, pb .0001].

Thus, analyses of P3 amplitude revealed no overall
abnormalities of late processing for either of the patient
groups or the groups of relatives. Female nonpsychiatric
control participants and women with bipolar disorder
exhibited greater P3 amplitude than males within their
diagnostic group. For all groups, P3 amplitude was
maximal at site PZ. Please see the Supplemental
materials for analyses of P3 latency.

4. Discussion

Utilizing a dichotic listening task, we found evidence
of deficient early auditory processing (N1) in schizo-
phrenia outpatients and first-degree biological relatives
of schizophrenia patients, but no such anomaly in
bipolar outpatients and first-degree biological relatives
of bipolar patients. Both schizophrenia and bipolar
patients failed to modulate early processing (N1) by
selective attention while the relatives of both patient
groups exhibited attentional effects. Schizophrenia
patients also had diminished electrophysiological com-
ponents (N2) reflective of poor auditory stimulus
classification. Bipolar outpatients and both groups of
relatives failed to exhibit significant N2 decrement.
Thus, N1 abnormalities may be an expression of genetic
liability specific to schizophrenia when contrasted with
another severe mental disorder under genetic influence.
Failure to augment the auditory N1 amplitude with
selective attention appears to be associated with the
clinical conditions of schizophrenia and bipolar dis-
order, but not genetic liability.
Although our finding of reduced auditory N1 amplitude
in schizophrenia patients is consistent with previous
studies (Ahveninen et al., 2006; O'Donnell et al., 2004;
Wood et al., 2006), this is the first published report of
reduced auditory N1 amplitude evident in biological
relatives of schizophrenia patients but absent in bipolar
disorder patients and their biological relatives. Neural
populations responsible for scalp-recorded N1 have been
investigated using high spatial-resolution methods such as
intracranial recordings and magnetoencephalography (For
review, see Naatanen and Picton, 1987). Using data from
intracranial electrode arrays recorded during dichotic
auditory paradigms researchers have identified neural
generators of the scalp-recorded N1 as potentially residing
in the superior temporal gyrus (Neelon et al., 2006).
Reduced volume of the left posterior superior temporal
gyrus has been described in several studies of patients with
schizophrenia (McCarley et al., 2002; Onitsuka et al.,
2004; Shenton et al., 2001), in contrast to studies of patients
with affective disorders (Hirayasu et al., 2000; Hirayasu et
al., 1998). In light of N1 amplitude reduction being evident
in relatives of schizophrenia, one investigation found gray
matter reductions of the left lateral temporal regions
specific to the genetic risk for schizophrenia while genetic
risk for bipolar disorder was associated with gray matter
reductions of the anterior cingulate and ventral striatum
(McDonald et al., 2004). Thus, auditory N1 decrement
may be the functional expression of reduced superior
temporal gyrus volume associated with schizophrenia.
Although N1 peak amplitude is typically maximum at the
vertex (e.g., site CZ) (Baribeau et al., 1993; Clementz and
Blumenfeld, 2001; Karoumi et al., 2000) neural sources
have been estimated as residing in the Sylvian fissure
(Kayser and Tenke, 2006). Electrical fields from left and
right hemispheres likely combine to form a midline
maximum for the component and may in part mask the
functional expression of lateralized structural abnormal-
ities in N1 amplitude.3 Magnetic recordings and lesion
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studies point to theN1 as generated by a broad region of the
supratemporal plane extending beyond primary auditory
cortex and related to transient detection of stimuli and the
initial readout of information from “sensory analyzers”
(Naatanen and Picton, 1987).

Control participants and both groups of relatives
exhibited modulation of the N1 in relation to directed
attention, while schizophrenia and bipolar patients did
not, suggesting that both patient groups possess a ‘top-
down’ deficit in attentional control of sensory detec-
tion. Generally, N1 amplitude is increased to attended
versus unattended stimuli (Hillyard et al., 1973; Sabri
et al., 2006; Woldorff et al., 1993). Studies of stimulus
sequence effects on neural responses to auditory sti-
muli have provided evidence that N1 abnormalities in
schizophrenia reflect difficulty with control and
maintenance of selective auditory processing (Bari-
beau-Braun et al., 1983) or ‘insufficient representation
of stimulus significance and context’ (Gilmore et al.,
2005). Although the exact balance of exogenous and
endogenous influences on the auditory N1 is unknown,
selective control of early processing appears reduced in
individuals with schizophrenia and bipolar disorder.

The N2 component is thought to be a measure of
stimulus categorization and has been found to be
disrupted in schizophrenia patients (Potts et al., 1998).
Schizophrenia patients have been shown to exhibit
similar responses to target and standard tones thus
failing to modulate N2 amplitude in relation to the
category of a stimulus (Gilmore et al., 2005). Given
that the N2 failed to be associated with performance
and relatives demonstrated no abnormalities in the
component or behavioral deficits, evidence suggests
that the diminished N2 may reflect neural dysfunction
contributing to poor identification of auditory stimuli in
schizophrenia but unrelated to genetic vulnerability for
the disorder.

Though amplitude reductions of the auditory P3 is one
of the most replicated findings in schizophrenia research
(Ford, 1999) our analyses indicated no abnormalities or
asymmetry related to genetic liability for schizophrenia.
Investigators that failed to detect a P3 reduction but found
early processing deficits in schizophrenia patients have
speculated that medication effects, clinical severity, and
poor task performance may affect P3 amplitude. Others
have suggested that intact P3 amplitudes in the context of
diminished early auditory processing in schizophrenia
reflect a compensatory function for the early abnormal-
ities (Kayser et al., 2001). As P3 amplitudewas associated
with target detection and schizophrenia participants
exhibited target detection impairment to only low tones,
a task that more greatly discriminates groups on
performance may result in significant P3 amplitude
reductions in schizophrenia patients. In addition, studies
show a significant number of unaffected relatives of
schizophrenia patients to have P3 amplitudes similar to
control participants and thus the electrophysiological
response elicited by auditory oddball paradigms has been
construed as a variable indicator of genetic liability for the
disorder (Winterer et al., 2003).

There are several caveats to the present study. Because
the investigation was not a twin study we were unable to
directly test for genetic contributions to neural responses.
Also, the sample of relatives of bipolar patients was
smaller than that of the control subjects. Although the
effect sizes were small for differences in neural responses
between relatives of bipolar patients and controls,
findings need to be replicated in a larger sample of
relatives of bipolar patients. Additionally, to fully
establish specificity of the observed auditory processing
abnormalities to liability to schizophrenia more disorders
must be studied. To conclude, in a task requiring attention
to be directed to select auditory stimuli, schizophrenia
patients and relatives of schizophrenia patients demon-
strated reductions in an early neural response (i.e. N1)
suggestive of deficient sensory registration while bipolar
patients and relatives of bipolar patients did not exhibit
such an abnormality. Both patient groups failed to
significantly augment N1 amplitude with attention and
schizophrenia patients did not augment N2 amplitudes to
stimulus frequency suggesting a disorder specific deficit
in stimulus classification. Given evidence for early neural
response anomalies in schizophrenia patients and their
relatives reduced N1 amplitudes may mark genetic
liability for schizophrenia and possibly serve as an
endophenotype for the disorder.
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