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a b s t r a c t

Early responses to stimuli can be measured by sensory evoked potentials (EP) using repeated identical
stimuli, S1 and S2. Response to S1 may represent efficient stimulus detection, while suppression of
response to S2 may represent inhibition. Early responses to stimuli may be related to impulsivity. We
compared EP reflecting stimulus detection and inhibition in bipolar disorder and healthy controls, and
investigated relationships to impulsivity. Subjects were 48 healthy controls without family histories of
mood disorder and 48 with bipolar disorder. EP were measured as latencies and amplitudes for auditory
P50 (pre-attentional), N100 (initial direction of attention) and P200 (initial conscious awareness), using a
paired-click paradigm, with identical stimuli 0.5 s apart. Impulsivity was measured by questionnaire and
by laboratory tests for inability to suppress responses to stimuli or to delay response for a reward. An-
alyses used general linear models. S1 amplitudes for P50, N100, and P200, and gating of N100 and P200,
were lower in bipolar disorder than in controls. P50 S1 amplitude correlated with accurate laboratory-
task responding, and S2 amplitude correlated with impulsive task performance and fast reaction
times, in bipolar disorder. N100 and P200 EP did not correlate with impulsivity. These findings were
independent of symptoms, treatment, or substance-use history. EPs were not related to questionnaire-
measured or reward-based impulsivity. Bipolar I disorder is characterized by reduced pre-attentional
and early attentional stimulus registration relative to controls. Within bipolar disorder, rapid-response
impulsivity correlates with impaired pre-attentional response suppression. These results imply specific
relationships between ERP-measured response inhibition and rapid-response impulsivity.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Pre-attentional and early attentional sensory responses in
psychiatric disorders

Cognition and action require processes that precede conscious
attention (Naatanen and Winkler, 1999). Disruption of these pro-
cesses could interfere with filtering of inappropriate stimuli, lead-
ing to overstimulation or poorly modulated behavioral responses
(Freedman et al., 1987). Abnormal pre-attentive and early attentive
responses have been reported in psychiatric disorders, but rela-
tively little is known about their relationships to behavior. Early
screening processes are potentially related to impulsivity (Moeller
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et al., 2001), a central aspect of bipolar disorder. In this study we
investigated relationships between pre-attentive or early attentive
information processing and impulsivity in patients with bipolar
disorder and in healthy control subjects without family history of
affective disorder.

Measured by evoked potentials (EP), an auditory stimulus ini-
tiates a series of events including, at 50 ms, pre-attentive regis-
tration (P50); at 100ms, initial direction of attention (N100); and, at
200ms, initial conscious awareness of the stimulus (P200). The P50
reflects pre-attentive automatic registration or detection, and the
N100 and P200 may be part of the orienting reflex potentially
modulated by arousal and attention (Naatanen and Winkler, 1999).
If the initial auditory stimulus (S1) is followed shortly by an iden-
tical stimulus (S2), EP are suppressed. Suppression of the evoked
potential in response to S2 represents inhibition of response to an
irrelevant stimulus. Gating, the extent to which S2 is smaller than
S1, is a combination of stimulus encoding and suppression of re-
sponses to irrelevant stimuli. Although gating is expressed math-
ematically in terms of S1 (encoding) and S2 (inhibition), stimulus
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encoding and suppression have different but interacting neural
substrates, while gating results from top-down suppression of the
pre-attentional stimulus (Korzyukov et al., 2007; Kurthen et al.,
2007). Therefore, “gating” can potentially be regarded as distinct
from the responses reflecting stimulus encoding.

Pre-attentional and early attentional EP are abnormal in bipolar
disorder (Lijffijt et al., 2009d). Impaired P50 gating has been re-
ported in bipolar disorder during mania (Baker et al., 1990), or
regardless of clinical state (Sanchez-Morla et al., 2008; Lijffijt et al.,
2009d), whether patients were psychotic (Olincy andMartin, 2005)
or non-psychotic (Carroll et al., 2008; Lijffijt et al., 2009d). Further,
P50 gating was impaired in nonaffected twins or other relatives
(Hall et al., 2007), suggesting that it could be an endophenotype for
bipolar disorder (de Geus, 2010).

In addition to the pre-attentional P50 potential, gating of N100
and P200 are reduced in bipolar disorder (Lijffijt et al., 2009d). In
healthy subjects, these gating mechanisms have differential re-
lationships with response inhibition, signal-noise discrimination,
and working memory (Lijffijt et al., 2009a), and with cognitive
aptitude and age (Lijffijt et al., 2009b).

1.2. Early information processing and behavioral regulation:
impulsivity

Impulsivity involves dysregulation of early behavioral responses
to stimuli, resulting in action without the conscious decision to act,
and is prominent in bipolar disorder (Moeller et al., 2001). P50
amplitudes and/or gating are reduced in impulsivity-related con-
ditions, including antisocial personality disorder (Lijffijt et al.,
2009c), impulsive aggression (Houston and Stanford, 2001), and
cocaine abuse (Fein et al., 1996), and correlate with marijuana use
in controls (Rentzsch et al., 2007). Because impulsivity may involve
behavior occurring without conscious reflection, it may be differ-
entially related to pre-attentional vs attentional EP. Impulsivity is
complex; specific aspects are measured with questionnaires or
human laboratory tasks (Barratt and Patton, 1983; Evenden, 2000;
Swann et al., 2002; Gorlyn et al., 2005).

Trait impulsivity, measured by the Barratt Impulsiveness Scale
(BIS-11) (Barratt and Patton, 1983; Stanford et al., 2009), is
increased in bipolar disorder, regardless of treatment or clinical
state, consistent with a general propensity toward impulsivity
(Swann et al., 2009a).

Rapid-response impulsivity, resulting from failure of response
suppression, can be measured by stop-signal or continuous per-
formance tests (Dougherty et al., 2003; Swann et al., 2002). Rapid-
response impulsivity leads to actionwithout conscious deliberation
and could be consistent with disrupted pre-attentive responses to
stimuli. Impulsive (commission) errors are increased in bipolar
disorder during mania (Swann et al., 2003; Fleck et al., 2005; Sax
et al., 1998), and with history of substance-use disorder (Swann
et al., 2004), or many previous episodes (Swann et al., 2009b),
but may not be otherwise (Swann et al., 2009b).

Reaction times are slow and response bias is conservative in
bipolar disorder (Fleck et al., 2001; Swann et al., 2009b), consistent
with an adaptation that could reduce impulsive responses. Reac-
tion times are faster and impulsive errors are increased with his-
tories of many episodes or of a substance-use disorder (Swann
et al., 2009b), medically severe suicide attempt (Swann et al.,
2005), comorbid antisocial personality disorder (ASPD) (Swann
et al., 2011b), or criminal conviction (Swann et al., 2011a). There-
fore, accelerated reaction times and increased commission errors
may be associated with severity or progression of bipolar disorder,
possibly representing loss of an adaptive mechanism protecting
against impulsive behavior in bipolar disorder (Swann et al.,
2009b).
Reward-delay impulsivity, inability to delay response for reward,
is measured as choice between a smaller-sooner and larger-later
reward (Dougherty et al., 2003; Cherek et al., 1997). Reward-delay
impulsivity may be increased in bipolar disorder (Swann et al.,
2009b), possibly related to comorbidities (Rogers et al., 2010;
Swann et al., 2011b) or affective state (Strakowski et al., 2009).
Because reward-based impulsivity involves anticipated conse-
quences of action, while rapid-response impulsivity essentially ig-
nores consequences, rapid-response impulsivity may be more
strongly related than reward-based impulsivity to early neuro-
physiological responses.

1.3. Rationale and hypotheses

In a preliminary study, P50, N100, and P200 gating were
impaired in bipolar disorder (Lijffijt et al., 2009d). Here, we inves-
tigated EPs in more detail in a larger group of bipolar disorder and
control subjects, taking potential confounds into account. Specific
hypotheses were: 1) Rapid-response impulsivity would be related
specifically to pre-attentional P50 EPs; 2) Impaired pre-attentional
response suppression (increased P50 S2 amplitude and S2/S1 ratio)
would be related to impulsive errors and shorter reaction time on a
measure of rapid-response impulsivity; 3) Pre-attentional (P50)
stimulus registration (S1 amplitude) would correlate with correct
detections; 4) In bipolar disorder EP would be independent of
symptoms or treatment.

2. Methods

2.1. Subjects

The study was approved by the Committee for the Protection of
Human Subjects, Institutional Review Board (IRB) for the University
of Texas Health Science Center at Houston (protocol HSC-MS-05-
0036). Subjects were recruited from the community by IRB-
approved notices and advertisements, with full discussion of the
study and its risks and written informed consent before study-
related procedures.

There were 48 healthy controls (18 men, age 31.2 � 9.8 years,
education 13.9 � 2.3 years; 30 women, age 32.2 � 10.6, education
14.3 � 1.8) and 48 subjects with bipolar disorder (26 men, age
40.8 � 9.6, education 13 � 2.7; 22 women, age 35.2 � 10.4, edu-
cation 13 � 2.7). Subjects with bipolar disorder were older
(F(1,96) ¼ 9.1, p ¼ 0.003) and had fewer years of education
(F(1,96) ¼ 4.6, p¼ 0.03) than controls. Sex had no significant effects
or interactions on age or years of education (F < 2.5).

Diagnoses (DSM-IVTR) used SCID-I (First et al., 1996) and -II
(First et al., 1997). Symptoms (mania, depression, anxiety, and
psychosis) were assessed by the Schedule for Affective Disorders
and Schizophrenia, Change version (SADS-C) (Spitzer and Endicott,
1978). Subjects with bipolar disorder could have past substance-
use disorders, but could not meet criteria for current substance-
abuse or -dependence. Healthy controls were required never to
have met DSM-IVTR criteria for any Axis I or Axis II disorder, and
not to have any first degree relatives with history of an affective or
psychotic disorder. Subjects with bipolar I disorder were required
never to have met criteria for any other Axis I disorder except
anxiety or past substance-use disorder. Thirty-five subjects had
histories of psychosis, 31 of substance-use disorder (alcohol,
marijuana, and/or stimulant), and 25 of tobacco smoking. On study
days, urine drug screens and expired air alcohol were obtained; if
positive, subjects were rescheduled and, if positive on three occa-
sions, dropped from the study.

Subjects with bipolar disorder were required to be in outpatient
treatment; prospective subjects not in treatment were referred and
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were re-screened after enrollment in treatment. Study procedures
could not occur within ten days of changes in medicines or changes
of dose larger than 20%. Eight patients were prescribed lithium, 25
an anticonvulsant, 11 an antidepressant, and 27 an antipsychotic
agent. Seven were prescribed no psychotropic drug (but met
regularly with their clinicians), 14 one drug, 11 two, 6 three, and 9
four or more. Treatment was independent of study participation,
and no study personnel were involved in subjects’ treatment.

2.2. Evoked potentials and sensory gating

The paired-click paradigm consisted of 80e120 paired clicks
(40 ms, 80 dB SPL, 1000 Hz, 4 ms rise-fall) across 3 blocks through
headphones using STIM (Neuroscan, Inc., El Paso, USA); inter-click
interval 500 ms; inter-pair interval 8e10 s. Subjects were instruc-
ted to listen passively and relax, with eyes open and fixated on a
cross. Testeretest reliability was moderate to high for latencies and
amplitudes, moderate for N100 and P200 gating ratios, but low for
P50 ratio (Rentzsch et al., 2008; Fuerst et al., 2007).

Evoked potentials were recorded from 30 electrodes (Neuro-
medics Neuroscan, El Paso, USA) using Acquire 4.3 (NeuroScan). Eye
blinks and movements were assessed with electrodes above and
below the right eye, and at the canthi. The ground electrode was at
midline anterior to F3eF4. Signals were referenced to linked mas-
toidal electrodes through SynAmps amplifiers (rate 1000 Hz, gain
1000, band-pass filter 0.1 and 100 Hz). Impedances were kept
below 5 kU. Signals were filtered off-line, 1e50 Hz (48 dB/oct roll-
off) and corrected for blinks (Semlitsch et al., 1986). Data were
epoched from 100ms before to 400ms after S1 or S2, and corrected
for baseline. Artifacts were detected manually and trials rejected as
S1eS2 pairs. Retained pairs did not differ between groups (controls
89.9 � 19.2, 69e118; bipolar 92.9 � 19.4, 63e120). Signals for S1
and S2 were averaged separately per block, then across blocks.
Before averaging, a 10 Hz high-pass filter was used to optimize P50,
or a 20 Hz low-pass filter for N100 and P200 (Jerger et al., 1992).
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Fig. 1. Average auditory evoked S1 and S2 potentials for subjects with bipolar disorder and c
in subjects with bipolar disorder than in controls.
While lower frequencies may contribute to P50 S1 in schizophrenia
(Jansen et al., 2004), these methods are consistent with most
relevant literature.

P50, N100, and P200 peaks were scored semi-automatically at
Cz relative to preceding troughs (Boutros et al., 2004), blind for
group status. N100 was identified first, followed by P50 and P200.
All required fronto-central distribution. Peaks were 35e86 ms
(P50), 79e149ms (N100), and 54e278ms (P200). Requirements for
S2 included: P50 peaking within 10 ms of P50 S1 (Nagamoto et al.,
1991); N100 and P200within 40 or 80ms of S1. If no peaks occurred
within those windows, the component was considered completely
attenuated, unless iso-potential maps showed clear S2-elicited
fronto-central components outside the windows. Windows were
extended to 13ms (P50), 48 ms (N100), and 98ms (P200) (no group
difference). Gating was expressed as S2/S1 amplitude (Smith et al.,
1994); higher ratio reflects weaker gating.

2.3. Impulsivity

Trait impulsivitywas assessed by the Barratt Impulsiveness Scale
(BIS-11), a well validated 30-item self-report (Stanford et al., 2009).
The BIS-11 measures impulsivity as three constructs: attentional, or
lack of sustained attention or cognitive perseverance; motor, or
tendency to act on the spur of the moment; and nonplanning, lack
of future sense (Patton et al., 1995).

2.3.1. Rapid-response impulsivity
Immediate Memory Task (IMT) is a computerized Continuous

Performance Test (Dougherty et al., 2000), consisting of 5-digit
numbers, 0.5 s duration and 0.5 s apart, with instructions to
respond as quickly as possible when a number matches the pre-
vious one. Responses (each 1/3 of trials) are correct detections
(matching number); commission errors (4 of 5 digits match); and
random errors (no digits match; less than 2% for all subjects and not
reported here). Commission errors are considered impulsive
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Table 1
P50 amplitudes in bipolar disorder and controls.

Group (n) Median (25e75th percentile)

S1, mV S2, mV

Controls (48) 2.411 (1.797, 3.664) 1.341 (0.550, 1.850)
Bipolar Disorder (48) 2.047 (1.360, 2.683) 0.964 (0.463, 1.615)
F(1,93), Diagnosis 5.3 (0.025)
F(1,93), Education 0.8
F(1,93), Stimulus � Diagnosis 1.2
F(1,93), Stimulus � Education 1.7

Significant relationships (p < 0.05) are shown in bold face.

Table 2
N100 amplitudes in bipolar disorder and controls.

Group (n) Median (25e75th percentile)

S1, mV S2, mV

Controls (48) �7.032 (�9.720, �4.911) �2.783
(�4.326, �2.091)

Bipolar Disorder (48) �5.377 (�8.295, �3.493) �3.209
(�4.267, �1.443)

F(1,93), Diagnosis 1.8
F(1,93), Education 3.7 (0.06)
F(1,93), Stimulus � Diagnosis 4.2 (0.04)
F(1,93), Stimulus � Education 10.3 (0.002)

Significant relationships (p < 0.05) are shown in bold face.
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responses (Dougherty et al., 2003; Swann et al., 2002). Other
measurements were reaction times and signal detection parame-
ters including signal/noise discriminability (A0), and response bias
(b) (Donaldson, 1992; Green and Swets, 1966).

2.3.2. Delayed reward
Two-Choice Impulsivity Paradigm (TCIP) is a choice between

small or large actual monetary rewards after a 5- or 15-s delay
(Dougherty et al., 2003). Short-delay responses are considered
impulsive (Cherek et al., 1997; Cherek and Lane, 1999; Dougherty
et al., 2003). The TCIP has been widely used in impulsive pop-
ulations (Cherek et al., 1997; Cherek and Lane, 1999; Dougherty
et al., 2003). The amount of money received is displayed immedi-
ately on a computer monitor. Reported results include numbers of
long- and short-delay responses and the maximum number of
consecutive long-delay responses.

2.4. Statistics

Distributions were tested for normality (ShapiroeWilks), and
were similar in controls and bipolar disorder. Distribution of N100
and P200 latencies, P200 amplitude, and N100 and P200 gating
ratios were normalized by log transformation; P50 latency and
amplitude, N100 amplitude, and P50 gating ratio, by square root
transformation. Analyses used transformed data, but original data
are shown in the Tables. Latencies and amplitudes were analyzed
using repeatedmeasures general linear models analysis (GLM)with
stimulus (S1 and S2) as within-subjects factor and group as
between-subjects factor. Age, education, and sex were included
when preliminary analyses showed that they correlated with var-
iables being analyzed. For group comparisons, a statistically sig-
nificant (p < 0.05) stimulus � group interaction was considered
evidence for different gating between bipolar disorder and controls.
The S2/S1 ratio was used to represent gating as an independent
variable.

3. Results

Fig.1 shows P50, N100, and P200 potentials evoked by S1 and S2
in controls and subjects with bipolar disorder. Amplitudes for po-
tentials elicited by S1 were smaller in bipolar disorder than in
controls; P50 elicited by S2 was smaller in bipolar disorder but
N100 and P200 were not.

3.1. EP and personal characteristics

In controls, age correlated significantly with latencies to N100
(r ¼ 0.35, p ¼ 0.015) and P200 (r ¼ �0.33, p ¼ 0.02), P200 ampli-
tudes (r ¼ �0.3, p ¼ 0.036), and P200 ratio (r ¼ 0.452, p ¼ 0.001).
Years of education correlated with amplitudes of P50 (r ¼ 0.29,
p¼ 0.04), N100 (r¼ 0.52, p< 0.001), and P200 (r¼ 0.56, p< 0.001),
and N100 ratio (r ¼ �0.44, p ¼ 0.002). There were no correlations
between EP and age or education in bipolar disorder. Therewere no
significant relationships between EP and sex in either group.

3.2. EP and clinical characteristics in bipolar disorder

3.2.1. Symptoms
Latency to N100 was related negatively to SADS-C factor scores

for depression (r ¼ �0.419, p ¼ 0.009) and anxiety (r ¼ �0.343,
p ¼ 0.02). There were no other significant correlations.

3.2.2. Pharmacological treatment
GLM with treatment drug, sex, age, and education as indepen-

dent variables showed that treatment with anticonvulsants was
associatedwith shorter P50 latency (no (n¼ 23): 64.1�12.2ms, yes
(n ¼ 25): 54.2 � 15.2, F(1,42) ¼ 6.4, p ¼ 0.02); treatment with an-
tidepressants was associated with larger P200 amplitude (no
(n ¼ 37): 8.94 � 5.23 mV, yes (n ¼ 11): 9.63 � 5.89, F(1,42) ¼ 4.4,
p ¼ 0.04), both independent of gender. Otherwise, treatment with
lithium, anticonvulsants, antidepressants, antipsychotics, or anti-
psychoticeanticonvulsant combination had no effect on EP (F(1,42)
generally <1) when compared to subjects with bipolar I disorder
not receiving the treatment. There were no significant relationships
to number of drugs currently prescribed (scored as 0e3, or �4;
F(4,34) < 1.7, p > 0.18).

Smoking and substance-use disorder were evaluated using GLM
with sex, age, education, and history of substance-use disorder or of
smoking as independent variables. Neither smoking nor substance-
use disorder history significantly affected latencies, amplitudes, or
gating (F(1,41) < 2, p > 0.15).
3.3. EP in bipolar disorder vs controls

3.3.1. Latencies
P50 latency had a significant diagnosis � sex interaction

(F(1,88) ¼ 6.3, p ¼ 0.017). Post hoc analysis (Tukey Honest Signifi-
cant Difference) showed latencies were shorter in women with
bipolar disorder than in control women (55 � 15 ms (n ¼ 22) vs
63 � 11 (n ¼ 30)), but not in men (63 � 12 ms (n ¼ 24) vs 56 � 12
(n¼ 17)). P50 latencies were shorter with anticonvulsant treatment
in bipolar disorder regardless of sex. For women with bipolar dis-
order not receiving anticonvulsants, P50 latency (61.3 � 15 ms for
S1) was not different from controls (nested analysis using trans-
formed data: anticonvulsant effect F(1,92) ¼ 4.4, p ¼ 0.04, group
effect F(1,92) ¼ 1.9). There were no significant differences in N100
or P200, and no stimulus main effects or interactions. Therefore,
after accounting for treatment, latencies did not differ between
bipolar disorder and controls.

3.3.2. Amplitudes
Table 1 shows that P50 amplitude was smaller across S1 and S2

in bipolar disorder than in controls, without effect of sex, age, or



Table 3
P200 amplitudes in bipolar disorder and controls.

Group (n) Median (25e75th percentile)

S1, mV S2, mV

Controls (48) 11.348 (8.264, 15.400) 5.297 (3.606, 6.403)
Bipolar Disorder (48) 7.789 (4.624, 13.561) 4.567 (3.091, 7.060)
F(1,91), Diagnosis 0.9
F(1,91), Education 10.6 (0.002)
F(1,91), Age 3.5 (0.07)
F(1,91), Stimulus � Diagnosis 4.6 (0.03)
F(1,91), Stimulus � Education 2.1
F(1,91), Stimulus � Age 11.2 (0.001)

Significant relationships (p < 0.05) are shown in bold face.
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education. Group � stimulus interaction was not significant
(F(1,93) ¼ 1.8). Tables 2 and 3 show significant group � stimulus
interactions for N100 and P200 amplitude. For N100, there was a
significant univariate effect of group on S1 amplitude (F(1,93) ¼ 4,
p ¼ 0.048), but not S2 (F(1,93) ¼ 0.2). Similarly, for P200, group had
a significant effect for S1 (F(1,93) ¼ 6.6, p ¼ 0.011) but not for S2
(F(1,93)¼ 0.1). Therefore, the stimulus� group interactions in N100
and P200 amplitudes were accounted for by differences in response
to S1.

P200 amplitudes were higher in subjects with bipolar disorder
receiving antidepressants, but even in those subjects P200 ampli-
tudes were significantly lower than in controls (9.63 � 5.89 vs
12.67 � 6.57 mV; nested analysis for group F(1,94) ¼ 8.2, p ¼ 0.005;
for antidepressant administration F(1,94) ¼ 0.06). Therefore, anti-
depressant treatment did not account for the group difference in
P200 amplitudes.

3.4. Trait impulsivity: BIS-11

Relationships to BIS-11 scores were investigated using GLMwith
BIS-11 score as dependent variable and sex, EP parameter, age,
education, and group as independent variables. Unlike the casewith
controls or subjects with ASPD (Lijffijt et al., 2012), there were no
relationships between BIS-11 total or subscale scores and any EP
measures in subjects with bipolar disorder.

3.5. Rapid-response impulsivity: IMT

Relationships to IMT were investigated in subjects with bipolar
disorder and controls using GLM analyses with IMT parameters as
dependent variables and education, sex, age, and EP as predictor
variables. In order to determine relative contribution of S1 and S2,
both were included as independent variables. The only consistently
significant relationships were for P50 amplitudes, shown in Table 4.
Table 4
Relationships between P50 ERP and IMT performance in subjects with bipolar disorder a

IMT measure Statistical parameter Bipolar disorde

S1

Correct detections, % F(1,38) 5.06 (0.03)
Slope � SE 13.8 ± 6.1

Commission errors, % F(1,39) 0.34
Slope � SE 3.24 � 5.58

Reaction time to CD, ms F(1,39) 1.79
Slope � SE �36 � 27

Discrim. F(1,39) 3.19 (0.08)
Slope � SE 0.061 � 0.034

Bias F(1,39) 4.76 (0.035)
Slope � SE L0.41 ± 0.19

Significant relationships (p < 0.05) are shown in bold face. Two-tailed p values less than
3.5.1. Latencies
Longer P50 latency was associated with increased correct

detection rate in bipolar disorder (F(1,38) ¼ 4.53, p ¼ 0.04,
slope ¼ 5.03 � 2.36). However, when anticonvulsant treatment
(associated with longer P50 latency) was added to the model, the
effect of P50 latency was no longer significant (F(1,37) ¼ 2.07,
p ¼ 0.15, slope ¼ 3.59 � 2.48). Therefore, the apparent effect of
longer P50 latency was accounted for by anticonvulsant treatment.
There were no significant relationships for N100 or P200.

3.5.2. Amplitudes
Increased P50 S1 amplitude appeared to be related to increased

likelihood of a correct detection. Amplitude elicited by S2 was
associated with increased commission errors, faster reaction time,
and impulsive response bias in subjects with bipolar disorder.
These relationships were only significant in bipolar disorder.

3.5.3. Gating
In bipolar disorder, higher P50 ratio (more impaired P50 gating)

was related to higher commission error rates relative to correct de-
tections (F(1,39) ¼ 3.8, p ¼ 0.05) and faster reaction time
(F(1,39) ¼ 4.17, p < 0.05) at borderline to modest statistical signifi-
cance. In controls, there were no significant ratios between IMT and
P50 EP (p > 0.15). Overall, relationships between IMT and gating
ratios appearedweaker than those between IMTand S2 suppression.
3.6. Delayed-reward impulsivity: TCIP

TCIP was evaluated as the number of immediate- or delayed-
reward responses, and the maximum number of consecutive
delayed responses. GLM revealed no significant relationships be-
tween TCIP and EP or gating in controls or bipolar disorder.
4. Discussion

Gating of N100 and P200, and P50 S1 and S2 amplitudes differed
between bipolar disorder and controls, but P50 gating did not. In
terms of our hypotheses, 1) Rapid-response impulsivity was related
only to P50 EP; EP were not related to trait-like or reward-based
impulsivity; 2) Pre-attentional response suppression (P50 S2
amplitude), but not gating, was related to impulsive errors and
faster reaction times; 3) P50 S1 amplitude correlated significantly,
though modestly, with correct detections; and 4) EP related to P50
were largely independent of symptoms or treatment. Relationships
between P50 EP and rapid-response impulsivity were only statis-
tically significant in bipolar disorder, though they were qualita-
tively similar in controls.
nd controls.

r (46) Controls (48)

S2 S1 S2

1.45 0.85 0.43
6.5 � 5.4 4.5 � 4.5 2.1 � 3.3
4.1 (0.05) 0.87 0.36
9.97 ± 4.29 5.4 � 5.8 0.6 � 4.2
8.91 (0.005) 0.32 0.48
L71 ± 24 �18 � 32 �16 � 24
0.22 0.02 0.10
�0.014 � 0.030 �0.10 � 0.18 �0.12 � 0.17
6.63 (0.014) 0.73 1.25
L0.43 ± 0.17 �0.17 � 0.20 �0.17 � 0.15

0.1 are in parentheses. Slopes are in the units of the relevant IMT variable.



Table 5
Evoked potentials and IMT abnormalities in bipolar disorder.

IMT variable Bipolar disorder vs controls, general Bipolar disorder vs controls, during
mania or with many previous episodes

Relationship to evoked potential

Correct detections Reduced Reduced or normal Positive with P50 S1 amplitude
Commission errors Normal Increased Positive with P50 S2 amplitude
Reaction times Slower Faster/normal Negative with P50 S2 amplitudes and gating ratio
Discriminability Reduced Reduced None
Response bias Conservative Impulsive Negative (more impulsive) with P50 S1 and

S2 amplitudes
Source (Fleck et al., 2001; Swann et al., 2009b) (Swann et al., 2009b) Table 4
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4.1. Sensory encoding and gating in bipolar disorder vs controls

P50 S1 and S2 amplitudes in bipolar disorder were smaller than
in controls, but, contrary to several reports (Sanchez-Morla et al.,
2008; Baker et al., 1990; Carroll et al., 2008), including our pre-
liminary study (Lijffijt et al., 2009d), P50 gating was not different.
These results were consistent with the earlier studies, demon-
strating overall impairment in pre-attentional encoding of auditory
information whether a stimulus is novel (S1) or repetitive (S2).

Weaker N100 and P200 gating relative to controls was previ-
ously reported in bipolar disorder (Lijffijt et al., 2009d). As in re-
ports of P50 gating deficits, significant diagnosis � stimulus
interactions were accounted for by lower S1 amplitude in bipolar
disorder, consistent with reduced stimulus registration.

4.2. Symptoms, treatment, and evoked potentials

Reported relationships between clinical state and EP have varied
(Baker et al., 1990; Carroll et al., 2008; Lijffijt et al., 2009d; Olincy
and Martin, 2005). In this sample, depression and anxiety scores
were related to N100 latency. This effect was not related to EP
differences between bipolar disorder and controls, or correlations
between EP and IMT performance.

Subjects with bipolar disorder were receiving a range of treat-
ments, improving the generalizability of the sample. Anticonvul-
sant treatment was associated with shorter latency to P50,
accounting for the apparent difference between women with bi-
polar disorder and controls in P50 latencies. Antidepressant treat-
ment was associated with larger P200 amplitude than in subjects
not receiving antidepressants, but did not account for differences in
P200 amplitude between bipolar disorder and controls. Otherwise,
treatments did not affect bipolar disorder-control differences in
latencies, amplitudes, or gating of EP, and did not influence re-
lationships between EP and impulsivity measures.

There is little information about effects of antidepressants on
P200 amplitude. Interestingly, one study found that P200 ampli-
tude was increased in patients with major depressive disorder,
especially in antidepressant nonresponders (Vandoolaeghe et al.,
1998). Successful treatment with either bupropion or placebo was
reported to reduce P50 and N100 amplitude and gating in a report
without data on P200 amplitudes (Siegel et al., 2005). These reports
in nonbipolar subjects are potentially relevant to our data and
suggest that early sensory responses may be involved in depression
or its treatment.

4.3. Evoked potentials, rapid-response impulsivity, and bipolar
disorder

Table 5 summarizes relationships between IMTand EP in bipolar
disorder, accounting for age, sex, education, and treatment. P50 S1
amplitudes, which were smaller in bipolar disorder than in con-
trols, correlated with correct detections and impulsive response
bias. Reduced P50 amplitudes were consistent with reduced correct
detections and conservative response bias compared to controls in
bipolar disorder without frequent recurrences or comorbid disor-
ders despite high BIS-11 scores (Swann et al., 2009b). Accordingly,
inhibited response to P50 S1 in bipolar disorder may contribute to
conservative response bias and protection against impulsive errors.

S2 amplitude (weaker S2 suppression) in bipolar disorder
correlated with shorter IMT reaction times and higher commission
error rates. Severe illness-course in bipolar disorder is character-
ized by faster reaction times and increased commission errors
(Swann et al., 2009b), consistent with impairment of S2 suppres-
sion. Therefore, a potential adaptation in bipolar disorder, where
slower reaction times and conservative bias could protect against
impulsive responses, may be compromised with a more severe
illness-course. Reduced pre-attentional response inhibition may
contribute to effects of an unfavorable course of illness on IMT
performance and rapid-response impulsivity in bipolar disorder.
Current data cannot distinguish whether this was a consequence of,
or predisposed to, an unfavorable course.

Relationships between rapid-response impulsivity and P50 EP
were significant in bipolar disorder but not in controls. This could
result from their relationship to compensatory and illness-course
mechanisms, as discussed above, that are more prominent in
bipolar disorder. Alternatively, larger slopes in bipolar disorder
could result from more variance in the impulsivity or EP
parameters.

4.4. Event-related potentials, clinical characteristics, and cognitive
function

Our results resemble other studies finding no relationship be-
tween P50 EP and symptoms in schizophrenia (Potter et al., 2006)
or bipolar disorder (Sanchez-Morla et al., 2008). Because of this
and its reported familial characteristics, P50 gating is a proposed
neurophysiological endophenotype in bipolar disorder and/or
schizophrenia (Martin et al., 2007). However, because many fac-
tors can influence gating, and results are variable, P50 gating ratio
may not be sensitive enough to be a practical endophenotype (de
Geus, 2010; Thaker, 2008). Less attention has been paid to P50
amplitudes, though they were more heritable than P50 ratio
(Anokhin et al., 2007), and differentiated bipolar disorder from
controls better than gating ratio did (Tables 1 and 4). P50 ampli-
tudes were also related to rapid-response impulsivity (Tables 4
and 5), and more strongly correlated with attention and working
memory after correction for IQ (Smith et al., 2010) than P50 gating
ratio.

Pre-attentional processes may be related to regulation of
cognition, including fluid intelligence and working memory
(Brumback et al., 2004), rather than affective symptoms. P50 is
thought to originate from cholinergic structures regulating the
ascending reticular formation (Jerger et al., 1992). P50 amplitudes
are related to working memory and attention task performance
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(Potter et al., 2006; Smith et al., 2010), correlating positively with
performance on attention and Stroop tasks (Wan et al., 2008). P50
amplitude and sensory gating are normal, however, in attention
deficit disorder (Olincy et al., 2000), and are not affected by
manipulations of attention (Jerger et al., 1992). Concurrent
administration of a visual CPT did not affect P50 gating, though it
reduced N100 and P200 gating (Gjini et al., 2011). P50 therefore
may influence or regulate attention, but is not directly affected by
attention. Relationships between P50 and IMT in bipolar disorder
imply that correct detection, commission errors, and reaction
times are related to pre-attentional processes.

4.5. Limitations

Limitations include 1) sample size was small for evaluating the
multiple potential interactions; 2) subjects with bipolar disorder
were taking medicines and varied in affective state; 3) requirement
for stable treatment and negative drug/alcohol screens could bias
subjects with bipolar disorder toward less severe illness.

5. Conclusions

Subjects with bipolar disorder had impaired N100 and P200
gating, and smaller P50 S1 and S2 amplitude, compared to controls.
These effects were not results of pharmacological treatment,
substance-use or smoking history, or psychiatric symptoms. In
terms of impulsivity, BIS-11 scores, increased in bipolar disorder
regardless of course, were not related to EP measures; reduced pre-
attentional encoding (low S1 amplitude), reflecting an apparent
adaptation with more conservative responses, differentiated bipo-
lar disorder from controls, and impaired pre-attentional response
suppression (high S2 amplitude) correlated with faster reaction
times and more commission errors within subjects with bipolar
disorder, compromising this adaptation.
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