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Sustained attention abnormality in schizophrenia is usually
refractory to available treatment. Nicotine can transiently
improve sustained attention in schizophrenia patients, al-
though its neural mechanisms are unknown. Understanding
the neural basis of this effect may lead to new treatment
strategies for this cognitive deficit. Twenty schizophrenia
patients and 24 healthy comparison smokers participated
in a double-blind, placebo-controlled, crossover, random-
ized functional magnetic resonance imaging study compar-
ing nicotine vs placebo patch on sustained attention, using
the rapid visual information–processing task. Schizo-
phrenia patients had impaired visual sustained attention
accuracy and processing speed (all P’s <.001) and showed
significantly reduced activation in the frontal-parietal-
cingulate-thalamic attention network comparedwith healthy
comparison subjects. Nicotine administration enhanced ac-
curacy and processing speed compared with placebo (all P’s
£.006), with no drug 3 diagnosis interactions. However,
schizophrenia patients’ task performance remained impaired
during the nicotine condition, even when compared with
healthy comparison subjects in the placebo condition (all
P’s £.01). Nicotine exerted no significant reversal of the
impaired attention network associated with schizophrenia.
Activations in brain regions associated with nicotine-in-
duced behavioral improvement were not significantly dif-
ferent between patients and comparison subjects. Thus,
nicotine transiently enhanced sustained attention similarly
in schizophrenia patients and in healthy comparison smok-
ers. The neural mechanisms for this nicotinic effect in
schizophrenia appear similar to those for healthy compar-

ison subjects. However, nicotine, at least in a single sus-
tained dose, does not normalize impaired sustained
attention and its associated brain network in schizophrenia.
These findings provide guidance for developing new
treatment strategies for the sustained attention deficit in
schizophrenia.
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Introduction

One of the most replicated neurocognitive deficits in
patients with schizophrenia is their poor sustained atten-
tion. This trait-like deficit is present across early and
chronic states of the disease in medicated and never med-
icated patients and in high-risk individuals.1,2 Treatment
options for this deficit are limited. Nicotine, usually even
in a single dose, can transiently improve sustained atten-
tion in schizophrenia patients.3–8 This and other similar
observations have led to efforts to identify novel nicotinic
compounds to treat schizophrenia and its associated
neurocognitive deficits.9,10 Of the wide range of cognitive
domains affected by nicotine, attentional performance
maybe the most likely candidate to be positively influ-
enced by nicotinic receptor activation.11 However, while
the neural circuitry responsible for the nicotinic effect on
sustained attention has begun to be studied in healthy
comparison subjects,12,13 its mechanisms in schizophre-
nia are unclear. No imaging studies have yet investigated
the neural basis of this improvement in schizophrenia.

Sustained attention is typically measured by continu-
ous performance tasks (CPTs). Nicotine improves CPT
hit rate in healthy controls (eg, Myers et al14), hit rate
in schizophrenia patients (eg, Depatie et al5), reaction
time (RT) in controls (eg, Barr et al8), or RT in patients
(eg, Levin et al,3 Barr et al,8 and Smith et al15). Smoking
reinstatement reverses the deficit in schizophrenia
patients following periods of smoking abstinence.4 While
opposite and negative findings also exist,6,16 the pre-
ponderance of evidence supports a nicotinic effect on
some aspects of sustained attention deficit in schizophre-
nia patients. An imaging investigation should provide
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anatomical correlates of the nicotinic effect on this cog-
nitive deficit.

A task that reliably taxes sustained attention, is re-
sponsive to nicotine, demonstrates a behavioral deficit
in schizophrenia patients, and is suitable for functional
magnetic resonance imaging (fMRI) would be a good
candidate for this effort. The rapid visual information–
processing (RVIP) task is essentially a CPT with a pre-
dominantly visual sustained attention component and
a small working memory load.17 Preliminary data
showed that performance on this task is impaired in
schizophrenia patients.18 This task is responsive to nico-
tine in healthy smokers and nonsmokers13,17,19,20 and has
been successfully adapted for imaging studies.12,21 The
neural circuitry underlying nicotine’s improvement of
sustained attention has been extensively studied in ani-
mals.22 In healthy humans, using the RVIP task, the neu-
ral circuit responsible for the nicotine effect on sustained
attention is associated with increased task-induced acti-
vation in the parietal cortex, thalamus, and striatum.13

Therefore, this task fits all criteria to serve as a probe
for our inquiry of the neural mechanisms of nicotinic en-
hancement of sustained attention deficits in schizophre-
nia. We therefore applied an fMRI version of the RVIP
task to test the hypotheses that (1) impaired RVIP in
schizophrenia patients is associated with dysfunctions
in the underlying sustained attention brain network
and (2) nicotine would correct the behavioral abnormal-
ity and the brain network underlying this problem.

Methods

Subjects

The 44 participants were all cigarette smokers, 20 patients
with schizophrenia and 24 healthy comparison subjects.
Participants were right-handed, 18–50 years of age, and
smoked 10 or more cigarettes per day for at least 1 year.
Major medical and neurological conditions were exclu-
sionary criteria. Subjects with active substance depen-
dence within the past 6 months or current substance
abuse were excluded. Smoking severity was measured
by the Fagerstrom Test for Nicotine Dependence
(FTND).23 Patients were recruited through Baltimore
area mental health clinics. Patients were diagnosed based
on Structured Clinical Interview for Diagnostic and Sta-
tistical Manual of Mental Disorders (Fourth Edition)
(DSM-IV). All patients were clinically stable and treated
with second-generation antipsychotics except one who
was on first-generation and one on both first- and second-
generation antipsychotic medications. Two patients were
also on a benzodiazapine but took the medication only
after the MRI on the study days. Clinical symptoms
were assessed using the Brief Psychiatric Rating Scale
(BPRS). Healthy comparison participants were recruited
through media advertisements and had no DSM-IV

psychotic disorders or family history of psychosis. Imaging
data from 1 patient were excluded due to poor image quality;
2 patients and 3 comparison subjects completed only the first
scan because they failed to return within the stipulated inter-
val. After complete description of the study to the subjects,
written informed consent was obtained in this National
Institute on Drug Abuse and University of Maryland Balti-
more Institutional Review Board approved protocol.

Design

This was a double-blind, placebo-controlled, crossover
fMRI study comparing nicotine vs placebo patch effect
on sustained visual attention. Participants received a nicotine
patch (Nicoderm CQ, SmithKline Beecham, Middlesex,
UK) and an identical placebo patch in a randomized order
5–14 days apart. To achieve plasma levels appropriate to
individual smoking behavior, the nicotine dose was 21
mg for individuals who smoked <15 cigarettes per day
and 35 mg for those who smoked 15 or more. Subjects main-
tained their normal smoking routines prior to patch appli-
cation but were not allowed to smoke for about 4.5 hours
following patch administration, including 2.5 hours prior to
scanning when subjects were observed by staff and 2 hours
inside the scanner. In the scanner, each subject underwent
about 1 hour of eyetracking and ‘‘resting’’ scans (data not
shown here), followed by structural imaging when subjects
were allowed to relax and followed by the RVIP task, which
lasted about 30 minutes. Thus, in the placebo patch condi-
tion, the RVIP task was performed after smoking abstinence
for about 4 hours. We limited abstinence time to 4.5 hours
to minimize potential confound from withdrawal during the
placebo patch condition because mild withdrawal symp-
toms generally start 6–12 hours after last cigarette.24 The
4-hour time is within the window of steady nicotine level
after patch application.20 Abstinence from alcohol and
controlled substances was verified by breathalyzer and tox-
icology prior to each scan. To monitor side effects and with-
drawal symptoms, a side effect and withdrawal symptom
self-report checklist and a self-report mood questionnaire25

were administered before and after each patch session.
Breath carbon monoxide was measured prior to patch ap-
plication. A blood sample for nicotine level was drawn when
the RVIP imaging was completed, after about 4.5 hours of
patch application. The patch was then removed.

Rapid Visual Information Processing

The RVIP task17 and its imaging adaptation have been
described.12,13 The current version consisted of 90-second
blocks of a continuous stream of single digits presented at
a rate of 100 digits per minute. Subjects responded with
their right index finger to the target, which was 3 odd or 3
even numbers appearing consecutively (eg, 7-5-9). Each
block contained 12 pseudorandomly occurring targets,
with 4 targets appearing every 30 seconds. Targets
were always separated by at least 2 digits. The same digit
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never appeared consecutively. Accuracy and speed were
encouraged. A sensorimotor control task requiring min-
imal attention was also presented in 90-second blocks.
The control task also presented a stream of single digits
at 100 digits per minute, wherein subjects pressed for the
digit ‘‘0,’’ which replaced 1 of the 3 target digits in the
RVIP task. Eight blocks of RVIP and control tasks
each were presented in a pseudorandom order and inter-
leaved with 30-second fixation blocks. Subjects learned
the task in front of a computer screen (approximately
5 min), followed by a 20-minute practice session inside
a mock scanner. Practice sessions were incorporated to
reduce the variation introduced by practice effects.17,20,26

The primary behavioral outcome measure was accuracy
as measured by hit rate.17,21,26 Processing speed as mea-
sured by RT to hits was also reported.

MRI Acquisition and Data Processing

Data were collected on a 3-T Siemens Allegra scanner
(Erlangen, Germany) equipped with a quadrature vol-
ume head coil. Thirty-nine interleaved, 4-mm thick, axial
slices were prescribed to cover the whole brain using
repetition time/echo time of 2000/27 milliseconds and in-
plane spatial resolution of 3.43 3 3.43 3 4 mm3. High-
resolution (1 3 1 3 1 mm3) T1-weighted magnetization pre-
pared rapid acquisition gradient echo (MPRAGE) images
were acquired before each scan for spatial normalization.
A bite bar was used to minimize head motion. Each sub-
ject used the same bite bar during mock scan training and
the 2 scanning sessions. Data were slice timing corrected,
volume registered, linearly detrended, and transformed
to Talairach space using the transformation of the
MPRAGE scan. Spatial smoothing (full width at half max-
imum [FWHM] = 8.5 mm) was applied. Conditions (RVIP
task, control task) were modeled with a boxcar function
convolved with a canonical hemodynamic response func-
tion using a block-design. The 6 motion correction curves
were included in the analysis as regressors of no interest.

Statistical Analysis

Second-level, whole-brain, voxelwise linear mixed
effects (LME) model as implemented in the 3dLME pro-
gram (http://afni.nimh.nih.gov/sscc/gangc/lme.html) of
AFNI27 was performed to calculate main effects of
task (RVIP vs control task), diagnosis (schizophrenia
vs healthy comparison), drug (nicotine vs placebo),
and their interactions. 3dLME is essentially a ‘‘front
end’’ to use the LME method28 implemented in the R sta-
tistics package (www.r-project.org) on fMRI data. LME
models allow unbalanced data structure (ie, unequal
number between groups or missing data as some subjects
had only one scan), which permitted the inclusion of all
collected data. The models included a term to account for
heteroscedasticity as different within-group errors were
observed when the model was evaluated at several voxels.

Covariates including age, gender, nicotine level, and
FTND score were separately evaluated by entering
each into a 3dLME model.

To examine brain regions responsible for the nicotinic
effect on specific behavioral measures, voxelwise regres-
sion models were performed: DVi = b0 þ b1 3 DRVIP þ
b2 3 D þ b3 3 DRVIP 3 D þ e#, where DVi is the differ-
ence of RVIP maps between nicotine and placebo condi-
tions [(RVIP/nicotine � control task/nicotine) � (RVIP/
placebo � control task/placebo)] for the ith voxel, DRVIP
the difference in accuracy or RT between nicotine and
placebo conditions, D the diagnosis, their interaction,
plus a random error term e#. If no significant interaction
was seen, main effects of DRVIP were tested after remov-
ing the interaction term. Only subjects completing both
conditions were entered into this analysis.

Significance threshold was set at Pcorrected < .05 based
on Monte Carlo simulations (http://afni.nimh.nih.gov/
afni/doc/manual/alphasim) to correct for multiple
comparisons. The corrected threshold corresponded to
uncorrected voxelwise threshold of P <.001 and a mini-
mum cluster size of 702 mm3. All reported results were
clusters corrected for whole-brain comparisons.

For clinical data, linear mixed model analyses were
performed using the mixed model ANOVA procedure
where RVIP hits or RT was the dependent variable,
drug the repeated measure, and diagnosis the between-
subject factor. Post hoc tests of significant effects of
drug and group used paired t tests and independent
t tests, respectively. Pearson correlations were used to ex-
amine relationships between clinical parameters.

Results

Clinical and Nicotine-Related Information

Comparison subjects and schizophrenia patients were
well matched in their nicotine addiction severity as mea-
sured by FTND (mean 6 SD: 4.1 6 2.4 vs 4.6 6 1.8, F1,43 =
0.54, P = .47), type of nicotine patch applied (21:35 mg:
9:15 vs 8:12, v2 = 0.03, P = 1.00), age (35.0 6 10.9 vs 36.2 6

10.4, F1,43 = 0.14, P = .71), and gender (female:male, 6:18
vs 2:18; v2 = 1.65, P = .26). Carbon monoxide level prior
to patch application and plasma nicotine levels prior to
patch removal also achieved good matches between
patients and comparison subjects and did not differ
(table 1). Nicotine levels at the end of the scan were avail-
able in 18 healthy comparison subjects and 16 patients in
both nicotine and placebo conditions (nicotine levels not
available in one or both conditions from the remaining
subjects due to declining blood draw, withdrawn, or lab-
oratory errors) and showed significantly difference
between nicotine and placebo conditions (table 1). Clin-
ical symptoms as measured by BPRS were 33.6 6 6.8 in
the patients. No significant correlations between RVIP
hit rate, RT, or their nicotine-induced changes and
BPRS total or subscale scores were found.
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There was a main effect on pulse (table 1). Post hoc
tests showed significantly greater pulse reduction in
healthy comparison subjects compared with patients
during placebo (P = .002) but not in nicotine condition
(P = .20). There were no significant changes in pulse be-
tween nicotine and placebo conditions in healthy com-
parison subjects (P = .41) or patients (P = .53). There
was also a trend of significance (P = .054) in systolic
blood pressure. Exploratory post hoc analysis showed
that healthy comparison subjects had a trend of signifi-
cantly increased systolic blood pressures (P = .06) in
nicotine compared with placebo condition. This effect
was not present in the patients (P = .39).

RVIP Behavioral Performance

There were significant main effects of diagnosis (P <
.001) and drug (P < .001) on accuracy; patients showed
reduced accuracy compared with healthy comparison
subjects and nicotine administration enhanced accuracy
compared with placebo. There was no significant drug 3

diagnosis interaction (P = .12). Post hoc paired t tests in
patients (n = 17) and healthy comparison subjects (n = 21)
who had data in both conditions revealed significant drug
effects in each group (figure 1). However, while improved
from their placebo state, schizophrenia patients remained
significantly impaired in the nicotine condition when
compared with healthy comparison subjects in the pla-
cebo condition. In contrast, nicotine enhanced processing
speed in patients but not in the healthy comparison sub-
jects (figure 1 and table 1). There was no correlation

between nicotinic enhancement on accuracy vs enhance-
ment in processing speed in either group or in the com-
bined sample (all r’s �0.08, P’s �.77), despite significant
effects on both measures.

RVIP-Induced Brain Activations

Mixed effects analyses found significant effects of task
and diagnosis 3 task interaction but no significant
drug 3 diagnosis 3 task interaction or diagnosis main
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Fig. 1.Graphs Showing Post Hoc tTests for Nicotinic Enhancement
of Rapid Visual Information–Processing (RVIP) Task Behavioral
Performance (Hit Rate and Reaction Time, Mean 6 SE) in Each
Group. Paired t tests were based on healthy comparison subjects
(n 5 21) and patients (n 5 17) who completed both nicotine and
placebo conditions. Note that schizophrenia patients remained
significantly impaired in sustained attention in the nicotine
condition compared with healthy comparison subjects in placebo
condition in hit rate and reaction time, suggesting that nicotine did
not normalize their sustained attention deficits. **Pvalues based on
paired t tests. ##P values based on independent t tests.

Table 1. Task Performance and Nicotine-Related Clinical Observations

Healthy Comparison
Subjects (n = 18–24)

Schizophrenia Patients
(n = 16–20) Diagnosis Effect Drug Effect

Placebo Nicotine Placebo Nicotine t P t P

RVIP performance
Active task

Hit rate 0.69 6 0.1 0.73 6 0.1 0.45 6 0.2 0.54 6 0.2 3.93 <.001* 3.84 <.001*
Reaction time (ms) 516.8 6 70.1 503.6 6 59.6 629.1 6 83.2 587.4 6 78.7 �5.20 <.001* �2.87 .006*
False alarm rate 0.03 6 0.04 0.04 6 0.08 0.02 6 0.03 0.01 6 0.02 0.93 .36 �0.03 .97

Control task
Hit rate 0.96 6 0.1 0.98 6 0.0 0.92 6 0.1 0.94 6 0.1 1.89 .07 1.96 .06
Reaction time (ms) 495.5 6 66.1 470.9 6 55.8 550.2 6 80.6 541.9 6 84.2 �3.77 .001* �2.53 .02*

Nicotine-related clinical data
CO level prior to patch (ppm) 25.4 6 12.9 24.6 6 13.4 31.0 6 21.1 31.3 6 21.6 �1.31 .20 �0.21 .84
Nicotine level after scan (ng/ml) 2.3 6 3.7 34.8 6 13.0 4.1 6 4.5 32.5 6 11.5 �0.78 .44 15.34 <.001*
Da of pulse �6.9 6 6.7 �4.3 6 11.7 �0.2 6 6.6 �1.6 6 8.2 5.52 .02* 0.13 .74
D of systolic blood pressure 1.3 6 12.0 8.6 6 12.6 7.8 6 13.2 11.4 6 13.0 2.19 .14 3.96 .05
D of diastolic blood pressure 5.4 6 8.9 4.5 6 7.6 3.9 6 10.5 2.2 6 10.9 0.71 .41 0.44 .54
D of side effect symptoms �0.1 6 0.6 0.3 6 0.7 0.7 6 1.4 0.1 6 1.1 0.69 .40 0.78 .38
D of self-reported mood 2.0 6 4.4 1.9 6 5.2 0.9 6 4.3 0.0 6 5.5 1.42 .25 0.18 .63

Note: Values are mean 6 SD. Statistics were based on main effect. No significant diagnosis 3 drug interaction unless specified. RVIP,
rapid visual information processing; CO, carbon monoxide.
aChanges from prior patch application to prior patch removal, about a 4.5-h interval. Paired t tests were used here.
*Statistically significant.
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effect. When compared with the control task, RVIP sig-
nificantly activated not only a network covering frontal,
parietal, superior temporal cortex; cingulate; thalamus;
striatum; midbrain; and brain stem pons (data not
shown) that is in good agreement with those mapped
by previous RVIP imaging studies12,21 but also several
additional brain regions including midbrain and brain
stem. Among these task-activated areas, 7 brain regions
showed a significant task 3 diagnosis interaction
(figure 2). Post hoc analyses showed that (1) for both
groups, these regions were associated with more acti-
vation in the RVIP compared with the control task (all
P’s <.01), consistent with regions responsible for sus-
tained attention; (2) the interactions were due to less ac-
tivation in patients compared with healthy comparison
subjects during RVIP but not the control task; and, crit-
ically, (3) nicotine failed to correct the reduced activation
in schizophrenia patients in these regions (figure 2 line
plots). Including age, gender, FTND, or nicotine level
as covariate did not affect either the task or task 3 group
effect, with one exception such that the addition of nic-
otine level as a covariate reduced the task 3 diagnosis
interaction from 7 to 2 regions (thalamus and right pari-
etal lobe). There was, however, a reduced sample size in
this analysis because not all subjects had nicotine levels
determined.

Nicotinic Effects on Brain Activation

There were significant drug main effects in 14 regions
(figure 3A) involving middle (1), medial, and inferior fron-
tal lobes; parietal lobules (2); occipital cuneus and precu-
neus (3); anterior (4) and posterior cingulate; caudate
head (5) and putamen (6); insula (7); ventral striatum
and thalamus (8 and 9); fusiform/parahippocampal gyrus
(10); orbitoprefrontal lobe/rostral cingulate (11); midbrain
(12); and cerebellar culmen (13). All significant effects were
in the direction of increased blood oxygen level–dependent
(BOLD) signal. However, there were no significant drug 3

diagnosis or drug 3 task interactions, suggesting that nic-
otine had generalized effects on these regions. Including
age, gender, FTND, or nicotine level as covariate did not
change the findings with one exception: with nicotine level
asacovariate,asignificantdiagnosis3drugeffectwasiden-
tified in the right insula (34, 25, 14), such that nicotine
enhanced activations compared with placebo in healthy
comparison subjects but not in schizophrenia patients in
both RVIP and control tasks (figure 3B). However,
this right insular location might not be related to sustained
attention given the similar activation for RVIP and control
tasks in both groups (see line plot).

Regression analyses were performed to identify brain
regions that corresponded to nicotinic improvement on

Fig. 2.Rapid Visual Information–Processing (RVIP) Task3Diagnosis Interaction. Line charts plot the blood oxygen level–dependent signal
percent changes (y-axis) in each cluster (mean 6 SE) after normalized to the global mean activations. Patients had significantly lower
activation in these regions during the RVIP task (T) but not during the control task (C). Note increased activation in these regions in both
nicotine and placebo conditions in the RVIP task compared with the control task (mean activation increase from control to RIVP tasks in all
regions, P < .01). The interactions were due to substantially greater activation during the RVIP task in the healthy comparison subjects
compared with the patients. There were small increases in activation during the nicotine condition in some clusters (eg, line plot 2 for patients),
but they were not significantly different from the placebo. 1: Bilateral thalamus/striatum (maximum:�2,�11, 12), 2: anterior cingulate cortex
(ACC)/sensorimotor areas (SMAs, maximum:�8, 8, 44), 3: left middle/inferior frontal gyrus (Brodmann area [BA] 6, 9, 24, maximum:�46,
2, 24), 4: right middle/inferior frontal gyurs (BA 6, maximum: 40,�4, 36), 5: left parietal lobules and precuneus and cuneus (BA 7, 19, 39, 40,
maximum: �34, �55, 36), 6: right parietal lobules (BA 7, 40, maximum: 32, �52, 38). 7: right precuneous/cuneus (BA 7, 19, maximum: 14,
�74, 42).
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specific RVIP behavioral measures, ie, accuracy (hit rate)
and processing speed (RT). We found no brain regions

that were associated with significant diagnosis 3 accuracy

or diagnosis 3 RT interactions. Removing the interaction

term, nicotine-induced accuracy improvement was signifi-

cantly correlated with increased activations by nicotine in

the brain stem, right ventral striatum, bilateral frontal eye

fields, bilateral superior temporal lobes, anterior cingulate

cortex (ACC)/sensorimotor area (SMA), cerebellum, and

the left parietal lobe (figure 4; coordinates in table 2). These

results suggest that nicotinic effects on these regions signif-

icantlycontributedtothenicotinic improvementofaccuracy

in general, although the effect was not specific to diagnosis.

In contrast, no brain regions were found to be significantly

correlated with nicotinic effect on processing speed.

Discussion

Recent studies in schizophrenia patients have generally
shown that nicotine improves some aspects of the known
sustained attention behavioral deficit seen in schizophre-
nia3–8 (see ‘‘Introduction’’). To the best of our knowl-
edge, this is the first fMRI investigation that examined
the neural basis of this effect. Behaviorally, we found
that nicotine improved RVIP accuracy and processing
speed in schizophrenia patients. However, this improve-
ment did not normalize their sustained attention deficit
(figure 1) or their abnormal attention network elicited
by RVIP to the levels seen in matched healthy com-
parison subjects. In other words, nicotine in the form
of a single administration patch neither normalizes
the sustained attention deficits seen in patients nor

Fig. 3.Main Effect of Drug. (A) These regions corresponded to general nicotine-induced blood oxygen level–dependent increases based on a
nicotine vs placebo main effect. (B) Group-by-drug interaction was found in right insula after covarying for nicotine level. Line graph: y-axis is
percent changes after normalized to the global means.

Fig. 4. Nicotinic Enhancements on Rapid Visual Information–Processing Accuracy (Hit Rates) Were Significantly Associated With
Nicotine-Induced Increases in Activations in the Left Superior/Middle Temporal Lobe (1), the Thalamus (2), Superior/Inferior Temporal
Lobe (3), Prefrontal Cortex (4), Bilateral Middle Frontal Lobe (Consistent With Frontal Eye Field, 5, 10), Cerebellum (6), Brain Stem
(Consistent With Pons and Tegmentum, 7), Left Inferior Frontal Gyrus (8), Anterior Cingulate/SMA (10), Left Parietal Lobule (11), and
Right Ventral Striatum and Claustrum (12). See table 2 for location coordinate information of each number and correlation coefficients.
There was no significant nicotine effect 3 diagnosis in these regions; the results were therefore based on the combined sample including all
subjects who have completed both sessions (n 5 38).
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sufficiently corrects the brain network associated with
the deficit.

Only patients who are moderate to heavy smokers were
included. This sampling approach was to represent the
majority of schizophrenia patients because up to 80%
of schizophrenia patients smoke and they tend to be mod-
erate to heavy smokers. However, because participants
were smokers, the findings were potentially confounded
by nicotine withdrawal symptoms during the placebo
patch condition or insufficient nicotine level from the
nicotine patch condition, which might explain the incom-
plete correction of the sustained attention deficit, al-
though we do not believe that this is a primary reason
based on symptom rating and the nicotine levels mea-
sured at the end of the scans. Smokers who smoke 10 cig-
arettes or more per day typically maintain baseline
trough nicotine serum levels at around 5 ng/ml29 and
peak nicotine serum levels between 15 and 35 ng/ml.29

Our dosing strategy was to maintain the nicotine serum
levels at or slightly above the typical smoking peak serum
levels under the nicotine patch condition while maintain-
ing trough but nonzero nicotine levels during the placebo
condition. This strategy was employed to provide a real-
istic simulation of nicotinic effects on cognitive functions
in these smokers in a ‘‘real-world’’ scenario while mini-
mizing withdrawal symptoms. Nicotine levels measured
at the end of the RVIP task were 2.3–4.1 ng/ml in the pla-
cebo and 32.5–34.8 ng/ml in the nicotine patch condi-

tions, supporting that the dosing and timing strategy
employed approximated the expected real-world peak
and trough nicotine conditions. However, it remains to
be clarified whether the performance elicited by the
relatively stable peak and trough plasma levels that
were generated by nicotine/placebo patches necessarily
represents the performance under cigarette smoking gen-
erated, fluctuating peak and trough nicotine levels expe-
rienced by real-world smokers in a given day.

The collective literature shows that withdrawal symp-
toms start within 1–2 days of abstinence and peak within
a week, with mild withdrawal symptoms sometimes start-
ing as early as 6–12 hours after the last cigarette.24 By
keeping the abstinence period under the placebo patch
condition to less than 4.5 hours, we intended to prevent
mild withdrawal symptoms and thus preclude with-
drawal-related effects on cognition. However, a recent
study suggests that mild symptoms, especially mood
changes, may occur within 4 hours of abstinence,30 which
could be a limitation of our study, although no significant
mood changes were detected in either of our sample
groups (table 1).

Schizophrenia patients showed less activations during
RVIP task performance in several brain regions compared
with controls (figure 2) that coincide with the frontal-
parietal-cingulate-thalamus network that is known to be
associated with attentional control,31–33 suggesting that
these areas maybe responsible for the impaired RVIP

Table 2. Brain Regions Where Nicotine-Placebo Changes in BOLD Signals Were Shown to Significantly Contribute to Nicotine-Induced
Changes in Hit Rate, Based on the Combined Sample (n = 38, at P < .001 and extent < 702 mm3, or Pcorrected < .05)

Cluster
Number Locations Laterality

Volume
(mm3)

Talaraich
Coordinates

Correlation with
nicotine-induced
RVIP hit rate change

x y z r P

1 Superior/middle temporal lobe Left 3132 �48 2 �8 0.47 .003

2 Thalamus (medial dorsal, anterior
nucleus, and pulvinar)

Midline 2673 �5 �14 13 0.36 .027

3 Superior/inferior temporal lobe Right 2214 37 7 �23 0.46 .004

4 Prefrontal lobe Bilateral 2160 �11 50 28 0.38 .018

5 Middle frontal lobe (frontal eye field) Left 1134 �38 �14 54 0.39 .016

6 Cerebellum Midline 1026 �1 �40 �10 0.33 .042

7 Brain stem Midline 972 5 �24 �22 0.35 .031

8 Inferior frontal gyrus Left 972 �50 �1 24 0.37 .023

9 SMA/anterior cingulate cortex Midline 972 �5 �6 52 0.47 .003

10 Middle frontal lobe (frontal eye field) Right 891 24 �10 62 0.50 .002

11 Superior/inferior parietal lobule Left 729 �29 �54 44 0.38 .019

12 Ventral striatum/claustrum Right 702 24 5 �4 0.45 .005

Note: See figure 4 for each number of anatomic locations. Correlation coefficients in the table are bivariate correlations between the
mean nicotine-enhanced activation (ie, nicotine > placebo) of each significant cluster and the nicotine-induced change in hit rates.
There was no significant nicotine effect 3 diagnosis in these regions; the results were therefore based on the combined sample. Talaraich
coordinates were local maxima. BOLD, blood oxygen level–dependent; SMA, sensory motor area.
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behavioral performance in patients compared with healthy
comparisons.

Nicotine did not significantly enhance the BOLD
signals within this abnormal frontal-parietal-cingulate-
thalamus network in schizophrenia patients; only insig-
nificant increases were seen in a few locations (figure 2
line plots). This observation is all the more striking given
that nicotine enhanced BOLD signals in many other
brain structures (figure 3A). Nicotinic cholinergic recep-
tors are widely distributed in the brain and localized on
neurons of different neurotransmitter systems.34,35 It is
thus conceivable that nicotine affects many areas of
the brain in a non-task specific manner such that regions
modulated by nicotine are not necessarily the same as
regions modulated by the task.

Regression analyses suggested that nicotinic effects on
accuracy involve many brain regions (figure 4), including
subcortical brain stem, thalamus, ventral striatum, and
cortical areas in middle frontal, parietal, temporal, pre-
frontal, and ACC/SMA regions. The subcortical network
of brain stem, ventral striatum, and thalamus is known
to be associated with cholinergic projections.36,37 Specif-
ically, the activated brain stem area is consistent with the
location of the pedunculopontine tegmental nucleus
(PPTN), where cholinergic and noncholinergic neurons
are located.38 The projection from PPTN to thalamus
has previously been associated with attention.38 The thal-
amus forms organized projections to the striatum, and
this thalamostriatal system is also thought to provide
attention-specific sensory information.39 Lesions to the
basal forebrain cholinergic system in animal experiments
elicit specific impairments in attention but not memory
functions.36,37 However, there was no significant diagno-
sis 3 accuracy interaction in any of these subcortical or
cortical regions, suggesting that nicotinic improvement of
the RVIP accuracy was non-disease specific.

Other observations also support the impression that
mechanisms of the nicotinic effect on attention may
not be much different between schizophrenia patients
and healthy comparison subjects: (1) we found no signif-
icant nicotine 3 diagnosis or nicotine 3 task 3 diagnosis
interactions and (2) behavioral data suggest that nicotine
exerted similarly modest effects in both groups. However,
schizophrenia patients did appear to benefit more from
nicotine on both accuracy and processing speed as evi-
denced by the steeper slopes of their performance changes
(figure 1). However, the interaction was not statistically
significant.

The lack of significant drug 3 diagnosis interaction
and the lack of normalization by nicotine imply the ac-
ceptance of the null hypothesis if the study has sufficient
power. It is possible that these findings would be sig-
nificant with a sample size larger than the current 20
patients and 24 controls. However, we found significant
effects of nicotine in both patients and controls in the be-
havioral data. The lack of normalizations of the abnor-

mal behavioral output (figure 1) and abnormal attention
network (figure 2) were observed in the presence of sig-
nificant nicotine effects in both groups and also sufficient
plasma levels of nicotine, indicating that the failure to re-
ject the null hypothesis may not be due to insufficient
power.

Self-medication for attention and other cognitive def-
icits is currently the dominant theory for explaining in-
creased smoking in schizophrenia patients.40 This
theory is in part supported by data on nicotinic enhance-
ment of cognition in schizophrenia patients. Our data
add to the literature by suggesting that, although nicotine
enhances attention in schizophrenia patients, this effect
does not necessarily imply a normalization of the atten-
tion function or a correction of the underlying abnormal
brain attention system. The lack of normalization, in the
presence of significant enhancement regardless of groups,
implies that the nicotine effect is not disease specific, and
increased smoking in schizophrenia cannot be entirely
explained by cognitive enhancing effects of nicotine.
Admittedly, this experiment itself does not provide an
alternative explanation to the increased smoking in
schizophrenia but rather suggests that other potential
explanations for increased smoking behavior in schizo-
phrenia should be sought. A recent National Institute
of Mental Health task force has raised similar doubts
and criticized the overreliance on the self-medication the-
ory to explain increased smoking in schizophrenia.40

The RVIP not only is primarily a sustained attention
task but also has a working memory component because
the subject is required to hold and update online informa-
tion of the previous 2 digits. An attention and working
memory overlap is common in many cognitive tasks, and
these constructs overlap in multiple neural circuits
including prefrontal cortex, anterior cingulate cortex, pari-
etal cortex, and the thalamus.41,42 Thus, the observed
nicotine-induced task enhancement can be viewed as a re-
sult of enhancing both attention and working memory.
Studies designed to decouple the 2 processes suggest that
nicotine exerts its effect more on attention and information
processing than on mnemonic processes in humans.6,43

Functional imaging has been used to determine the
neural substrates of RVIP.12,13 These regions were repli-
cated in the current study. Additional regions were also
identified including brain stem, ventral striatum, and
midbrain, perhaps due to more power as a result of
the substantially larger combined sample size (n = 43)
for the task main effect analysis. The RVIP task is one
of the more sensitive tasks in demonstrating a nicotinic
effect on attention. Cigarette smoking has been shown
to enhance both accuracy and processing speed (rather
than a trade-off of one over the other) but does not re-
duce the false alarm rate of this task, and the enhance-
ment is related to the nicotine yield from cigarettes.44

These observations are quite precisely replicated in the
schizophrenia smokers in that the nicotine patch had
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similar effect in improving accuracy and processing speed
but not the false alarm rate.

We elected to use a variable dosing strategy to achieve
relatively high nicotine plasma levels (around 32.5–34.8
ng/ml). At this level, both accuracy and RT improve-
ments were significant in schizophrenia patients.
However, in contrast to multiple regions associated
with nicotinic enhancement on accuracy, no brain region
was significantly associated with nicotinic enhancement
on processing speed. We considered 2 explanations. First,
nicotinic effects on accuracy vs processing speed shared
no correlations (r� 0.08). Second, the study was designed
to maximize the contrast for sustained attention but
approximate the motor responses between the RVIP
and control tasks. The RVIP-control subtraction should
theoretically remove activations associated with motor
responses and thereby nicotinic effect on motor responses.
The latter explanation is more likely given the observation
of nicotinic improvement of RT in both RVIP and control
tasks (table 1).

The study is limited by the participation of medicated
patients. Antipsychotic medications may affect attention,
and nicotine has been shown to reverse cognitive impair-
ment induced by antipsychotic medications to some ex-
tent.45 In addition, many antipsychotic medications
affect dopamine receptor DRD2, and nicotinic effects
on RVIP46,47 and working memory46,47 have been asso-
ciated with DRD2 genotypes. Therefore, antipsychotic
medications could be a confounding factor. However, be-
cause healthy comparison subjects were not on any psy-
chotropic medications, the nicotine effects on brain
activation during RVIP performance cannot be entirely
due to antipsychotic medications, given the lack of a drug
3 diagnosis interaction and similar nicotinic enhance-
ments on both groups. Future studies with larger samples
to dissect genotypic effect would also be important.

In summary, nicotine transiently enhanced sustained
attention in schizophrenia patients and healthy compar-
ison subjects alike. The neural basis for this enhancement
also appeared largely the same. However, nicotine, at
least in the form of a single administration patch, did not
normalize schizophrenia patients’ impaired visual sus-
tained attention and its associated brain network. The
results of this study raise a cautionary note on efforts to ex-
ploit nicotinic agents as new therapeutics for treating the
core cognitive deficit in schizophrenia by suggesting that
nicotinic cognitive enhancement in schizophrenia may
notbeachievedbyasimple,directmonotherapeuticmeans.
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