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Abstract Nicotine has been shown to affect cortical excitabil-
ity measured using transcranial magnetic stimulation in
smoking and non-smoking subjects in different ways. In
tobacco-deprived smokers, administration of nicotine restores
compromised cortical facilitation while in non-smokers, it en-
hances cortical inhibition. As cortical excitability and activity
are closely linked to cognitive processes, we aimed to explore
whether nicotine-induced physiological alterations in non-
smokers and smokers are associated with cognitive changes.
Specifically, we assessed the impact of nicotine on working
memory performance (n-back letter task) and on attentional
processes (Stroop interference test) in healthy smokers and
non-smokers. Both tasks have been shown to rely on prefron-
tal areas, and nicotinic receptors are relevantly involved in
prefrontal function. Sixteen smoking and 16 non-smoking
subjects participated in the 3-back letter task and 21 smoking
and 21 non-smoking subjects in the Stroop test after the re-
spective application of placebo or nicotine patches. The results
show that workingmemory and attentional processes are com-
promised in nicotine-deprived smokers compared to non-
smoking individuals. After administration of nicotine, work-
ing memory performance in smokers improved, while non-
smoking subjects displayed decreased accuracy with in-
creased number of errors. The effects have been shown to be
more apparent for working memory performance than atten-
tional processes. In summary, cognitive functions can be re-
stored by nicotine in deprived smokers, whereas non-smokers
do not gain additional benefit. The respective changes are in
accordance with related effects of nicotine on cortical excit-
ability in both groups.
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Introduction

Nicotine is the main psychoactive component of tobacco and
driving agent of tobacco dependency. Despite well-
documented and well-known evidence of the severe health
consequences, one billion people smoke worldwide (World
Health Organization). Nicotine is known to improve cognitive
functions, including sustained attention, vigilance, visuospa-
tial selective attention, spatial working memory, and associa-
tive memory (Lawrence et al. 2002; Meinke et al. 2006;
Holmes et al. 2008), both in animal models and humans. It
can ameliorate neurocognitive deficits in patients with schizo-
phrenia and Alzheimer’s disease (Barr et al. 2008; Wilson
et al. 1995; White and Levin 1999). Acute abstinence from
smoking by smokers has deleterious effects on neurocognitive
functions, including sustained attention, working memory,
and response inhibition (Ashare et al. 2014; Snyder and
Henningfield 1989) that can be partly compensated by nico-
tine replacement therapy or the nicotinic receptor agonist
varenicline (Atzori et al. 2008; Ashare and McKee 2012). In
non-smokers, results are inconsistent. Both improvement and
impairment of cognitive and attentional performance after ad-
ministration of a nicotine patch have been described (Wignall
and De Wit 2011; Foulds et al. 1996). Neurophysiologically,
cortical excitability and plasticity have been linked as possible
biomarkers for cognitive function (Miniussi and Ruzzoli
2013). Decreased intracortical facilitation in deprived smokers
measured by transcranial magnetic stimulation is compensat-
ed by administration of a nicotine patch (Grundey et al. 2013;
Lang et al. 2008). These results suggest a restitutional effect of
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nicotine on cortical excitability in smokers, which might ex-
plain its performance-improving properties.

The aforementioned study by our group leads to the ques-
tion of whether results regarding cortical excitability can be
transferred to cognitive performance and function in both
groups and, precisely, if similar restitutional effects on cogni-
tion in smokers can be found. On this account, we aimed to
directly compare the impact of nicotine on cognitive functions
in smokers and non-smokers that were matched in terms of
age, gender, smoking status, and education. Since enhanced
intracortical facilitation, e.g., by anodal direct current stimu-
lation of the dorsolateral prefrontal cortex improves working
memory performance (Brunoni and Vanderhasselt 2014) and
nicotinic receptors have been shown to be involved relevantly
in prefrontal functions (Poorthuis and Mansvelder 2013), we
chose working memory performance as the benchmark of
frontal cognitive function. An experimental paradigm used
to investigate working memory is the n-back letter task
(Baddeley 1992). Here, the 3-back letter condition is most
sensitive to abstinence and medication effects (Loughead
et al. 2009). Studies suggest that smokers’ verbal working
memory capacity is lower than that of non-smokers
(Greenstein and Kassel 2009). Furthermore, nicotine absti-
nence in smokers is associated with further reductions in the
efficiency of working memory neurocircuitries (Jacobsen
et al. 2007). To evaluate prefrontal attentional functions, we
choose the Stroop color/word interference paradigm. Stroop
interference occurs when naming the color of a word printed
in a color different than that denoted in the word (e.g., the
word Bgreen^ printed in red) and is measured by the reaction
time in this situation compared to the reaction time required to
name the colors of words printed in the congruent color
(Jensen and Rohwer 1966). For deprived smokers, both im-
paired and unchanged performances have been described
(Azizian et al. 2010; Pomerleau et al. 1994), while the com-
parison of non-deprived smokers and never-smokers revealed
no differences (Wagner et al. 2013). The heterogeneous results
can be partly explained by the differences in nicotine dosages
used in the various studies and by the different ways these
were administered, which might produce rapid or slow in-
creases in systemic nicotine and thus result in different effects
on cognitive performance. Diversity of age might have further
influenced the results (Evans and Drobes 2009).

The current study sought to address these latter issues by
comparing working memory performance and Stroop interfer-
ence in gender-, age-, and education-matched smokers and
non-smokers, during placebo medication and after nicotine
patch administration. We matched in terms of education to
minimize the variability and possibility of a systematic impact
of a priori cognitive differences on our results. Additionally,
most former studies focused on the effects of nicotine on cog-
nition in subjects with psychiatric disorders (e.g., schizophre-
nia) or smokers and non-smokers alone. Hence, the

experimental setup of a placebo-controlled study in a homo-
geneous group of smoking and non-smoking participants
might provide clearer results with regard to the impact of
nicotine on the respective cognitive processes. Based on the
physiological effects of nicotine in smokers and non-smokers
(Grundey et al. 2013) and on other studies showing improve-
ment of working memory performance by enhancement of
cortical excitability (Martin et al. 2014), we hypothesized that
smokers exhibit reduced cognitive performance under nico-
tine withdrawal, which should however be restituted by
nicotine-induced cortical facilitation. For non-smoking sub-
jects, we hypothesized a deterioration in cognitive perfor-
mance after nicotine administration.

Methods and material

Subjects 32 subjects participated in the 3-back letter task (16
smoking and 16 non-smoking subjects) and 42 subjects in the
Stroop interference test (21 smokers and 21 non-smokers).
Thirty-two subjects took part in both tests. Subjects (age-
and gender-matched) were recruited from a student population
and thus had identical educational background. Exclusion
criteria were age younger than 18 years and older than
50 years, current history of neurological and psychiatric dis-
eases, current or previous drug (other than nicotine) abuse,
alcohol abuse, bronchial asthma, and allergies to components
of the nicotine patch. We defined non-smoking subjects as
participants without any history of chronic nicotine intake or
without occasional nicotine consumption during the past
5 years. Chronic smokers had to have smoked a minimum
of 5 years with at least 10 cigarettes a day prior to the exper-
iments. Smokers were asked to avoid smoking at least 6 h
prior to the experiments to have a low nicotine level and min-
imize the side effects of further nicotine administration. The
Fagerstrøm scale determined level of addiction. The study was
approved by the ethics committee of the University of
Göttingen and was conducted in accordance with the Decla-
ration of Helsinki. All subjects gave written informed consent
prior to participation (see also Table 1).

3-Back letter task

Based on the evidence that the 3-back letter task is most sen-
sitive to abstinence and medication effects (Loughead et al.
2009), we focused on this task. We used the 3-back letter
working memory paradigm as used elsewhere (Mull and
Seyal 2001). Subjects were presented with a pseudo-random
set of 10 letters (A–J). The stimuli were generated using pre-
sentation version 0.71. Each letter was displayed on a com-
puter monitor (14.1 in. for 300 ms. A different letter was
displayed every 2 s. Black letters were presented on a white
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background and subtended 2.4 cm (when viewed at 50 cm).
Subjects were required to respond (key press) if the presented
letter was the same as the letter presented three stimuli previ-
ously or not to respond if the letter was different. Altogether,
143 letters were presented, and a total of 30 to 32 correct
responses were possible, depending on the version of the test.
We applied different versions of the test to avoid learning
effects on performance. Subjects were allowed to practice
the task for 20 min or until they obtained an accuracy of
50 % before the start of the experiment.

The Stroop color-word test

The Stroop task is a neuropsychological test that measures
cognitive flexibility, selective attention, cognitive inhibition,
and information processing speed (Bryan and Luszcz 2000;
Peña-Casanova et al. 2009). The test includes three different
sections in which subjects are asked to perform the task as
quickly as possible. We used a computerized Stroop test
(Assef et al. 2007) using Presentation® software (Version
0.70, www.neurobs.com) similar to the Victoria version.
Stimuli were presented on a laptop (screen 14.4 in. Acer
TravelMate 220) on a black background. The size of stimuli
was 1.4 cm at approximately 50 cm distance. The first section
was the Stroop word. Here, subjects were presented with four
different words (red, blue, green, and yellow) written in black
ink. A keyboard with only four keys, colored in red, blue,
yellow, and green, was placed in front of the subjects. All
other keys were removed. The participants were asked to
press the appropriate response key (word: green; green key,
etc.) as fast as possible. The second section was the Stroop
color task. Here, some XXXs were presented in red, green,
yellow, and blue ink, and again, the subjects were asked to
press the corresponding key on the keyboard. The third and
last section was the Stroop color-word task. In this section, the
color of the ink in which the word was displayed was different
from the meaning of the word (for example, the word Bred^
was written in blue). Subjects had to press the corresponding
key of the color in which the word was written. The resulting
increase in reaction time is called the color-word interference

effect or Stroop effect. The three sections were repeated three
times with 15 words/xxx, altogether 45 stimuli per section.

Pharmacological intervention

Each subject participated in two sessions in randomized order.
Thirty cm2 transdermal nicotine patches, each containing nic-
otine 0.83 mg/cm2 releasing 15 mg over 16 h, were adminis-
tered to all subjects and compared to a placebo patch condi-
tion. Physiologically and behaviorally relevant plasma levels
are maintained with this dosage of nicotine patch
(Thirugnanasambandam et al. 2011; Tønnesen et al. 1991).
Six hours after application of the nicotine or placebo patch,
the Stroop color-word test or 3-back letter task were per-
formed in randomized order. This is the approximate time
for the plasma level to reach its maximum following applica-
tion of the patch (Nørregaard et al. 1992). Pharmacological
intervention and task performance were conducted in random-
ized order among subjects, with an interval between sessions
of 1 week to avoid any interference. To avoid nicotinic side
effects (dizziness, vomiting, diarrhoea, etc.), non-smokers re-
ceived additionally 20 mg domperidone. It is assumed that the
substance does not relevantly cross the blood brain barrier
(Barone 1999). Rare side effects (seizures; extrapyramidal
symptoms) on the central nervous system suggest a subtle
subclinical effect on cortical excitability in some patients
(Spirt et al. 1992). In one of our last papers, we therefore
measured the effect of domperidone on cortical excitability
and found no differences in both groups; thus, physiological
effects on the central nervous systems are improbable
(Grundey et al. 2013). Subjects received domperidone togeth-
er with the nicotine patch and again after 6 h or placebo with
the placebo patch. All side effects were documented
qualitatively.

Data analysis and statistics

For the 3-back letter task, the primary outcomes were hits,
misses, correct rejections, false alarms, and respond time. Fur-
thermore, the sensitivity index d′ was calculated for both

Table 1 Demographic data

Group No. Cognitive performance Age Gender Education Cigarettes/d Fagerström Years of nicotine
consumption

Smokers 21 Stroop 26.2±2.8 10 m/11 f Abitur 14 3.4 8.2

Non-smokers 21 Stroop 24.4±3.1 11 m/10 f Abitur n.a. n.a. n.a.

Smokers 16 3-back letter task 25.8±2.2 9 m/9 f Abitur 14 3.8 7.9

Non-smokers 16 3-back letter task 23.9±1.2 9 m/9 f Abitur n.a. n.a. n.a.

Table 1 describes the different subject groups in terms of age, gender, education, and smoking habits, if applicable. m male, f female, No. number of
subjects, d day. For the 3-back letter task, statistics revealed a significant difference between smokers and non-smokers of 23.9 versus 25.8 years,
respectively, while gender and age for Stroop did not differ between groups. Education was at least BAbitur^, which serves as higher education entrance
qualification in Germany
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groups and conditions (Haatveit et al. 2010). The index d′
derives from signal detection theory and reflects participants’
ability to discriminate target from non-target. d′was calculated
with the following formula: Z(hit rate)−Z(false alarm rate);
where Z represents the z-scores of both rates (Macmillan and
Creelman 1991). Perfect scores were adjusted using these for-
mulas: 1–1 / (2n) for perfect (e.g., hit rate 1) and 1 / (2n) for
zero false alarms. For each participant, an individual mean
was calculated for all these variables. In the Stroop color-
word test, a mean for the corresponding reaction times, per-
centage, and errors were calculated for each section (word,
color, color-word) and subject. All calculations were conduct-
ed for the placebo and the nicotine condition. Then, repeated
measures analyses of variance (ANOVA) were calculated for
all variables. Group (smoker vs. non-smoker) served as
between-subject factor, while within-subject factors were
Bdrug^ (placebo vs. nicotine patch) and Bsequence^ (word,
color, and color-word) for the Stroop color-word test. For
the 3-back letter task, drug (placebo and nicotine patch) served
as within-subject factor and group as between-subject factor.
Dependent variables were reaction time, hits, misses, correct
rejections, false alarms, and d′. The Mauchly test was per-
formed to test for sphericity and the Greenhouse–Geisser cor-
rection applied when necessary. Conditional on significant
results of the ANOVA, paired-sample two-tailed t tests
(smokers or non-smoking subjects with placebo or nicotine
patch) or independent two-sample t test (smokers versus
non-smokers) were performed for post hoc analysis. A p value
<0.05 was considered significant for all statistical analysis.
Post hoc tests were not corrected for multiple comparisons.
Based on the results of the respective t test, Cohens’ d and
effect size r were calculated (see Table 4). Between-group
differences in demographic factors were tested by one-way
ANOVA and chi-squared for sex. All data are expressed as
mean±standard of error of means (SEM). Analyses were per-
formed with IBM® SPSS Statistics Version 21 for Mac.

Results

All subjects completed the entire study. Only three non-
smoking subjects complained about mild nausea, which
was well controlled by administration of domperidone.
Groups were gender-, age-, and education-matched. Sta-
tistical analysis however revealed a minor but significant
age difference between smoking and non-smoking sub-
jects (23.9 versus 25.8 years) for the 3-back letter task
(see also Table 1). However, the mean age difference is
1.9 years (varying from 21 to 30 years), which is irrele-
vant in terms of cognitive function and performance
(Brehmer et al. 2012). Chi-squared revealed no significant
difference with regard to gender.

Working memory performance in smoking and non-smoking
subjects

Sixteen smoking and 16 non-smoking subjects participated in
the workingmemory task. The repeated measurement ANOVA
for each dependent variable (hits, misses, respond times, cor-
rect rejections, false alarms, d′ 3-back) yielded significant re-
sults for the interaction between drug×group (see also Table 2).
Post hoc analysis (independent two-sample t test) revealed that
deprived smokers perform worse in terms of hits (df=30; t=
2.676; p=0.012), misses (df=30; t=−2.490; p=0.019), reaction
time (df=30; t=2.758; p=0.010), and d′ (df=30; t=2.869; p=
0.007) compared to non-smoking subjects under placebo con-
ditions. The number of false alarms and correct rejections did
not differ between the two groups. After administration of the
nicotine patch, the cognitive performance of smokers improved
significantly in terms of reaction time (paired-sample, two-
tailed t test, df=15; t=2.274; p=0.038) but not in terms of hits
(p=0.100), missed responses (p=0.151), false responses (p=
0.386), correct rejections (p=0.498), and d′ (p=0.093). For
non-smoking subjects, results are divergent. Nicotine patches
led to impaired working memory performance with a trend
toward increased reaction time (from 493 to 560 ms) (t=
−1.760; p=0.099) and significantly decreased the number of
hits (df=15; t=3.176; p=0.006), while increasing the number
of missed responses (df=15; t=−3.576; p=0.003), false alarms
(df=15; t=−2.293; p=0.037), and d′ (df=15; t=3.736; p=
0.002). Compared to smoking subjects with nicotine patch,
the rate of hits was lower and the rate of missed responses
higher (df=30; t=−2.080; p=0.046 (hits); df=30; t=2.232;
p=0.033 (misses)). Reaction time of both groups converged,
due to a slight impairment of non-smokers and a significant
improvement of smokers (see also Fig. 1 and Tables 3 and 4).

Stroop effect in smoking and non-smoking subjects

Twenty-one smoking and 21 non-smoking subjects participat-
ed in the Stroop-interference test. The repeated measurement
ANOVA for the different variables (percentage, errors, and
reaction times) revealed significant results for the main factor
sequence (in all three variables) and the interaction sequence×
group for the variable reaction time (see also Table 2). The post
hoc t tests (independent, two-sample t test) show that deprived
smokers performed worse in terms of number of errors (df=40;
t=−2.388; p=0.022) and reaction time in Stroop-interference
(df=40; t=−2.794; p=0.008) compared to non-smokers. After
administration of nicotine, a non-significant trend toward im-
proved accuracy and reaction time in smoking subjects oc-
curred. Performance of non-smoking subjects worsened under
nicotine in terms of reaction time for the color condition (df=
20; t=−2.452; p=0.024) but also tended to do so for other
sequences (word; color-word). Moreover, accuracy tended to
decrease with nicotine (p=0.074; see also Fig. 2).
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Discussion

The main results of this study show that working memory and
attentional processes are compromised in smokers under nic-
otine withdrawal, as compared to non-smoking individuals,
and that nicotine has different effects on performance in
smokers and non-smokers: At the dosage applied in the pres-
ent experiments, it improves performance in smokers but
worsens it in non-smokers. These effects seem to be clearer

for working memory performance, as compared to attentional
processes.

Proposed mechanism of restitutional nicotinergic effects
on working memory performance in smokers and its
deterioration in non-smokers

N-methyl-D-aspartate glutamate receptors (NMDA-Rs) and
the glutamate system are critically involved in working

Table 2 ANOVA for 3-back let-
ter task and Stroop

Table 2 displays the F value, p
value, and degrees of freedom of
the repeated measurement
ANOVAs for each test (Stroop; n-
back letter test) and the different
parameters (reaction time, hits,
missed responses, correct
rejections, false responses, d′ 3-
back). Significant results
(p<0.05) are printed in bold. df
degrees of freedom

Test Parameters Condition df F value p value

3-Back letter Reaction time Drug 1 0.004 0.962

Group 1 2.016 0.163

Drug×group 1 7.769 0.010

Hits Drug 1 0.954 0.336

Group 1 0.032 0.859

Drug×group 1 13.317 0.002

Missed hits Drug 1 1.798 0.190

Group 1 0.005 0.945

Drug×group 1 9.684 0.001

Correct rejections Drug 1 0.420 0.522

Group 1 0.001 0.980

Drug×group 1 0.058 0.812

False alarms Drug 1 1.817 0.188

Group 1 0.257 0.616

Drug×group 1 5.688 0.024

d’ Drug 1 1.452 0.238

Group 1 0.292 0.593

Drug×group 1 14.815 0.001

Stroop Errors Drug 1 0.169 0.683

Sequence 2 12.181 <0.001

Group 1 3.100 0.086

Drug×group 1 2.511 0.121

Sequence×group 2 0.802 0.452

Drug×sequence 2 0.415 0.662

Drug×sequence×group 2 1.244 0.294

Reaction time Drug 1 0.084 0.774

Sequence 2 113.662 <0.001

Group 1 2.416 0.128

Drug×group 1 2.552 0.118

Sequence×group 2 3.456 0.036

Drug×sequence 2 0.298 0.743

Drug×sequence×group 2 0.108 0.898

Percentage Drug 1 0.537 0.468

Sequence 2 6.375 0.003

Group 1 0.249 0.620

Drug×group 1 1.676 0.203

Sequence×group 2 0.487 0.617

Drug×sequence 2 0.954 0.390

Drug×sequence×group 2 0.957 0.388
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memory performance (Driesen et al. 2013), chronic nicotine
exposure, and withdrawal in smokers (Li et al. 2014). With-
drawal after chronic nicotine use leads to downregulation of
glutamate receptor function, which helps to explain cognitive
performance deterioration in smokers. Neurophysiologically,
deprived smokers display diminished intracortical facilitation
(ICF) compared to non-smokers (Grundey et al. 2013). ICF is
also known to be primarily controlled by the glutamatergic
system (Ziemann et al. 1998), which further supports the

concept that downregulation of nicotinic receptors by chronic
nicotine intake (Alkondon et al. 2000), and consequently re-
duced presynaptic glutamate release during nicotine with-
drawal, might explain the differences in working memory per-
formance between smokers and non-smokers in the placebo
condition. These neurophysiologic mechanisms provide a
possible explanation for the respective performance restitution
after nicotine administration in deprived smokers, still other
mechanisms cannot be ruled out.

Fig. 1 In Fig. 1, you find the
results of the 3-back letter task in
smoking and non-smoking
subjects for averaged correct hits
(a), averaged misses (b), d′ (c),
and reactiocn time in ms (d) after
placebo and nicotine
administration. Deprived smokers
display prolonged reactions times
(d), less hits (a), more missed
responses (b) and a lower d′
compared to non-smokers. After
nicotine application, reaction time
in smokers decrease significantly
while the number of missed
responses in non-smokers in-
creases and the number of correct
hits decreases. Vertical bars
depict standard error of mean
(SEM). *Marks significant
differences (Student’s t test;
p>0.05). RT reaction time, n°
numbers, plc placebo
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In non-smoking subjects, the results of the present study
indicate a deterioration in workingmemory performance, with
a decreased rate of hits, increased rate of missed responses,
false alarms, and reaction times (alerting attention) after nico-
tine patch administration. Neurophysiological data from our
former study, obtained with identical nicotine dosages in non-
smokers, suggest that working memory deficits in non-
smokers after nicotine administration might be connected to
increased intracortical inhibition, which mainly depends on
cholinergic and GABAergic effects (Grundey et al. 2013).
Since baclofen, a GABA-B-agonist, has been shown to impair
working memory performance (Stackman and Walsh 1994),
impaired performance might also be caused by a direct
GABA-ergic effect. However, likewise other transmitters, or
complex interactions between different neurotransmitters, are
involved in these effects.

Differences in Stroop interference between deprived smokers
and non-smokers might be explained by decreased
intracortical excitability in smokers

Regarding Stroop task performance, an indicator of selective
attention, our study has shown that nicotine-deprived smoking
participants perform worse than to non-smokers (reaction time
in all sections and errors). After administration of nicotine, the
performance of smokers showed a tendency to improve (errors
and reaction times). Non-smokers did not profit from nicotine
and displayed slowed reaction times for all sections (word,
color, and color-word) after nicotine patch administration.
The Stroop task can be employed as a Bmarker^ for an unspe-
cific excitatory/inhibitory upregulation and downregulation of

cognitive processes (Klein et al. 2013). Similar to working
memory performance, Stroop interference improves with in-
creased cortical excitation, especially of the dorsolateral pre-
frontal cortex (Adleman et al. 2002). Accordingly,
excitability-enhancing anodal transcranial direct current stimu-
lation (tDCS) of the left, partially also the right, prefrontal cor-
tex leads to significant performance improvements in the
Stroop test (Jeon and Han 2012). Impaired Stroop performance
in deprived smokers might thus be connected to reduced corti-
cal excitability, while impaired performance in non-smokers
after administration of nicotinemight be connected to increased
inhibition, as suggested by the respective TMS measurements
described above (Grundey et al. 2013). Administration of nic-
otine in deprived smokers would then restitute Stroop perfor-
mance via enhanced facilitatory excitability.

Conclusion

In the present study, we examined cognitive performance of
nicotine-deprived smokers and non-smokers before and after
nicotine patch administration. Impaired cognitive perfor-
mance in deprived smokers might be linked to reduced
intracortical facilitation, while impaired performance in non-
smokers after nicotine patch administration might be linked to
increased intracortical inhibition. Both cognitive performance
and neurophysiological parameters recover after nicotine ad-
ministration in smokers. This study supports the deficit-
compensating theory of chronic nicotine consumption. More-
over, respective changes in cognitive performance might be
relevant for nicotine addiction and the probability of relapse.
At present, it remains unclear whether a priori differences in
cognitive performance in smokers and non-smokers result in
nicotine addiction or if respective performance differences are
a result of nicotine addiction.

Some limitations of the present study should be taken into
account. First of all, nicotine patches were administered in a
single blind manner, so the person conducting the experimen-
tal session knew about the condition. Secondly, TMS mea-
surements and cognitive performance were not conducted in
the same groups of subjects; thus, statements about causality
are limited. However, similar demographic characteristics of
the groups explored in the physiological and cognitive studies
allow preliminary conclusions to be drawn. Moreover, results
of our study partly differ from those of former cognitive stud-
ies performed in smokers and non-smokers. Kumari and col-
leagues found improvement of working memory performance
after nicotine administration in male non-smokers (Kumari
et al. 2003); others described no effect of nicotine on working
memory performance in non-smokers (Ernst et al. 2001). Op-
posing results might be based on different nicotine dosages,
forms of administration (subcutaneous, intranasal, etc.), and
various differences between groups of participants. Non-linear

Table 3 Mean reaction times (in ms), hits, misses, correct rejections,
false alarms (rate), and d′ for smokers and non-smokers (placebo and
patch condition)

3-Back letter task

Condition Smoker Non-smoker

Reaction time PLC 614.46±128 493.05*±121

Hits PLC 0.81±0.13 0.91*±0.08

Misses PLC 0.19±0.13 0.09*±0.07

Correct rejections PLC 0.98±0.01 0.99±0.01

False alarms PLC 0.07±0.04 0.05±0.03

d′ PLC 2.47±0.56 3.24*±0.91

Condition Smoker Non-smoker

Reaction time Patch 549.40±120 560.40±143

Hits Patch 0.88±0.08 0.78*±0.13

Misses Patch 0.13±0.08 0.21*±0.14

Correct rejections Patch 0.98±0.01 0.98±0.02

False alarms Patch 0.05±0.03 0.08±0.09

d′ Patch 2.91±0.77 2.39±0.90

*Signifies significant differences between both groups; p<0.05
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Table 4 Cohens’ d and effect size r for paired t tests

Group Condition Measurement Parameter t value df Cohens d Effect size r

NS P vs. Plc n-back Hits 3.176 15 1.64 0.63

NS P vs. Plc n-back Misses −3.576 15 −1.85 0.68

NS P vs. Pls n-back Correct rej. 0.265 15 0.14 0.07

NS P vs. Plc n-back False alarms −2.293 15 −1.18 0.51

NS P vs. Plc n-back RT −1.760 15 −0.91 0.41

NS P vs. Plc n-back d′ 3.736 15 1.93 0.70

S P vs. Plc n-back Hits −1.754 15 −0.91 0.41

S P vs. Plc n-back Misses 1.513 15 0.78 0.36

S P vs. Plc n-back Correct rej. 0.694 15 0.36 0.18

S P vs. Plc n-back False alarms 0.892 15 0.46 0.22

S P vs. Plc n-back RT 2.274 15 1.17 0.51

S P vs. Plc n-back d′ −1.795 15 −0.93 0.42

NS P vs. Plc Stroop Color 0.616 20 0.28 0.14

NS P vs. Plc Stroop Word −0.439 20 −0.20 0.10

NS P vs. Plc Stroop Stroop 0.940 20 0.42 0.21

NS P vs. Plc Stroop Errors_color −0.616 20 −0.28 0.14

NS P vs. Plc. Stroop Errors_word 0.439 20 0.20 0.10

NS P vs. Plc Stroop Errors_stroop −1.885 20 −0.84 0.39

NS P vs. Plc Stroop RT_color −2.452 20 −1.10 0.48

NS P vs. Plc Stroop RT_word −0.690 20 −0.31 0.15

NS P vs. Plc Stroop RT_stroop −1.067 20 −0.48 0.23

S P vs. Plc Stroop Color −0.244 20 −0.11 0.06

S P vs. plc Stroop Word −0.271 20 −0.21 0.06

S P vs. Plc Stroop Stroop −0.591 20 −0.26 0.13

S P vs. Plc Stroop Errors_color 0.244 20 0.11 0.05

S P vs. Plc Stroop Errors_word 0.525 20 0.24 0.12

S P vs. Plc Stroop Errors_stroop 0.591 20 0.26 0.13

S P vs. Plc Stroop RT_color 0.965 20 0.43 0.21

S P vs. Plc Stroop RT_word 1.100 20 0.49 0.24

S P vs. Plc Stroop RT_stroop 0.642 20 0.29 0.14

S vs. NS Plc n-back Hits 2.676 30 0.98 0.44

S vs. NS Plc n-back Misses −2.490 30 −0.10 −0.41
S vs. NS Plc n-back Correct rej −0.224 30 −0.08 −0.04
S vs. NS Plc n-back False alarms −0.925 30 −0.03 −0.17
S vs. NS Plc n-back RT −2.758 30 −1.01 −0.45
S vs. NS Plc n-back d′ 2.869 30 1.05 0.46

S vs. NS Plc n-back Hits_patch −2.080 30 −0.76 −0.36
S vs. NS Plc n-back Misses_patch 2.232 30 0.82 0.38

S vs. NS Patch n-back Correct rej 0.168 30 0.06 0.03

S vs. NS Patch n-back False alarms 1.319 30 0.48 0.23

S vs. NS Patch n-back RT 0.235 30 0.09 0.04

S vs. NS Patch n-back d′ −1.755 30 −0.64 −0.31
S vs. NS Plc Stroop Color 1.362 40 0.43 0.21

S vs. NS Plc Stroop Word 0.991 40 0.31 0.16

S vs. NS Plc Stroop Stroop 1.607 40 0.51 0.25

S vs. NS Plc Stroop Errors_color −1.362 40 −0.43 −0.21
S vs. NS Plc Stroop Errors_word −0.991 40 −0.31 −0.16
S vs. NS Plc Stroop Errors_stroop −2.388 40 −0.76 −0.35
S vs. NS Plc Stroop RT_color −1.997 40 −0.63 −0.30
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effects of nicotine cannot be ruled out and were not explicitly
surveyed so far but are known for neuromodulators like

dopamine (Fresnoza et al. 2014; Monte-Silva et al. 2011).
Another limitation of our study is the fact that we did not

Table 4 (continued)

Group Condition Measurement Parameter t value df Cohens d Effect size r

S vs. NS Plc Stroop RT_word −1.830 40 −0.58 −0.28
S vs. NS Plc Stroop RT_stroop −2.794 40 −0.88 −0.40
S vs. NS Patch Stroop Color 0.667 40 0.21 0.11

S vs. NS Patch Stroop Word 1.010 40 0.32 0.16

S vs. NS Patch Stroop Stroop 0.202 40 0.06 0.03

S vs. NS Patch Stroop Errors_color −0.667 40 −0.21 −0.11
S vs. NS Patch Stroop Errors_word −0.762 40 −0.24 −0.12
S vs. NS Patch Stroop Errors_stroop −0.202 40 −0.06 −0.03
S vs. NS Patch Stroop RT_color 0.158 40 0.05 0.03

S vs. NS Patch Stroop RT_word −0.339 40 −0.11 −0.05
S vs. NS Patch Stroop RT_stroop −1.015 40 −0.32 −0.16

Table 4 displays the Cohens’ d and effect size r calculated from the results of the t test (Student’s paired t test and independent t test) for the different
groups and conditions (comparison placebo versus patch; comparison smoker versus non-smoker). df degrees of freedom, RT reaction time, Plc placebo,
S vs. NS smoker versus non-smoker, Correct rej. correct rejections

Fig. 2 Results of the Stroop test
in smoking and non-smoking
subjects for reaction time in ms
(a) and averaged number of errors
(b) after placebo and nicotine
administration. Compared to non-
smokers, deprived smokers
perform worse in terms of
reaction time and number or
errors after placebo medication.
After nicotine administration,
reaction times tend to improve.
Attentional processes of non-
smokers are impaired after
nicotine administration with
regard to reaction time
(significant for color). Number of
errors also tend to increase (p=
0.074; from 1.57 to 0.48). Vertical
bars depict standard error of mean
(SEM). *Marks significant
differences (Student’s t test;
p>0.05)
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obtain blood levels or test breath for CO concentration to
verify compliance of smoking subjects. However, since exper-
iments began in the morning and smoking subjects were only
moderately dependent on the Fagerstrøm scale, it was realistic
to rely on the statements of the subjects. Only smokers with a
light nicotine dependency participated in the current study;
heavily dependent smokers may show different results. A last
limitation of the study is the fact that we used education as
matching factor even though this is only a vague factor of
cognitive performance.
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