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A B S T R A C T

Individual differences in the speed of information processing may contribute to individual differences in general intelligence by enhancing the efficiency of in-
formation processing. So far, this hypothesis is based on correlational data, and thus a causal relationship between mental speed and mental abilities has not yet been
established. In the present study, we used transdermal nicotine administration in a double-blind design to increase the speed of information processing and tested
whether this increase in information processing speed affected performance in intelligence tests. While nicotine administration decreased both reaction times and P3
latencies in the Sternberg memory scanning task, there was no effect of nicotine on intelligence test performance. These results contradict theories proposing that a
greater speed of information processing causes greater intelligence. Instead, they suggest that structural properties of the brain may affect both the speed of
information processing and general intelligence and may thus give rise to the well-established association between mental speed and mental abilities.

More intelligent individuals show a greater speed of information
processing in numerous cognitive tasks (Sheppard & Vernon, 2008).
Most intriguingly, this association can still be found between extremely
simple tasks with little to no variance in response accuracies that do not
rely on any kind of strategic processing. Such tasks typically require
participants to react to the appearance of a stimulus as fast as possible,
to classify words into categories, or to decide whether a number was
included in a previously presented memory set. Due to the simplicity of
these elementary cognitive tasks, individual differences in reaction
times are not prone to be affected by individual differences in strategic
decision making.

In a review of 172 studies published between 1955 and 2005,
Sheppard and Vernon (2008) reported an average correlation of
r=−0.24 between different measures of information processing speed
in elementary cognitive tasks and cognitive abilities. Several studies
have tried to describe this association in terms of mechanistic processes
using mathematical models of information processing (e.g., Schmiedek,
Oberauer, Wilhelm, Süss, & Wittmann, 2007; Schmitz & Wilhelm, 2016;
Schubert, Hagemann, Voss, Schankin, & Bergmann, 2015; Schulz-
Zhecheva, Voelkle, Beauducel, Biscaldi, & Klein, 2016; van
Ravenzwaaij, Brown, & Wagenmakers, 2011), or functional neu-
roscience methods (e.g., Euler, McKinney, Schryver, & Okabe, 2017;
Kievit et al., 2016; Penke et al., 2012; Pineda-Pardo, Martínez, Román,

& Colom, 2016; Schubert, Hagemann, & Frischkorn, 2017; Troche,
Houlihan, Stelmack, & Rammsayr, 2009; Troche, Indermühle, Leuthold,
& Rammsayer, 2015). Although these research efforts have revealed
several neural and cognitive process candidates that may give rise to
the association between the speed of information processing and gen-
eral intelligence, all of these studies have been correlational in nature.
To overcome this problem, we experimentally manipulated the speed of
information processing in the present study by transdermal nicotine
administration and investigated whether this increase in information
processing speed translated to fluid intelligence.

1. Proposing a causal relationship between mental speed and
mental abilities

Decades of research on the relationship between the speed of in-
formation processing and general intelligence have produced several
theories suggesting how a greater speed of information processing may
give rise to individual differences in general intelligence. We will be
shortly discussing three theoretical perspectives that try to explain this
association in terms of neuro-cognitive processes: Mental speed as g,
mental speed as an intermediate endophenotype of g, and mental speed
as one of many overlapping processes underlying g.
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1.1. Mental speed as g

The most straight-forward way of explaining the relationship be-
tween the speed of information processing and general intelligence is
that the speed of information processing is g. The most famous propo-
nent of this idea was Arthur Jensen, who suggested that the speed of
neural oscillations underlies individual differences in general in-
telligence (Jensen, 2006). Given the consistently moderate correlations
between reaction times and general intelligence (Sheppard & Vernon,
2008), this theory may seem far-fetched. However, recent diffusion
modeling and psychophysiological approaches have revealed that
measures of mental speed and cognitive abilities share> 50% of their
variance and that the moderate correlations of earlier studies may have
been underestimated due to measurement problems (Schmiedek et al.,
2007; Schubert et al., 2017; Schubert, Frischkorn, Hagemann, & Voss,
2016).

In particular, drift diffusion modeling approaches, which decom-
pose reaction time distributions into distinct cognitive process para-
meters of a decision process, have shown that the drift rate, quantifying
the velocity of and signal-to-noise ratio in evidence accumulation, is
most strongly related to general intelligence and working memory ca-
pacity (e.g., Schmitz & Wilhelm, 2016; Schubert et al., 2015; van
Ravenzwaaij et al., 2011). Being able to accumulate more information
per time unit may facilitate the maintenance and subsequent processing
of information in working memory. It has even been suggested that the
age-related decline in cognitive abilities may be mainly driven by an
age-related decline in the speed of information-processing that impairs
performance in a wide range of cognitive tasks by limiting the quality
and amount of simultaneously available information due to slower in-
formation accumulation (Salthouse, 1996).

In addition, psychophysiological research has suggested that gen-
eral intelligence is strongly related to the latency of event-related po-
tential (ERP) components associated with higher-order cognitive pro-
cesses such as memory and context updating (Bazana & Stelmack, 2002;
Schubert et al., 2017; Troche et al., 2009). In particular, the latency of
the P3, which is a component occurring about 300ms after stimulus
onset with a maximum deflection at parietal electrode sites, has been
associated with general intelligence (Bazana & Stelmack, 2002;
Schubert et al., 2017; Troche et al., 2009). Shorter P3 latencies have
been shown to reflect a faster inhibition of extraneous processes and
may thus facilitate information transmission in working memory
(Polich, 2007). Hence, faster P3 latencies may reflect a facilitation of
information processing in working memory and may thus contribute to
a better performance in intelligence tests by enhancing information
storage and updating in working memory.

Taken together, both mathematical modeling and electro-
physiological approaches studying the relationship between mental
speed and general intelligence suggest that a greater speed of in-
formation processing affects the efficiency of information processing in
working memory and may thus give rise to individual differences in
intelligence. Hence, the speed of information processing may directly
influence all kinds of cognitive processes involving working memory in
a substantial way and may thus be a candidate for g.

1.2. Mental speed as an intermediate endophenotype of g

A different theory about the relationship between the speed of in-
formation processing and general intelligence has recently been pro-
posed in the watershed model of fluid intelligence (Kievit et al., 2016).
The model suggests that general intelligence is an observable pheno-
type that is affected by many small, independent genetic factors that
exert their influence on general intelligence through a series of inter-
mediate neural and cognitive endophenotypes. In detail, multiple
fractional anisotropy measures of white matter integrity explained
unique amounts of variance in a smaller number of behavioral pro-
cessing speed measures, and these processing speed measures predicted

over 58% of variance in fluid intelligence in a many-to-one way. In
addition to processing speed, other properties of cognitive processes
may thus contribute independently to individual differences in general
intelligence, giving rise to the positive manifold. In the view of the
watershed model of fluid intelligence, mental speed is a property of one
of a limited number of independent elementary cognitive processes
contributing to individual differences in fluid intelligence.

1.3. Mental speed as one of many overlapping processes underlying g

A similar perspective has been suggested by Process Overlap Theory
(POT; Kovacs & Conway, 2016), which explains the emergence of g with
the idea that each cognitive test taps several of a limited number of
independent elementary cognitive processes, which contribute to per-
formance in these tests in a multiplicative way. One of the main dif-
ferences between the watershed model and POT consists of the fact the
former assumes that properties of cognitive processes contribute to
individual differences in an additive way, whereas the latter proposes
that they do so in a multiplicative way.

As such, POT proposes that certain domain-general cognitive pro-
cesses such as executive processes may serve as central bottlenecks
constraining performance in a large number of cognitive tests.
According to POT, the speed of information processing might be seen as
a domain-general property constraining performance in a wide number
of cognitive tests. For individuals with a high speed of information
processing, mental speed would not be predictive of their cognitive test
performance (as other cognitive processes would instead constrain
performance), whereas for individuals with a low speed of information
processing, cognitive test performance would be strongly related to
mental speed. Moreover, slowest reaction times should be more
strongly related to general intelligence than fastest or mean reaction
times if they reflect limitations in attentional control. This prediction of
POT is supported by the worst performance rule, which describes the
phenomenon that reaction times in the slowest percentile of the reac-
tion time distribution are more strongly related to general intelligence
than mean or fastest reaction times (Coyle, 2003; Larson & Alderton,
1990).

In addition, POT's assumption that executive processes may play a
central role in explaining individual differences in general intelligence
is supported by psychophysiological results showing that the latency of
the P3 component is strongly related to general intelligence (Bazana &
Stelmack, 2002; Schubert et al., 2017; Troche et al., 2009). Individuals
with shorter P3 latencies may profit from a more efficient transmission
of information from frontal attentional to parietal memory-related
areas and may be less prone to be affected by irrelevant information
(Polich, 2007). In this way, executive functions may mediate the link
between neural processing speed and general intelligence and may af-
fect attentional control as a central bottleneck in the POT framework.
This tight link between executive functions and processing speed may,
however, only emerge after adolescence, as developmental research has
suggested that developmental cognitive change during childhood may
be largely driven by executive functions, whereas the speed of in-
formation-processing contributes to stable individual differences in
children's cognitive processing (Anderson, 2017).

2. Testing a causal relationship between mental speed and mental
abilities

Taken together, all three of the above-mentioned theories suggest
that mental speed is causally related to mental abilities in terms of
neuro-cognitive processes. However, because all research on this topic
has been correlational in nature, the direction of this association cannot
be empirically determined, although there are substantial theoretical
reasons to believe that processing speed serves as an endophenotype of
intelligence. Moreover, it cannot be ruled out that the association is
caused by third variables such as structural or organizational properties
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of the brain affecting both mental speed and mental abilities.
A causal test of the association in question can be achieved by ex-

perimentally manipulating the speed of information processing as an
independent variable and assessing the effect of this manipulation on an
intelligence test. Ample psychopharmacological research has suggested
that easily accessible psychostimulants such as caffeine, nicotine, or
theanine can facilitate cognitive processing by enhancing the speed of
information processing (e.g., Foxe et al., 2012; Haskell, Kennedy,
Milne, Wesnes, & Scholey, 2008; Heishman, Kleykamp, & Singleton,
2010; Kahathuduwa, Dassanayake, Amarakoon, & Weerasinghe, 2017).
In the present study, we used nicotine to achieve this experimental
manipulation of the speed of information processing. Nicotine acts as an
agonist at nicotinic acetylcholine receptors (nAChRs), which show a
high density in the prefrontal cortex, parietal cortex, hippocampus, and
thalamus (Azizian, Monterosso, O'Neill, & London, 2009; Brody, 2006;
Levin, McClernon, & Rezvani, 2006). Nicotine administration has been
associated with both increased and decreased neural activity (e.g.,
Hahn et al., 2007, 2009; Kumari et al., 2003), suggesting that nicotine
modulates neural network activity depending on the types of neurons
expressing nAChRs and the location of these neurons in a specific net-
work (Hong et al., 2009; Mansvelder, van Aerde, Couey, & Brussaard,
2006).

A recent meta-analysis of 48 experiments testing the effects of ni-
cotine on cognitive processing reported consistent effects of nicotine
administration on the speed of information processing in a variety of
experimental tasks (Heishman et al., 2010). On N-weighted average,
the administration of nicotine led to an increase in reaction times of
g=0.33 in attention- and memory-related tasks. Effect sizes ranged
from g=−0.16 to g=1.42 for alerting attention RTs (gmean =0.34),
from g=0.05 to g=0.61 for orienting attention RTs (gmean =0.30),
and from g=0.00 to g=1.05 for short-term and working memory RTs
(gmean =0.34). Despite the substantial variance in effect sizes, results
from this meta-analysis suggest that nicotine administration overall has
a small-to-medium positive effect on the speed of information proces-
sing.

Moreover, there has been some evidence that nicotine administra-
tion decreases P3 latencies in comparison to a placebo condition
(Edwards, Wesnes, Warburton, & Gale, 1985; Houlihan, Pritchard, &
Robinson, 1996). For example, Houlihan et al. (1996) administered
either a placebo cigarette with a nicotine yield of only 0.05mg or a
treatment cigarette with a nicotine yield of 1.1mg to 32 overnight-
abstaining regular smokers in a repeated-measures design. They found
that smoking decreased both reaction times, ω2=0.40, and P3 la-
tencies, ω2=0.13.

However, the effect size of these pharmacological effects on P3 la-
tencies were smaller than the effects on reaction times and some studies
failed to find any effect on P3 latencies (e.g., Ilan & Polich, 1999; Knott,
Bosman, Mahoney, Ilivitsky, & Quirt, 1999). In a study on 21 regular
smokers, smoking a cigarette with a nicotine yield of 1.1mg decreased
N2, but not P3 latencies in a Sternberg short-term memory scanning
task in comparison to smoking a placebo cigarette with a nicotine yield
of only 0.05mg (Houlihan, Pritchard, & Robinson, 2001). This incon-
sistency in results is not surprising (Houlihan et al., 2001) given the
rather small sample sizes typical for electrophysiological studies, the
probably small-to-moderate actual effect size, and the unreliability of
ERP latencies (Cassidy, Robertson, & O'Connell, 2012; Schubert et al.,
2017). In a review of the existing literature on the effects of nicotine on
ERP components, Pritchard, Sokhadze, and Houlihan (2004) concluded
that there probably were small effects of nicotine administration on P3
latencies, but that the existing literature was too heterogeneous in
terms of sample composition, nicotine administration, and experi-
mental procedure to allow for a systematization of boundary condi-
tions.

Taken together, there is clear evidence that nicotine has an effect on
reaction times that is not just a reversal of withdrawal-related symp-
toms (Heishman et al., 2010), and some evidence that this effect may at

least in part be due to an acceleration of stimulus-evaluation on a
neural level (Pritchard et al., 2004). If nicotine administration increases
the speed of information processing, and if a greater speed of in-
formation processing positively affects general intelligence, then nico-
tine administration should enhance performance on standard in-
telligence tests. In fact, a first study supports this notion: In a study on
16 regular smokers who had to abstain from smoking two hours prior to
their participation in the experiment, taking six puffs of a cigarette
yielding 0.80mg of nicotine prior to completing Raven's Advanced
Progressive Matrices and two additional puffs ten minutes into the in-
telligence test, led to an average increase of six IQ points in comparison
to a placebo condition, corresponding to a medium effect size of about
d=0.50 (Stough, Mangan, Bates, & Pellett, 1994).

However, the study does not allow a clear conclusion regarding the
nature of the relationship between mental speed and mental abilities
due to four limitations. First, because the speed of information pro-
cessing was not measured in this study, it cannot be concluded if ni-
cotine effects on intelligence test scores were mediated by changes in
mental speed. Second, because only regular smokers participated in the
study who had to abstain from smoking for two hours prior to parti-
cipation, it is not clear if the results may not at least in part reflect the
recovery from withdrawal symptoms. Third, the sample size was rather
small, which may have led to an overestimation of the effects of nico-
tine on intelligence test performance and warrants replication of the
study. Fourth, instead of a sham-smoking in the control condition,
participants did not smoke at all in the control condition. Hence, the
design was not double-blind and participant and experimenter ex-
pectancy effects may have biased the outcome (Rosenthal & Jacobson,
1966). Moreover, the experimental condition differed from the control
condition not only in terms of nicotine administration, but also in the
sensory and motoric components of smoking. Nevertheless, this study
can be seen to yield the first preliminary evidence that nicotine ad-
ministration might enhance performance in intelligence tests.

3. The present study

Bridging the fields of correlational and experimental psychology
(Cronbach, 1957), the present study used a double-blind design to as-
sess the effects of nicotine administration on the speed of information
processing and intelligence test performance in occasional smokers. The
hypotheses of the present study are based on the idea that individual
differences in the speed of information processing cause individual
differences in general intelligence. We assume that nicotine adminis-
tration decreases reaction times and ERP latencies, and that this facil-
itation of information processing positively affects performance in an
intelligence test.

4. Method

4.1. Participants

We recruited a sample of N=55 participants. Sample size was
determined based on the meta-analysis about effects of nicotine on
reaction times by Heishman et al. (2010), assuming an average effect
size of g=0.33 of nicotine on the speed of information processing
across different attention- and memory-related cognitive tasks, an alpha
level of α=0.05, a power of 1-β=0.80, and a dropout-rate of 10%
due to the longitudinal design (two measurement occasions).

Of these 55 participants, five had to be excluded because they re-
ported side effects from the nicotine patch, and one had to be excluded
because the participant reported side effects from the placebo patch. In
addition, two participants did not show up in the second week of the
experiment, resulting in a final sample size of N=47 participants (26
females, 20 males, one not reported) between 19 and 63 years old
(M=24.93 years, SD=9.48 years).

All participants were at least 18 years old, were not pregnant, had
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normal or corrected to normal vision, and did not suffer from any
cardiovascular, skin, neurological, or psychiatric diseases. Moreover, all
participants identified themselves as “occasional smokers”, which we
defined as a) smoking only on some days, but not every day; b) having
smoked at least one and not> 20 cigarettes in the last month; c) having
smoked at least 15 cigarettes in their lifetime. On average, participants
had smoked 10 cigarettes (SD=11) in the previous months. At the first
laboratory session, participants signed an informed consent. They re-
ceived 50€ or course credit as a reward for their participation. The
study was approved by the ethics committee of the faculty of behavioral
and cultural studies, Heidelberg University.

4.2. Materials

4.2.1. Sternberg memory scanning task (SMT)
In the SMT (Sternberg, 1969), participants were shown memory sets

consisting of five digits between 0 and 9, and they had to indicate
whether an immediately afterwards presented probe stimulus was part
of the previously presented memory set. Participants completed ten
practice trials with immediate feedback followed by 100 test trials
without feedback.

At the beginning of each trial, a white fixation cross was shown in
the middle of a black screen for 1000–1500ms. Digits were presented
sequentially for 1000ms with a blank screen shown for 400–600ms
between each digit. A black screen with a white question mark was
shown for 1800–2200ms after the last digit was presented, followed by
a black screen showing the probe stimulus. Participants had to press
one of two keys with their index fingers to indicate whether the digit
was part of the memory set, which was the case in 50% of the trials. The
position of keys was counterbalanced across participants. After their
response, the screen remained unchanged for 1000ms, followed by an
ITI of 1000–1500ms. Please see Fig. 1 for an illustration of the task
procedure.

4.2.2. Hagen Matrices Test (HMT)
The HMT (Heydasch, 2014) is a freely available, web-based fluid

intelligence test that consists of 20 items. Each item consists of a 3× 3-
matrix with geometric figures that follow certain logical rules and
symmetries. The last element of the matrix is missing and must be
chosen out of eight alternatives within two minutes. We divided test
items in half based on an odd-even split to create a different version for
each of the two laboratory morning sessions. Test versions were
counterbalanced across laboratory sessions and participants. Partici-
pants' performance was calculated separately for each laboratory ses-
sion as the percentage of correctly solved items. Cronbach's alpha for
the version containing even items was α=0.68 and for the version
containing odd items α=0.70. Participants' mean IQ score based on
aggregated performance in the HTM across both laboratory sessions

was M=117.69, SD=11.93.

4.2.3. Advanced Progressive Matrices (APM)
We used a computer-adapted version of the APM (Raven, Court, &

Raven, 1994). The APM is a fluid intelligence test consisting of 36
items. Each item consists of a 3× 3-matrix with geometric figures that
follow certain logical rules and symmetries. The last element of the
matrix is missing and must be chosen out of eight alternatives without
time limit. We divided test items in half based on an odd-even split to
create a different version for each of the two laboratory afternoon
sessions. Test versions were counterbalanced across laboratory sessions
and participants. Participants' performance was calculated separately
for each laboratory session as the percentage of correctly solved items
of the second test set. Cronbach's alpha for the version containing even
items was α=0.80 and for the version containing odd items α=0.74.
Participants' mean IQ score based on aggregated performance in the
APM across both laboratory sessions was M=100.03, SD=14.53.

4.3. Procedure

Participants were told to not consume alcohol 24 h and nicotine and
caffeine 12 h prior to their participation in the study. When participants
entered the laboratory for their first session, they were informed ex-
tensively about the procedure and risks of the study. After signing an
informed consent, they completed the SMT, Attention Network Test
(ANT; Fan, McCandliss, Sommer, Raz, & Posner, 2002; data not re-
ported here), and HMT in one of six possible orders. The order of tasks
remained the same for each participant across all four laboratory ses-
sions, but was counterbalanced across participants. After completing
the experimental tasks, participants were asked to put on a sleeping
mask while another experimenter – not running the actual experiments
– applied the nicotine or placebo patch on the inner side of the non-
dominant upper arm. The nicotine patch contained either 7mg of ni-
cotine (lower dose, 2/3 of the participants) or 14mg of nicotine (higher
dose, 1/3 of the participants). Nicotine dose was varied because of the
unclear dose-response relationship reported by Heishman et al. (2010).
The administration of nicotine vs. placebo patches in the first or second
week was counterbalanced across participants. The patch was then
covered with a larger, opaque patch and a colored bandage. The
morning session took about one hour. Participants were asked to refrain
from consuming alcohol, nicotine, and caffeine until the afternoon
session and were asked to return to the laboratory about seven hours
later.

In the afternoon session, participants completed the SMT, ANT, and
APM in the same order as in the morning while their EEG was recorded.
Afterwards, they were asked if they had adhered to the instructions to
refrain from nicotine, caffeine, and alcohol consumption during the
previous day and had to guess which patch had been applied.

Fig. 1. Task procedure of the Sternberg memory scanning task.
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Participants were not able to correctly identify when the nicotine patch
had been applied above chance level (45% of correct guesses). Patches
were removed by the experimenter while participants wore a sleeping
mask and averted their eyes. The afternoon session took 1.5–2 h in-
cluding EEG preparation.

Participants returned to the laboratory a week later. The procedure
was identical to the week before, except that they were administered
the placebo patch if they had worn the nicotine patch in the previous
week and vice versa. They met the same experimenter as the week
before in the morning session, as this experimenter was not aware
which patch had been applied the previous week, but a different ex-
perimenter in the afternoon session, as the experimenter of the previous
week had removed the patch at the end of the afternoon session and
thus knew about participants' allocation to experimental conditions. At
the end of the afternoon session, participants completed two additional
questionnaires about demographic data and their nicotine and drug
consumption and were debriefed. An overview over the experimental
procedure is shown in Fig. 2.

4.4. EEG recording

The EEG was recorded with 12 Ag/AgCl electrodes (F3, Fz, F4, C3,
Cz, C4, P3, Pz, P4, O3, Oz, O4) that were positioned according to the
international 10–20 system. We used the aFz electrode as the ground
electrode. Electrodes were initially referenced to Cz and offline re-re-
ferenced to linked mastoids (TP9, TP10). To correct for ocular artifacts,
we recorded the electrooculogram (EOG) bipolarly with two electrodes
positioned above and below the left eye and two electrodes positioned
at the outer canthi of the eyes. All electrode impedances were kept
below 5 kΩ. The EEG signal was recorded continuously with a sampling
rate of 1000 Hz (band-pass 0.1–100 Hz), and filtered offline with a low-
pass filter of 30 Hz with a slope of 12db/octave.

4.5. Data analysis

4.5.1. Behavioral data
Behavioral data (RTs and accuracies) stem from the Sternberg

memory scanning task. To remove outliers in the reaction time data, we
discarded any reaction times faster than 100ms or slower than
3000ms. In a second step, we discarded any trials with logarithmized
reaction times exceeding±3 SDs of an individual participant's RT
distribution. We subsequently calculated median reaction times sepa-
rately for each of the four laboratory sessions. Additionally, we created
an odd-even split of RTs for each of the laboratory sessions to calculate
odd-even correlations as estimates of reliability. Odd-even correlations
ranged from r=0.95 to r=0.99.

4.5.2. Electrophysiological data
Event-related potentials (ERPs) were calculated by averaging all

experimental trials in the SMT, time-locked to the onset of the probe
stimulus, with windows of interest that were 1000ms long with a pre-
ceding baseline of 200ms. Ocular artifacts were corrected for with the
regression procedure suggested by Gratton, Coles, and Donchin (1983).
Windows of EEG data with amplitudes exceeding±70 μV, with ampli-
tude changes exceeding 100 μV within 100ms, or with activity ongoing
lower than 0.5 μV in an interval of 100ms were discarded as artifacts.

We determined N2 and P3 latencies for each participant in the
Sternberg memory scanning task at the Pz electrode, because an in-
spection of the grand average (see Fig. 4) revealed that they were lar-
gest at this electrode site and because of the previously reported asso-
ciation between peak latencies at parietal electrode sites and general
intelligence (Schubert et al., 2017). We calculated N2 amplitudes by
averaging across electrode activity in a time window from 280 to
325ms, and we calculated P3 amplitudes by averaging across electrode
activity in a time window from 340 to 470ms separately for the F3, Fz,
F4, C3, Cz, C4, P3, Pz, and P4 electrodes. Reliabilities of ERP data were
estimated as correlations between laboratory sessions separately for
each of the two ERP components and ranged from r=0.60 to r=0.90.

4.5.3. Statistical analyses
All statistical analyses were conducted both with null hypothesis

significance testing (NHST) and with Bayesian analyses. The Bayes
Factors (BFs) reported quantify the evidence in favor of including the
relevant effect in the model in comparison to a model that does not
contain the relevant effect. BF10 quantifies evidence in favor of the
alternative hypotheses, and BF01 (BF01=1/BF10) quantifies evidence
in favor of the null hypotheses. All statistical analyses were conducted
with JASP (Version 0.8.6; JASP Team, 2018) with a Type I error-level of
α= 0.05 for NHST, a non-informative JZS default prior for Bayesian
ANOVAs, and a uniformly distributed prior ranging from −1 to 1 for
correlational analysis, unless otherwise noted. We first calculated se-
parate ANOVAs testing if nicotine administration enhanced perfor-
mance in each dependent variable (reaction times, ERP latencies, in-
telligence test scores). Subsequently, we z-standardized all values
separately for each measure and calculated an overall ANOVA to test if
the effect of nicotine on performance differed across measures.

5. Results

5.1. Behavioral effects of nicotine

Irrespective of treatment condition, participants showed shorter
reaction times in the Sternberg memory scanning task in afternoon
sessions than in morning sessions, F(1, 43)= 27.00, p < .001,
ω2=0.37, BF10=2911.37. In addition, participants showed greater
improvements in reaction times under the application of nicotine than
under the application of placebo as indicated by the significant inter-
action between Treatment and Session, F(1, 43)= 5.29, p= .026,
ω2=0.08, BF10=0.41 (see Fig. 3). Participants in the placebo con-
dition showed an average decrease in reaction times of
Mdecrease =59.02ms (SDdecrease =119.80ms), F(1, 43)= 7.75,
p= .008, ω2=0.13, BF10=17.44. In comparison, participants in the
nicotine condition showed an average decrease in reaction times of

Fig. 2. Overview over the experimental procedure for a sample participant. The
order of tasks remained the same for each participant across all four laboratory
sessions, but was counterbalanced across participants. The nicotine or placebo
patch was applied on the inner side of the non-dominant upper arm. The patch
was then covered with a larger, opaque patch and a colored bandage. Whether
the nicotine patch was administered in the first or second week was counter-
balanced across participants. ANT=Attention Network Test; APM=Raven's
Advanced Progressive Matrices; HMT=Hagen Matrices Test; SMT=Sternberg
memory scanning task.
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Mdecrease =95.72ms (SDdecrease =112.00ms), F(1, 43)= 32.16,
p < .001, ω2=0.40, BF10=13,106.70. These effects were not mod-
erated by nicotine dose, all Fs≤ 2.62, all ps≥ 0.113, all ω2s≤ 0.03, all
BFs01≥4.01. Taken together, these results suggest from a Bayesian
perspective that while there was insufficient evidence for an interaction
between Treatment and Session (1/3 < BF10 < 3), we observed sub-
stantially more evidence for a decline in reaction times in the nicotine
than in the placebo condition (13,106.70/ 17.44=751.53). Accuracies
did not change as a function of Session, Treatment, or Dose, all
Fs≤ 2.36, all ps≥ 0.132, all ω2s≤ 0.03, BFs01≥1.70. This pattern of
results indicates that the experimental effects of nicotine administration
cannot be attributed to a shift in speed-accuracy tradeoffs, which was
also supported by a supplementary diffusion model analysis (not re-
ported here) that found no effect of nicotine administration on the re-
sponse criterion.

5.2. Electrophysiological effects of nicotine

5.2.1. ERP latencies
Grand averages of event-related potentials are shown separately for

the placebo and the nicotine condition in Fig. 4. We found no evidence
for an overall effect of Treatment on N2 latencies, F(1, 43)= 2.55,
p = .118, ω2=0.03, BF10=0.39, nor for a moderation of this effect by
nicotine dose, F(1, 43)= 2.70, p = .107, ω2=0.04 BF10=0.88. See
Fig. 5 for effects of Treatment on ERP latencies.

P3 latencies decreased under the application of nicotine, F(1,
43)= 7.32, p= .010, ω2=0.12, BF10=21.74. On average,

participants showed Mdecrease =29.29ms (SD=57.26ms) shorter la-
tencies in the nicotine than in the placebo condition. Again, this effect
was not moderated by nicotine dose, F(1, 43)= 3.32, p= .075,
ω2=0.04, BF10=1.39.

5.2.2. ERP amplitudes
We also investigated if nicotine affected ERP amplitudes in an ex-

ploratory manner. We observed no significant main effect or interaction
including Treatment on N2 amplitudes, all Fs≤ 2.57, all ps≥ 0.089, all
ω2s≤ 0.01, all BFs01≥1.39. We observed a marginally significant
Treatment x Caudality interaction on P3 amplitudes, F(2, 86)= 3.37,
p= .054, ε =0.75, ω2=0.02, BF10=0.46. This interaction suggested
that there may be an amplifying effect of nicotine on P3 amplitudes that
may be most pronounced at frontal electrode sites.

5.3. Nicotine and fluid intelligence

We observed a negative correlation between reaction times and
HMT scores at baseline, r=−0.49, p < .001, BF10=41.17, but no
evidence for an association between N2 latencies, r=0.22, p= .144,
BF10=0.52, or P3 latencies, r=0.12, p = .430, BF10=0.25, with
HTM scores at baseline. The lack of associations between neural pro-
cessing speed and intelligence test scores is, however, not surprising
given the low consistency of single ERP latency measures (see Schubert
et al., 2017).

Irrespective of treatment condition, participants performed better in
the APM that was conducted at all afternoon sessions than in the HMT
that was conducted in all morning sessions, F(1,43)= 205.89,
p < .001, ω2=0.81, BF10=2.24e+ 14. This improvement was,
however, not moderated by Treatment, F(1,43)= 3.25, p= .078,
ω2=0.05, BF10=0.39, nor by an interaction between Nicotine Dose
and Treatment, F(1,43)= 1.37, p= .249, ω2=0.01, BF10=0.55.
Fig. 6 illustrates the effect of Session and Treatment on intelligence test
scores and shows that even the small non-significant interaction effect
pointed in the wrong direction, i.e. that participants' session-related
increase in performance was smaller in the nicotine than in the placebo
condition.

To determine if the data contained sufficient evidence to assume the
null hypothesis that nicotine administration did not lead to an increase
in intelligence test scores, we conducted a post-hoc Bayesian t-test on
the difference between intelligence test scores in morning and after-
noon sessions with a one-sided Cauchy prior truncated at zero.
Truncating the prior distribution at zero was necessary to test the one-
sided hypothesis that nicotine administration should lead to a greater
increase in IQ scores in comparison to placebo administration.
According to the criteria suggested by Jeffreys (1961), we found strong
evidence in favor of the null hypothesis that nicotine administration did

Fig. 3. Median reaction times as a function of Session (Morning vs. Afternoon)
and Treatment (Placebo vs. Nicotine). Error bars indicate standard errors.

Fig. 4. Grand averages of event-related potentials as measured at Fz, Cz, and Pz electrode sites for the placebo condition (solid lines) and the nicotine condition
(dashed lines). ERPs were elicited by the onset of the probe stimulus.
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not lead to an increase in intelligence test scores in comparison to the
placebo condition, BF01=13.17.

To test if nicotine only enhanced fluid intelligence in participants
with lower processing speed, we introduced averaged baseline RTs in
the STM across the two weeks and P3 latencies in the placebo condition
as covariates. However, including baseline processing speed variables
as covariates did not change the result that nicotine administration had
no significant effect on APM test scores, all Fs≤ 2.12, all ps≥ 0.153, all
ω2s≤ 0.02, all BFs01≥1.74.

5.4. Comparing the effect of nicotine on all performance measures

Although there was a significant nicotine-related decrease both in
reaction times and in P3 latencies and no significant effect on in-
telligence test performances, this does not imply that the difference
between these effects itself is significant. Therefore, we z-standardized
each measure so that greater z-values reflected better performance or a
greater increase in performance, respectively. Table 1 shows effect sizes
and 95% Bayesian credibility intervals around these effect sizes for the
effect of nicotine in comparison to placebo administration on each
measure. An inspection of the credibility intervals of pairwise com-
parison effect sizes indicates that there was a positive nicotine-related
effect on P3 latencies, CIδP3 95%= [0.22; 1.11] that was substantially

larger than the nicotine-related effect on intelligence test score per-
formance, CIδIQ 95%= [−0.65; 0.16], as indicated by the non-over-
lapping credibility intervals around the effect sizes δ.

Subsequently, we submitted these z-standardized values into a two-
factorial ANOVA with the factors Treatment (Placebo vs. Nicotine) and
Measure (RT difference, N2 latencies, P3 latencies, Intelligence test
performance difference). We found a significant interaction between

Fig. 6. Percent of correctly solved trials in intelligence tests as a function of
Session/Test (Morning/HMT vs. Afternoon/APM) and Treatment (Placebo vs.
Nicotine). Error bars indicate standard errors. Note that the HMT was con-
ducted at all morning sessions, whereas the APM was conducted at all afternoon
sessions.

Table 1
Median effect sizes and 95% credibility intervals of the effect sizes for the effect
of nicotine in comparison to placebo administration on N2 latency, P3 latency,
and morning-to-afternoon differences in reaction time and intelligence test
performance. Variables were coded in such a way that greater δ values indicate
better performance or respectively a greater increase in performance after ni-
cotine administration for all dependent variables.

Median effect size δ 95% credibility interval

Δ Reaction time 0.31 −0.10; 0.71
N2 latency 0.23 −0.18; 0.64
P3 latency 0.67 0.22; 1.11
Δ Intelligence test performance −0.24 −0.65; 0.16

Fig. 5. ERP latencies as a function of Treatment (Placebo vs. Nicotine). Error
bars indicate standard errors.

Fig. 7. Z scores of different performance measures (N2 latency, P3 latency, and
morning-to-afternoon differences in reaction time and intelligence test perfor-
mance) as a function of Treatment (Placebo vs. Nicotine). Greater z values in-
dicate better performance or respectively a greater increase in performance for
all dependent variables. Error bars indicate standard errors.
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Treatment and Measure (see Fig. 7), F(3,123)= 3.12, p= .046,
ω2=0.02, BF10=0.37, suggesting that nicotine may affect the four
performance measures differentially. However, the BF yielded weak
evidence in favor of the null hypothesis (BF01=2.70), indicating that
more data would be needed for a conclusive test of the interaction
hypothesis either way.

6. Discussion

The present study analyzed the effects of transdermal nicotine ad-
ministration on the speed of information processing and intelligence
test scores in occasional smokers. Consistent with our hypotheses and
previous research, we found that nicotine administration caused an
increase in both neural and behavioral information processing speed.
However, we did not observe any effect of nicotine on intelligence test
scores despite the drug-related increase in the speed of information
processing. These results contradict theories proposing that a greater
speed of information processing causes greater general intelligence.

Consistent with previous research, we found that nicotine admin-
istration decreased reaction times in the Sternberg memory scanning
task in comparison to a placebo condition by about 35ms, ω2=0.08
(Heishman et al., 2010; Pritchard et al., 2004), resulting in a greater
behavioral processing speed. In addition, nicotine administration also
decreased P3 latencies by about 30ms and accounted for 12% of the
variance in P3 latencies, which is consistent with previous studies re-
porting effects on P3 latencies after nicotine inhalation (e.g., Edwards
et al., 1985; Houlihan et al., 1996). Contrary to one study investigating
nicotine effects on performance in the Sternberg memory scanning task
(Houlihan et al., 2001), we did not observe any conclusive evidence for
or against a nicotine-related decrease of N2 latencies. This result sug-
gests that nicotine enhanced information processing most strongly by
affecting the efficiency of neurocognitive processes related to the P3,
such as the inhibition of neural activity related to non-target stimuli in
the memory set and subsequent memory updating (Polich, 2007). The
unclear effect on N2 latencies compared to Houlihan et al. (2001) may
suggest that nicotine affects information processing differently in ab-
staining regular than in occasional smokers, or that our sample size was
too small to detect more subtle effects on N2 latencies.

In spite of these effects of nicotine on both the neural and behavioral
speed of information processing, we failed to observe any positive effect
of nicotine on intelligence test scores. Unless nicotine simultaneously
increased the speed of information processing and impaired some other
cognitive processes fundamental to general intelligence, these results
directly contradict theories proposing that a greater speed of informa-
tion processing causes greater fluid intelligence. In particular, they
contradict the hypothesis that a greater speed of information processing
positively affects intelligence test performance by enhancing the effi-
ciency of memory updating, as measured by P3 latencies and perfor-
mance in the Sternberg memory scanning task (Jensen, 2006; Schubert
et al., 2017). In addition, they challenge the idea that the speed of in-
formation processing is the neural basis or an endophenotype of g
(Jensen, 2006; Kievit et al., 2016).

Instead, our results suggest that some additional variables that affect
both the speed of information processing and intelligence test perfor-
mance, but are themselves unaffected by nicotine administration, may
give rise to the association between mental speed and mental abilities. If
this were the case, nicotine administration would have affected some
properties of the latent P3-generating process, resulting in shorter la-
tencies under nicotine administration, but not those properties of the
generating process associated with cognitive abilities. The covariance
between neural processing speed and mental abilities might thus arise
due to individual differences in those properties of the P3-generating
process that cannot be temporarily enhanced by nicotine administration.
However, it is entirely possible that a longer and more intense admin-
istration of nicotine might affect these properties of the P3-generating
process. As high intensity longitudinal cognitive trainings have been

shown to change the white matter microstructure (Lövdén et al., 2010),
high intensity longitudinal nicotine administration might affect struc-
tural brain properties in a similar way. In fact, there is some evidence
that smokers show a greater white-matter tract integrity than non-smo-
kers in the first years of nicotine consumption (Hudkins, O'Neill, Tobias,
Bartzokis, & London, 2012; Jacobsen et al., 2007; Paul et al., 2008).

Candidate variables underlying the association between mental
speed and mental abilities that are not affected by a one-time nicotine
administration may be structural brain properties or other cognitive
process parameters such as attentional control that have been shown to
be related to both neural information processing speed and cognitive
abilities: Organizational properties of the salience network responsible
for the detection and evaluation of goal-relevant information have been
shown to be reflected in the timing of ERP components associated with
higher-order cognition (Menon & Uddin, 2010; Soltani & Knight, 2000).
Moreover, individual differences in the nodal efficiency in the right
anterior insula and the dorsal anterior cingulate cortex, which are core
regions of the salience network, have been shown to be related to in-
dividual differences in general intelligence (Hilger, Ekman, Fiebach, &
Basten, 2017). Hence, a more efficient neural organization of the sal-
ience network may be reflected in shorter P3 latencies and may also
give rise to greater performance in intelligence tests by facilitating goal-
driven information selection.

Alternatively, greater attentional control may act as a third variable
that increases both the speed and consistency of information processing
as well as performance in intelligence tests. Attentional lapses have
been shown to be specifically associated with longer reaction times in
the slowest quantiles of the reaction time distribution (McVay & Kane,
2012), and individual differences in slowest reaction times have been
shown to be more predictive of cognitive abilities than fastest or mean
reaction times (Coyle, 2003; Larson & Alderton, 1990). An experimental
manipulation aimed at increasing attentional control either pharma-
cologically (e.g., by modafinil administration; Marchant et al., 2009;
Turner et al., 2003) or through meditation exercises (e.g., Brewer et al.,
2011; Sahdra et al., 2011) would allow a direct test of this hypothesis.

In the light of Process Overlap Theory (Kovacs & Conway, 2016),
the speed of information processing may be seen as one of several in-
dependent domain-general properties constraining performance in a
wide number of cognitive tests. Hence, enhancing the speed of in-
formation processing should only positively affect intelligence test
scores if mental speed acted as a central bottleneck constraining in-
telligence test performance to begin with. However, including baseline
processing speed as a covariate in our analyses did not change the re-
sults regarding the effects of nicotine on intelligence test scores in any
way. Nevertheless, given the average to above average intelligence of
the student sample in the present study, it can be argued that the speed
of information processing did not act as a central bottleneck con-
straining intelligence test performance even in those participants with
the slowest processing speeds in the present study.

6.1. Limitations

One limitation of the present study is that the sample size may not
have been large enough to detect more nuanced effects of nicotine on
information-processing. In particular, although NHST indicated a sig-
nificant effect of nicotine on the improvement in processing speed be-
tween morning and afternoon sessions, Bayesian analyses indicated that
the data contained insufficient evidence to make strong claims re-
garding the presence or absence of an interaction effect on reaction
times. If anything, the Bayes Factor suggested that the data contained
weak evidence in favor of the null hypothesis instead (BF01=2.43).
Moreover, the sample size or the population effect may have been too
small to find an effect of nicotine dose on ERP latencies as indicated by
Bayes factors close to one. Increasing the sample size in future studies
might shed more light on dose-response-effects on information pro-
cessing speed variables and may provide more robust estimates of
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nicotine-related effects on reaction times. Nevertheless, we found clear
evidence for a substantial effect of nicotine on P3 latencies, and also
strong evidence against a nicotine-related increase in intelligence test
performances – a conclusion that was further supported by non-over-
lapping credibility intervals of the two effects. Moreover, our results
suggested that the effect of nicotine may not be equal for all perfor-
mance measures, although Bayesian analyses indicated that more data
are needed to draw firm conclusions.

Moreover, most participants had an academic background and
average to above average cognitive abilities. Although this sample
composition is ideal to minimize between-person variance with regard
to the experimental design, we could not observe any effects of nicotine
on cognitive abilities specific to individuals with below average in-
telligence. Previous research has shown that the beneficial effects of
nicotine are most pronounced in individuals with low baseline perfor-
mance in experimental tasks (e.g. Behler, Breckel, & Thiel, 2015; Knott
et al., 2014; Newhouse, Potter, & Singh, 2004).

In a similar vein, there is some evidence that the large inter-in-
dividual variability in response to nicotine can at least in part be ac-
counted for by cholinergic and dopaminergic genetic variations (Ahrens
et al., 2015; Heishman et al., 2010). Although genotyping study parti-
cipants was not feasible in the present study, it might have been illu-
minating with regard to individual differences in the effect of nicotine
administration. However, given the substantial effects of nicotine on
both behavioral and neural processing speed, it is unlikely that in-
cluding information about genetic variation would substantially alter
the main conclusions.

Moreover, we did not use the same fluid intelligence test in the
baseline morning sessions as in the experimental afternoon sessions.
Hence, the large difference between morning- and afternoon-treatment
test scores can either be accounted for by training effects, by circadian
effects, or by differences in test difficulty. However, this limitation does
not affect the main conclusions of the present study, as we failed to
observe any significant interaction between session and treatment.

6.2. Conclusion

The present study used transdermal nicotine administration in a
double-blind design to enhance the speed of information processing and
tested whether this increase in information processing speed affected
performance in intelligence test scores. While we observed nicotine-
related increases in both the neural and behavioral speed of information
processing, there was no effect on intelligence test scores. These results
contradict the idea that the association between mental speed and
mental abilities can be explained by mental speed having a direct causal
effect on performance in intelligence tests. Instead, they suggest that
structural properties of the brain may affect both the speed of in-
formation processing and general intelligence and may thus give rise to
the association between mental speed and mental abilities.
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