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A B S T R A C T
In the later stages of addiction, automatized processes play a prominent role in guiding drug-seeking and drugtaking behavior. However, little is known about the neural correlates of automatized drug-taking skills and drugrelated action knowledge in humans. We employed functional magnetic resonance imaging (fMRI) while smokers and non-smokers performed an orientation aﬀordance task, where compatibility between the hand used for
a behavioral response and the spatial orientation of a priming stimulus leads to shorter reaction times resulting
from activation of the corresponding motor representations. While non-smokers exhibited this behavioral eﬀect
only for control objects, smokers showed the aﬀordance eﬀect for both control and smoking-related objects.
Furthermore, smokers exhibited reduced fMRI activation for smoking-related as compared to control objects for
compatible stimulus-response pairings in a sensorimotor brain network consisting of the right primary motor
cortex, supplementary motor area, middle occipital gyrus, left fusiform gyrus and bilateral cingulate gyrus. In
the incompatible condition, we found higher fMRI activation in smokers for smoking-related as compared to
control objects in the right primary motor cortex, cingulate gyrus, and left fusiform gyrus. This suggests that the
activation and performance of deeply embedded, automatized drug-taking schemata employ less brain resources. This might reduce the threshold for relapsing in individuals trying to abstain from smoking. In contrast,
the interruption or modiﬁcation of already triggered automatized action representations require increased
neural resources.

1. Introduction
With around 6 million deaths per year worldwide related to
smoking, nicotine addiction is one of the most signiﬁcant public health
burdens requiring the development of new treatment methods (World
Health Organization, 2015). Recent ﬁndings highlight the compulsive
aspect of addiction in the later phases of the disease controlled by
deeply embedded habitual processes (Everitt and Robbins, 2005;
Yalachkov et al., 2009, 2010). From a cognitive point of view, these
processes have been described as “automatized action schemata”,
which develop after extensive repetition of the same behavioral sequences (Tiﬀany, 1990). They can be triggered by drug-related cues and
result in fast and eﬃcient initiation and execution of drug-seeking and
-taking behavior, while remaining largely independent of intentional
processes. Eventually, automatic processes essentially impede the attempts to remain abstinent (Miller and Gold, 1994).

⁎
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Automatized behaviors are executed more eﬃciently, with a higher
speed and in an unconscious, uncontrollable manner (Moors, 2016).
There is behavioral evidence indicating that cigarette smoking can
become automatic after suﬃcient repetition and considerable experience (Baxter and Hinson, 2001; Field et al., 2006). It can be guided by
automatic processes without volitional control (Baker et al., 2004;
Piasecki et al., 2010). Extensive practice of the motor skills related to
drug consumption (e.g. regular daily smoking) has been proposed to
potentiate the progress and automatization of drug-related action
schemata (Tiﬀany, 1990). This idea has been further developed into the
concept of “motor cognition”, which suggests that sensorimotor brain
regions not only control the basic aspects of movement (force, direction, amplitude) but can also shape and guide human behavior
(Casartelli and Chiamulera, 2016). The further investigation of this
concept has been envisioned as a possible “motor way” to close the gap
between the basic neuroscience approach and clinical practice
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were instructed to abstain from smoking for at least 2 h prior to the
experiment. The individual levels of nicotine dependence, withdrawal
and smoking urges were evaluated with the Fagerström Test for
Nicotine Dependence (FTND; (Heatherton et al., 1991), the Wisconsin
Smoking Withdrawal Scale (WSWS; (Welsch et al., 1999) and the
Questionnaire on Smoking Urges (QSU; (Tiﬀany and Drobes, 1991).
Non-smokers stated to have smoked fewer than 20 cigarettes during
their life time. Breath carbon monoxide (CO) levels were determined
upon participants' arrival and after the fMRI experiment. Participants
were screened for psychiatric disorders using the Structured Clinical
Interview for DSM-IV (SCID I-II; (First et al., 1996) to exclude a current
psychiatric disorder and substance abuse/dependence other than nicotine dependence.

(Casartelli and Chiamulera, 2016).
Studies on experience-based neural plasticity have suggested that
repeated and frequent engagement in a speciﬁc activity changes the
neural representation for that activity. Experience-related modulation
of motor skills and their neural representations results typically in increased speed, precision and automaticity of behavior (Calvo-Merino
et al., 2006; Grafton et al., 1992; Weisberg et al., 2007). Long-term
training aﬀects cerebellar activation and leads to neural reorganization
of motor and sensory cortices in piano players (Jancke et al., 2000;
Koeneke et al., 2004; Krings et al., 2000), experienced artists (Solso,
2006) and football players (Naito and Hirose, 2014). Those studies
reported reduced activation in cortical motor regions for experts as
compared to novices or neutral activities, possibly because of greater
eﬃciency of neural processing gained through extended sensorimotor
training. It has also been shown that extensive real-world sensorimotor
experience with a speciﬁc object category leads to diminished activity
in visual- and motor-related cortices when viewing these objects
(Handy et al., 2006). This suggests that in terms of “neural eﬃciency”,
speciﬁc sensorimotor experience is associated with optimized deployment of brain resources when the corresponding neural representations
are activated.
Based on these ﬁndings, one could assume that drug-related automatized action schemata are associated with a diminished cue-triggered
activation of the respective sensorimotor brain regions. However, this
aspect has not been directly investigated yet. On the contrary, indirect
evidence from studies, where patients view, hear, touch, smell or taste
drug cues suggests that drug cues activate brain regions involved in
reward, learning, memory, perception and action more strongly as
compared to neutral cues or healthy subjects (Jasinska et al., 2014;
Yalachkov et al., 2010, 2012). Functional brain imaging studies with a
more ecologically valid approach, e.g. one measuring automatized
motor actions, are still missing.
In the present study smokers and nonsmokers were scanned with
functional magnetic resonance imaging (fMRI) while performing an
orientation aﬀordance task with images of smoking or control objects.
This behavioral task is a well-established stimulus-response compatibility paradigm based on the idea that certain action-related properties
of a stimulus can generate automatic response codes (Riggio et al.,
2008; Symes et al., 2007; Tucker and Ellis, 1998; Vainio et al., 2007). A
previous study from our laboratory employed this paradigm in the
context of smoking and found increased behavioral responsiveness to
smoking-related objects in smokers compared to non-smokers, suggesting that it is an appropriate instrument to investigate the automatic
activation of motor representations in response to smoking paraphernalia and action-related tools (Yalachkov et al., 2009). While we
found that the aﬀordance eﬀect for smoking paraphernalia in smokers
measured outside the scanner is correlated with higher fMRI activation
of sensorimotor brain regions triggered by passively viewed other
smoking cues (Yalachkov et al., 2009), the neural correlates of the
smoking-speciﬁc aﬀordance eﬀects have not yet been measured directly. Here we employed the aﬀordance paradigm in the MR scanner
and investigated whether conditions in which automatized action representations are triggered by smoking paraphernalia or neutral objects
result in diﬀerential activation of sensorimotor brain regions in smokers
as compared to non-smokers.

The fMRI experiment was designed as a rapid event-related experiment and comprised four runs with 80 trials each. We used a design
with two within-subject factors (“object category”: smoking objects vs.
control objects; “compatibility” of hand and object orientation: compatible vs. incompatible) and one between-subject factor (“group”:
smokers vs. non-smokers). Thus, the experiment had four diﬀerent
conditions (control compatible, control incompatible, smoke compatible, smoke incompatible), each of them consisting of 20 trials per run.
Trials were presented in randomized order and separated from each
other with jitter values between 2500 ms and 17,500 ms. Participants
responded by pushing buttons on a response device with either their
right or left index ﬁngers. We ensured that both hands were positioned
symmetrically. For the aﬀordance task we applied a previously used
paradigm (Yalachkov et al., 2009). Each trial began with a ﬁxation
cross visible for 1000 ms. Then, a randomly chosen stimulus was presented for 700 ms. After that, a white ﬁxation cross appeared in the
middle of the object for 150 ms and the cross changed its color from
white to either purple or brown for 180 ms before changing its color
back to white and staying on display for 1970 ms. Finally, the stimulus
disappeared and the ﬁxation cross was kept on the screen for 1000 ms,
adding to 5000 ms in total. Participants were instructed to press the
right button of the response box with their right index ﬁnger when the
ﬁxation cross changes its color to brown; and the left button with their
left index ﬁnger when the ﬁxation cross turned to purple. Participants
were instructed to respond as fast as possible while maintaining accuracy. They viewed the screen through a mirror positioned on the head
coil. The randomization order and the determination of jitter length
values were obtained by using the Optseq2 software (http://surfer.nmr.
mgh.harvard.edu/optseq) (Dale, 1999). The experiment was performed
using PRESENTATION software (Version 18.0, www.neurobs.com).

2. Materials and methods

2.4. MRI acquisition parameters

2.1. Participants

fMRI measurements were performed on a 3-T Siemens Magnetom
Allegra scanner using a 4-channel phased array coil at the Brain
Imaging Center in Frankfurt am Main. Participants underwent four
functional runs and one anatomical scan. The blood oxygenation level
dependent functional images were collected with a gradient recalled
echo-planar imaging (GRE-EPI) sequence (repetition time (TR)
2500 ms; echo time (TE) 30 ms; ﬁeld of view 192 mm; slice thickness
2.4 mm; gap thickness 0.792 mm, ﬂip angle 90°, matrix size 64 × 64,

2.2. Stimuli
Stimuli were pictures of smoking paraphernalia and everyday control objects (ashtrays with cigarettes as well as plates with a knife, fork
or spoon placed on them). The graspable sides of the cigarettes and the
cutlery pointed towards the left or right (45°) side of the viewer. The
color and luminance of the photographs were normalized and we ensured that all images had the same size (340 × 340 px).
2.3. Design

Written informed consent was obtained from 37 adults. The study
was approved by the ethics committee of Goethe University Medical
School and was conducted in accordance with the Declaration of
Helsinki. All participants were right-handed and had normal or corrected to normal vision. To minimize the acute eﬀects of smoking while
avoiding the emergence of distinct withdrawal symptoms, smokers
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shifted stick functions, each accounting for 2.5 s (i.e., equal to our TR),
were deﬁned per trial to cover the maximal length of a typical hemodynamic response (20 s) starting with the onset of each trial. Erroneous
trials or trials aﬀected by head motion of more than 1 mm were coded
as dummy predictors. Thus, our model resulted in 40 predictors (5 trial
types × 8 time points).
We calculated a whole-brain repeated measures random-eﬀects
(RFX) ANOVA with within-subject factors “object category” (smoking
objects vs. control objects), “compatibility” (compatible vs. incompatible) and between-subject factor “group” (smokers vs. nonsmokers) by using the β-values from the 4th predictor (the fourth from
eight available time points, each of them with a duration of 2.5 s,
corresponding to 1 TR). Time point zero is deﬁned by the onset of the
trial. Subjects were instructed with which hand they had to press the
button approximately 2 s later. The mean reaction time accounts for
approximately another 500 ms and the peak of the reaction-induced
BOLD response is expected to be reached 4–6 s thereafter (Rosen et al.,
1998), which means that the timing of the 4th predictor (7.5 s) would
roughly correspond to the peak of the expected hemodynamic response
function due to the motor reaction.
Whole-brain statistical maps were computed for the main eﬀects,
two-way interactions and three-way interaction. The three-way interaction “object category × compatibility × group” identiﬁed regions
exhibiting diﬀerential fMRI activation across object category, compatibility and group. For illustrative purposes, i.e. to disentangle this
complex interaction and to better understand the individual contributions of the single factors or two-way interactions to the signiﬁcant
three-way interaction, further analyses of these regions were performed
with ROI-based RFX-GLMs. The estimated β-values from the ROIs resulting from the three-way interaction were used to compute two twoway ANOVAs for each ROI with the within-subject factors of “object
category” and “compatibility” separately for smokers and non-smokers.
For each signiﬁcant two-way interaction from these additional
ANOVAs, paired-samples post-hoc t-tests were calculated in order to
further disentangle the factors contributing to the signiﬁcance of the
interaction. All statistical maps were corrected for multiple comparisons using the cluster-size thresholding plug-in provided by
BrainVoyager QX based on the approach described by Forman et al. and
Goebel et al. with 1000 iterations at a desired conﬁdence level
(α = 0.05) (Forman et al., 1995; Goebel et al., 2006). Those maps were
then projected onto anatomical data sets and averaged across all participants.

40 axial slices in descending order). 244 volumes were acquired per
functional run. Images were acquired in an oblique orientation of 30° to
the anterior commissure-posterior commissure (AC-PC) axis which reduced the signal dropouts in the ventral prefrontal cortex (Deichmann
et al., 2003). For the anatomical scan, a magnetization-prepared rapidacquisition gradient echo (T1MPRAGE) sequence with the following
parameters was used: TR 2200 ms, TE 5.16 ms; ﬂip angle 9°; matrix
256 × 256; and voxel size 1.0 × 1.0 × 1.0 mm3. Each series started
with a dummy block to avoid T1 saturation eﬀects.
2.5. Analysis
2.5.1. Behavioral data
We excluded both trials with incorrect responses (2.1% of the total
smokers' trials and 1.6% of the total non-smokers' trials; no signiﬁcant
group diﬀerence [t-test, p = 0.5, df = 30]) and unrealistic reaction
times (< 150 ms or > 3000 ms; in total 2 trials) from further analysis.
The orientation aﬀordance eﬀect has been deﬁned as a shorter reaction time when the spatial orientation of the object and the side of the
responding hand are identical (Tucker and Ellis, 1998; Vainio et al.,
2007). Trials were considered compatible if the orientation of the object
and the responding hand were the same (e.g., left-oriented smoking
object requiring left hand response) or incompatible if the orientation
and the responding hand are diﬀerent (e.g., right-oriented control object requiring left hand response). We calculated the median reaction
times for compatible and incompatible conditions across both hands,
generating four values per participant: control compatible (CC), control
incompatible (CI), smoke compatible (SC), smoke incompatible (SI).
Using median values of the reaction times allowed to minimize the
eﬀect of outlying reaction times without explicitly excluding any further trials from the analysis (Stanﬁeld and Zwaan, 2001; Van Weelden
et al., 2014; Zwaan et al., 2002).
We then calculated an “aﬀordance index” (AI) separately for each
object category to facilitate the search for speciﬁc interactions (see also
Yalachkov et al., 2009):

CI − CC ⎤
SI − SC ⎤
AIControl = ⎡
× 100 AISmoke = ⎡
× 100
CI
+
CC
⎣
⎦
⎣ SI + SC ⎦
The aﬀordance index indicates the size of the orientation aﬀordance
eﬀect. Shorter reaction times for the compatible than for the respective
category-speciﬁc incompatible conditions result in higher aﬀordance
indices.
We performed two repeated-measures ANOVAs. In the ﬁrst one we
searched for a general aﬀordance eﬀect and used the median of reaction
times as a dependent variable, “object category” and “compatibility” as
within-subject factors and “group” as between-subject factor. In the
second ANOVA we used the aﬀordance indices as dependent variable
and “object category” as a within-subject factor as well as “group” as a
between-subject factor in order to search for diﬀerential aﬀordance
eﬀects depending on object category and group membership.

3. Results
3.1. Participants
Four smokers reported retrospectively that they had smoked less
than 2 h prior to the experiment. The mean time since their last cigarette was 17.5 min (SD = 4.3) (compared to mean time > 120 min
for the remaining smokers). Nicotine has been shown to increase the
BOLD signal in motor and somatosensory cortices of rats even 10 min
after administration (Bruijnzeel et al., 2014). In human subjects, peak
nicotine level in serum is reached approximately 4 min after infusion
and decreases over the course of time. However, even 30 min after
administration it is still signiﬁcantly elevated above baseline and has
decreased by merely 50% from its peak value (Yamamoto et al., 2013).
In the same study, Yamamoto et al. demonstrated that individual nicotine time courses of human subjects were associated with changes in
BOLD signal in multiple brain regions, including the cingulate, cuneal
and calcarine cortices and lingual gyri as well as temporal gyri
(Yamamoto et al., 2013). Taking these ﬁndings into account, we excluded the four smokers who had not adhered to our initial inclusion
criteria.
The remaining smokers (n = 14, mean age = 23.6 years,
SD = 3.8 years, 9 men and 5 women) reported to have smoked at least

2.5.2. fMRI data
Data were analyzed using the Brain Voyager QX 2.8 software
package (Brain Innovation). Preprocessing was performed with slice
scan time correction with windowed sinc interpolation, three-dimensional motion correction with trilinear sinc interpolation and linear
trend removal as well as temporal high pass ﬁltering with a GLMFourier basis function. Functional and Talairach standardized anatomical data were combined in a voxel time course ﬁle and were spatially
smoothed with an 8 mm full width at half maximum Gaussian ﬁlter.
Volume-based statistical analyses were performed at the whole-brain
level. First, we applied a general linear model (GLM) with deconvolution analysis with a special design matrix allowing to estimate the response function for each event type. The fMRI data analysis protocol
comprised 4 diﬀerent trial types (control compatible, control incompatible, smoking compatible, smoking incompatible). A set of eight
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ﬁve cigarettes per day for at least one year (mean number of cigarettes
per day = 16.5, SD = 6.3). Their mean FTND score was 5.4, SD = 1.9.
Smokers' mean CO-pre level (9.8 ppm, SD = 5.4) was higher than nonsmokers' mean CO-pre level (2 ppm, SD = 0.8) (p < 0.001, Student's ttest). After the fMRI experiment smokers' mean CO-post level (6.5 ppm,
SD = 2.6) was higher than non-smokers' mean CO-post level (2.2 ppm,
SD = 1) (p < 0.001, Student's t-test). One non-smoker was excluded
because of high CO-pre levels (CO-pre = 13, CO-post = 11). Thus 18
non-smokers were included (mean age = 23.4 years, SD = 3 years, 7
men and 11 women).

Table 1
Brain regions showing signiﬁcant whole-brain RFX ANOVA interaction "stimulus category × compatibility × group" (df = 30, p < 0.05, corrected).
Brain region

R primary motor cortex
(BA 4)
R supplementary motor
area (BA 6)
R cingulate gyrus (BA 24)
R cingulate gyrus (BA 31)
R middle occipital gyrus
(BA 19)
R middle occipital gyrus
L cingulate gyrus (BA 23)
L fusiform gyrus (BA 19)

3.2. Questionnaires
The mean scores for each questionnaire were averaged for smokers
and non-smokers. For the WSWS, smokers' main score (40.4, SD = 15)
before the fMRI measurement was higher than non-smokers' main score
(27.6, SD = 8.5) (p < 0.05, Mann-Whitney U Test). For the QSU,
smokers' main score (126.7, SD = 39) was higher than non-smokers'
main score (30.6, SD = 7.7) (p < 0.05, Mann-Whitney U Test).

Talairach coordinats

No. of voxels
(1 mm3)

F value

x

y

z

37

−26

57

1463

9.39

1

−29

55

1799

9.11

3
14
30

−9
−25
−78

41
38
22

970
1143
1344

9.97
9.51
9.77

37
−7
− 36

−62
−13
−68

−2
25
− 13

3051
905
993

10.00
9.41
9.69

in Supplementary Tables S3–S7. No region showed a “compatibility × group” interaction after correction for multiple comparisons. The
main interaction of interest, the three-way interaction “object category × compatibility × group” was signiﬁcant in right primary motor
cortex, right cingulate gyrus, right supplementary motor area, left
cingulate gyrus, right middle occipital gyrus and left fusiform gyrus
(Table 1, F ≥ 7.57, p < 0.05; corrected for multiple comparisons). The
two additional ANOVAs computed with the β values from the ROIbased RFX GLMs indicated diﬀerential BOLD activation patterns in
smokers (Supplementary Table 1) and non-smokers (Supplementary
Table 2) for compatible and incompatible conditions depending on
object categories. For smokers, the BOLD response was higher for
control than smoking objects for the compatible condition in right
primary motor cortex (Fig. 2A) and in right cingulate gyrus (Fig. 2B).
However, an inverse pattern was found in those regions for the incompatible condition with higher fMRI activations for smoking objects
compared to control objects. Similarly, post hoc t-tests showed a higher
fMRI signal in smokers for the control compatible as compared to
smoke compatible condition in right supplementary motor area, left
cingulate gyrus and right middle occipital gyrus and a higher fMRI
activation for the smoke incompatible as compared to control incompatible condition in left fusiform gyrus (Fig. 2C–D). No such differences were found for non-smokers.

3.3. Behavioral results
The ﬁrst repeated measures ANOVA (two within-subject factors:
object category, compatibility; one between-subjects factor: group) revealed a signiﬁcant eﬀect of compatibility (p = 0.01) (Fig. 1A). Posthoc comparison with Tukey's HSD (p < 0.01) showed that incompatible conditions required longer reaction times than compatible
conditions reﬂecting the general aﬀordance eﬀect (Tucker and Ellis,
1998; Vainio et al., 2007). To better understand the aﬀordance eﬀect
across groups and objects we computed an aﬀordance index which indicated the amount of the aﬀordance eﬀect (see Yalachkov et al., 2009
and Materials and Methods). The ANOVA with the aﬀordance index as a
dependent variable revealed neither a main eﬀect of object category or
group nor an interaction of both factors (Fig. 1B). However, independent samples t-tests showed that when compared directly, smokers exhibited higher aﬀordance indices than non-smokers for smoking
(p < 0.05) but not for control objects (p > 0.05) (Fig. 1B).
3.4. fMRI results
We computed a three-way whole-brain RFX ANOVA with the factors
“object category” (smoking vs. control), compatibility (compatible vs.
incompatible) and “group” (smokers vs. nonsmokers). The regions that
revealed signiﬁcant activations for the main eﬀects of “object category”, “compatibility”, and “group” as well as the two-way interactions
of “object category × compatibility” and “object category × group”
(F ≥ 7.57, p < 0.05; corrected for multiple comparisons) are reported

4. Discussion
The results of our behavioral experiment demonstrated shorter reaction times for compatibility between responding hand and spatial
orientation of the priming object (Fig. 1A), consistent with a general

Fig. 1. A. Reaction times (means and SEs) of the two groups (smokers vs. non-smokers) for the two object categories (smoking objects vs. control objects) (main eﬀect of compatibility
p = 0.01) B. Aﬀordance indices (means and SEs) of the two groups (smokers vs. non-smokers) for the two object categories (smoking objects vs. control objects). Error bars indicate SE
from the mean; *p < 0.05., n.s. t-test not signiﬁcant.
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Fig. 2. A whole-brain RFX ANOVA interaction “object category × compatibility × group” revealed signiﬁcant activations in several brain regions. ROI-based within subjects ANOVAs for
smokers showed in right primary motor cortex (A) and right cingulate gyrus (B) higher fMRI activations for control objects in the compatible condition, whereas in the incompatible
condition higher fMRI activations were observed for smoking objects. Similar activation patterns were revealed in left fusiform gyrus (C) and right middle occipital gyrus (D). The scale on
the left side indicates minimum and maximum F values, the degrees of freedom, and the signiﬁcance level for the interaction. Corrected for multiple comparisons using the cluster-size
thresholding (1000 iterations, α = 0.05). Error bars indicate SE from the mean; *p < 0.05.
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eﬃciency hypothesis which implies reduced brain activation after
training on sensorimotor tasks (Bueichekú et al., 2016; Karim et al.,
2016).
Interrupting or altering smoking results in increased reaction times
(Baxter and Hinson, 2001), suggesting that changing the course of the
automatized action requires the allocation of additional cognitive processing. Similarly, in our task the incompatible condition requires the
use of the hand opposite to the response side aﬀorded by the spatial
orientation of the object. The resources necessary to modify and adjust
the automatically aﬀorded response are reﬂected in increased fMRI
activation for the smoking as compared to control incompatible condition. Furthermore, Murphy et al. examined the role of perceptual load
in action aﬀordance and obtained faster responses for the compatible
trials only in the low perceptual load condition (Murphy et al., 2012).
In accordance with this observation, a recent study suggested that the
aﬀordance eﬀect is reduced in high compared to low working memory
conditions (Freeman et al., 2016). Thus, incompatible conditions might
reﬂect also higher working perceptual or memory load, where more
neural resources are necessary to modify the automatized action sequence.
There is a signiﬁcant and interesting diﬀerence between our current
results and the ﬁndings from our previous study where the aﬀordance
task was performed outside the scanner (Yalachkov et al., 2009). In this
study the size of the aﬀordance eﬀect for smoking paraphernalia correlated positively with the fMRI activation of sensorimotor brain regions in smokers as measured in a separate fMRI experiment where
smoking and control cues (pictures depicting people smoking or engaged in neutral activities) were presented. Thus, one could have expected that performing the aﬀordance task inside the scanner would
result in higher fMRI activation of action-related brain regions for the
smoking compatible condition in smokers. While we obtained contrary
results in our current experiment, we do not think that they necessarily
contradict our previous ﬁndings. While in the previous fMRI experiment (Yalachkov et al., 2009) the subjects passively viewed smoking
and control cues, participants in the current study actively performed
the aﬀordance task in the fMRI scanner. Viewing the cues passively
might automatically activate the neural representations of the smokingspeciﬁc action as shown by higher fMRI activation of sensorimotor
brain regions, possibly reﬂecting a greater readiness to trigger the action. In contrast, actually performing an automatized action would
engage less neural resources than performing an untrained action.
A quantitative meta-analysis of multiple fMRI studies has shown
that experts in a speciﬁc activity exhibit greater activation in the precentral gyrus as well as inferior frontal gyrus when compared to novices
when the subjects were only observing the motor task (Yang, 2015).
However, when actually performing the task, brain activation was
stronger for experts only in the inferior parietal lobule, while novices
demonstrated higher fMRI activation in both cerebellum and putamen
(Yang, 2015). Even more interesting is a recent study in patients with
obsessive compulsive disorder (OCD) who share some clinical signs as
well as several pathophysiological mechanisms with addicted patients
(Fineberg et al., 2010; Robbins and Clark, 2015). Here fMRI was recorded both during symptom exposure and avoidance responses (Banca
et al., 2015). After being exposed to individually tailored symptomevoking stimuli, OCD patients could decide to reject the stimuli, which
modelled the behavioral avoidance response. During the decision phase
in between exposure to the stimuli and the actual motor reaction, a
bilateral hyperactivation of the putamen could be observed. However,
this pattern reversed during the avoidance event and the putamen was
deactivated in OCD patients. The results from studies with motor experts and OCD patients suggest that the activation of sensorimotor and
habit-related brain regions depends on the phase of action (observation/stimulus exposure vs. performance/active avoidance) (Banca
et al., 2015). While not completely identical with our experimental
design and subject population, these ﬁndings are strongly supportive of
the interpretation of our results from both our previous (Yalachkov

orientation aﬀordance eﬀect and indicating automatic activation of
corresponding motor representations (Tucker and Ellis, 1998; Vainio
et al., 2007). Furthermore, we replicated the behavioral results from
our previous study, where we found that smoking paraphernalia induced aﬀordance eﬀects in smokers but not in non-smokers (Yalachkov
et al., 2009). When directly comparing smokers and non-smokers, the
aﬀordance eﬀect for control objects did not diﬀer between the two
groups, but was higher for smoking paraphernalia in smokers as compared to non-smokers (Fig. 1B). This eﬀect seems to be mainly driven
by the diﬀerence in non-smokers' aﬀordance index for the two object
categories: while it was positive for control objects (i.e. compatibility
between hand and spatial orientation led to shorter reaction times), it
was close to zero or negative for smoking paraphernalia, implying that
the smoking-related cues were not able to activate any corresponding
motor representations in non-smokers. This could be attributed to the
fact that non-smokers possess only minor or no sensorimotor experience
with smoking-associated objects.
Our analysis revealed reduced fMRI activation for compatible
smoking as compared to compatible control objects in smokers but not
in non-smokers in right primary motor cortex, supplementary motor
area, middle occipital gyrus and bilateral cingulate gyrus (Fig. 2 and
Supplementary Table 1). For the incompatible conditions we observed
the opposite pattern: higher fMRI activation for smoking-related incompatible compared to control incompatible objects in right primary
motor cortex, cingulate gyrus and left fusiform gyrus (Fig. 2). Motor
areas like primary motor cortex and supplementary motor area have
been consistently shown to be activated in response to motor tasks and
action execution (Grafton et al., 1996; Grèzes and Decety, 2001). Furthermore, while primary motor cortex is activated during goal-directed
actions and suggested to be involved in experience-related understanding of actions (Järveläinen et al., 2004), supplementary motor
area is implicated in learning of sequential and visually guided motor
movements (Grafton et al., 1992) and cingulate gyrus is activated in
response to many motor-related tasks such as motor sequence learning
(Jenkins et al., 1994), grasping and pointing (Grafton et al., 1996).
Middle occipital gyrus, a brain region more deeply involved with perceptual processes, is crucial for processing known object manipulations,
such as tool use (Brandi et al., 2014). Fusiform gyrus is involved in
perception and recognition of complex visual stimuli and in the representation of category-speciﬁc information (Logothetis and
Sheinberg, 1996; Ungerleider and Mishkin, 1982). Thus, performing the
orientation aﬀordance task with control objects and smoking paraphernalia activates a network of brain regions important for sensorimotor skills as well as preparation and execution of speciﬁc action
sequences.
Diminished fMRI signals in sensorimotor brain regions have been
observed after extensive object- and action-speciﬁc experience and
have been explained by neural eﬃciency processing resulting in less
neural resources being necessary for performing the respective activity
(Handy et al., 2006; Jancke et al., 2000; Koeneke et al., 2004; Krings
et al., 2000; Naito and Hirose, 2014; Solso, 2006). Similarly, smokers
consume cigarettes on a regular basis and perform the act of smoking
multiple times per day. Apart from the purely sensorimotor training
eﬀect which is built up by performing the same action sequence again
and again, there are also signiﬁcant pharmacological eﬀects of drugs of
abuse on procedural and motor skill learning as well as on neuroplasticity processes, as has been shown for cocaine (Ondracek et al., 2010;
Willuhn and Steiner, 2006, 2009) and might be the case for nicotine
(Batsikadze et al., 2015). Our results suggest that once established,
smoking-speciﬁc automatized action schemata can be triggered by
conditioned cues as shown by the activation of sensorimotor brain regions by smoking cues. Their performance requires less neural resources, indicated by the lower fMRI activation by smoking compatible
as compared to control compatible objects in smokers, thus easily
lowering the threshold for translating the cue-induced activation into
an overt motor action. This mechanism is in accordance with the neural
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One of the limitations of the current study is that the aﬀordance task
is obviously only an indirect approach to measure automatized
smoking. Performing the whole act of smoking (opening the cigarette
package, lighting up a cigarette, etc.) inside the fMRI scanner seems
hardly feasible for technical reasons. Therefore, while we recognize that
the aﬀordance task allows us to investigate the automatized action
sequence of smoking only partially, we believe that it is a reasonable
and valid measure of smoking-related automatized action schemata.
A further limitation of the study is reﬂected by the fact that we did
not provide any measures of relapse risk. This could be addressed in
future studies where the activation of smoking-related automatized
action schemata is measured and then correlated with abstinence rates
in smokers trying to abstain from smoking.
In summary, we provide evidence that executing automatized
smoking-related actions is reﬂected by reduced fMRI activity in sensorimotor brain regions of smokers, similarly to training eﬀects observed in experts who perform or are involved in their ﬁrmly established activities. We believe that this experience-related modulation of
neural representations in smokers should be further studied and tested
as a marker for quantifying the risk for relapse in individuals trying to
abstain from smoking. Furthermore, measuring the activation of these
speciﬁc neural representations might be a valid instrument for supervising and predicting therapy success in treatment programs.
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