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Qualitative poor decision-making and associated altered neuronal activation patterns have been described for the users of several drugs,
amongst others for stimulants like amphetamine and MDMA. Deficits in decision-making might be caused by an augmented attraction to
short-term rewarding properties despite negative long-term consequences, leading to rigid stimulus—response pattems. In the present
imaging study, we investigated decision-making and associated neuronal activation in three groups differing in their exposure to
amphetamine and MDMA. An established paradigm on risky choices was used to evaluate decision-making performance and
corresponding functional magnet resonance imaging (fMRI) activation. Subjects could choose between a low-risk control gamble and an
experimental gamble, which always differed in the probability of winning or losing, as well as the magnitudes of monetary gain or loss.
Experienced users (EU), users with low exposure to stimulants and drug-naive controls, did not differ from each other in behavioral
performance. In accordance with our hypotheses, the anticipation of reward led to an activation of primarily the frontal cortex and the
striatum in low-exposure users and drug-naive controls. In contrast, frontal and parietal activation was observed in all groups when the
actual outcome of an experimental gamble was presented. EU displayed more activation compared to both control groups when there
was a high probability of winning. The study at hand supports the hypothesis that neuronal activation patterns might even differ between
drug users and healthy controls when no behavioral deficits are apparent. In EU, the probability of the occurrence of an event has more

INTRODUCTION

MDMA and amphetamine are illicit substances that are
popular for recreational use among young adults.
These substances, together with methamphetamine, are
usually referred to as amphetamine-type stimulants (ATS)
(UNODC, 2011). Although the psychopharmacological
properties differ substantially between the substances of
this class, they are pooled together for their similarities in
psychotropic effects and purpose of recreational use. Owing
to their stimulating psychological effects, ATS are mainly
associated with the club scene. The concomitant use of
other drugs, primarily other stimulants, alcohol, and
cannabis, is common in this group. Together with environ-
mental factors such as hyperthermia and dehydration, ATS
are assumed to exhibit neurotoxic properties even in
recreational users (Cowan et al, 2003; Daumann et al,
2011; Kish et al, 2010; Koester et al, 2012).
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influence on neuronal activation than on the actual magnitude of reinforcing properties of this event.
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Abnormalities in ATS polydrug users have been described
by structural and functional magnet resonance imaging
(MRI), as well as psychopathological and neuropsychologi-
cal measures (Cowan et al, 2003; Daumann et al, 2011; De
Win et al, 2008; Kish et al, 2010; Koester et al, 2012; Moeller
et al, 2007). Besides the deficits in memory-related
parameters (Becker et al, 2012; Daumann et al, 2005;
Murphy et al, 2012; Wagner et al, 2012) as an assumed
result of hippocampal damage, research on neurocognitive
deficits associated with ATS polydrug use is mainly focused
on poor decision-making (Aron and Paulus, 2007; Quednow
et al, 2007). These substances exhibit strong reinforcing
properties, which, for some recreational users, outweigh
the well-known negative effects of substance use on psycho-
logical wellbeing and cognitive functions. The hypothesis
stands to reason that poor decision-making, compulsive
drug ingestion, and ultimately the development of addiction
are the results of an overly attraction to short-
term rewarding properties despite negative long-term
consequences (Paulus et al, 2003; Schoenbaum et al, 2006;
Smerdon and Francis, 2011). This holds not only for a
model of initiation of drug use, but has also been
demonstrated in  neuropsychological investigations
(Quednow et al, 2007).
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There is little doubt about fronto-striatal circuits having a
pivotal role in pitting the value of potential wins and losses
against their probability of occurrence (Studer et al, 2012).
The evaluation of the risk associated with a certain value of
an anticipated reward has been found to be impaired in
patients with damage to the orbitofrontal cortex and
addicted patients (Rogers et al, 1999). Moreover, psychiatric
patients and recreational as well as addicted polydrug users
have been found to display an attenuated activation of the
nucleus accumbens and mediofrontal regions while expect-
ing a monetary reward (Figee et al, 2011; van Hell et al,
2010). Furthermore, ATS users have been found to make
impulsive decisions when a large reward is presented, even
though this reward is associated with a high risk. Although
MDMA polydrug users learned the reward-contingencies,
they made more disadvantageous choices compared with
drug-naive controls on the Iowa Gambling Task (IGT)
(Hanson et al, 2008; Moeller et al, 2007; Quednow et al,
2007; Schilt et al, 2009).

These effects seem not to be exclusively associated with
ATS use, but have also been described in cocaine (Bolla
et al, 2003) and cannabis (Bolla et al, 2005) users. Paulus
et al (2003, 2005) have also demonstrated that this
performance deficit is accompanied by attenuated activa-
tion of the orbitofrontal cortex, the anterior cingulate, and
the parietal cortex in methamphetamine-addicted patients.
The question remains whether qualitative poor decision-
making is primarily associated with an increased sensitivity
to reward or with a decreased sensitivity to punishment.
Some studies suggest that both reward sensitivity and
diminished responses to threatening consequences may
cause disinhibited and dysfunctional choices and are,
ultimately, a risk factor for the initiation and adherence of
drug use (Bedi et al, 2009; Smerdon and Francis, 2011).

In the present study, we wanted to investigate decision-
making processes in three groups of subjects who differ in
the amount of ATS they use. To do so, we used an
established fMRI paradigm to measure the impact of
varying magnitudes and probabilities of an anticipated
monetary gain or loss on the blood-oxygen level-dependent
(BOLD) signal (Rogers et al, 2003, 2004). Compared with
the other decision-making tasks, the task at hand had the
advantage to evaluate decision-making processes apart from
learning capabilities, excluding the possibility of memory-
related confounders.

This decision-making task was applied to a group of
experienced users (EU), a group with low exposure to ATS
and drug-naive controls. The inclusion of a group with little
exposure to these substances was a unique feature of the
study at hand. On one hand, it enabled us to better control
for confounding variables such as concomitant cannabis
use,whereas on the other hand, it potentially revealed hints
toward the answer to the question whether the findings
reported for ATS users are rather a cause or consequence
for drug use. Based on the literature, it was hypothesized
that EU take more risky decisions compared with low-
exposure users (LEU) and drug-naive controls. Further-
more, we expected that striatal and frontal areas are
activated during the decision phase in all groups, but that
EU display an attenuated BOLD-signal during high-risk
decisions compared to LEU and drug-naive controls in
mediofrontal areas.
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MATERIALS AND METHODS
Subjects

Fifteen drug-naive controls (C), eighteen LEU, and fifteen
EU were enrolled in the study. All participants had to be at
least 18 years old. Drug-naive controls had no experience
with illicit substances. Low exposure to ATS was defined as
up to five pills of MDMA and/or 5g of amphetamine
lifetime consumption. EU were included if they at least
consumed 100 doses of MDMA and/or 50 g of amphetamine
in their lives. Overall dosages of substances used were
approximated, using a dosage of 200 mg amphetamine as a
reference for a single dose. The use of methamphetamine
was absent in the present sample. All participants used
MDMA in the form of pills orally, or ingested amphetamine
as powder nasally. Owing to the frequent concomitant use
of marijuana in the sample, the use of cannabis was allowed
for the two ATS-experienced groups until one day prior to
imaging. On the study day, urine samples were screened for
amphetamines, methamphetamines, cocaine, cannabis,
benzodiazepine, barbiturates, and opiates (enzyme-multi-
plied immunoassay, von Minden GmbH). All participants
were required to stay abstinent from any legal or illegal
psychotropic substance or medication 7 days prior to
imaging. Randomly taken hair samples by the Institute of
Legal Medicine of the University of Cologne confirmed self-
reported quantity of substance use in the preceding year by
comparing hair samples to drug use questionnaires.

The presences of psychiatric and neurological disorders,
pathological abnormalities, as well as all contraindications
to MRI were exclusion criteria. Furthermore, participants
were not allowed a positive drug screen on the day of the
study with the exception of cannabis. Subjects with current
or previous alcohol abuse or dependence (according to
DSM 1V criteria), and subjects with a regular use of other
illicit drugs (regular was defined as use once a month or
more often over 6 months or longer over the past 2 years)
were not included in the study. Following a detailed
description about the study, written informed consent was
obtained from all participants. Subjects had the assurance
that they could withdraw from the study at any time without
having to explain the reasons and received a payment for
their participation. The present study was approved by the
local ethics committee and is in accordance with the
declaration of Helsinki.

Statistical Analysis of Demographic Characteristics and
Behavioral Measures

All demographic and behavioral data were analyzed using
IBM SPSS Statistics 19. Demographic sample characteristics
and drug use patterns were analyzed by means of analysis of
variance (ANOVA), Mann-Whitney U-test, and XZ test. The
analysis of task-related behavioral measures was performed
with repeated measures ANOVAs. The proportion of trials
on which the participants chose the experimental gamble
over the control gamble was computed for each condition.
An arcsine transformation was applied to each condition of
the proportionate choices for the experimental gambles,
which is appropriate whenever the variance of a measure is
proportional to the mean. Using this method, trials in which
the participant did choose the control gamble added to the



mean as a zero, thereby alleviating the problem of missing
values in the repeated measures’ analysis. These arcsine-
transformed proportions served as dependent variables. A
repeated measures ANOVA was applied to these variables
with group (controls, LEU, and EU) as between-subject
factors and conditions (probability of winning, possible
gain, and possible loss) as within-subject factors.

(HMRI Image Acquisition

Echo planar imaging (EPI) images were acquired on a 3
Tesla Siemens Magnetom Trio with a standard quadrature
head coil. The parameters for 1022 functional volumes were:
voxel size of 3, 3 x 3, and 3 x 4mm, TR of 2000 ms, TE of
80 ms, field of view (FoV) 210 mm, a matrix size of 647 and
a flip angle of 10°. To improve the coregistration of
functional images to the standard brain, additionally T1-
weighted images were obtained with parameters of: voxel
size 1 x 1 x 1.3, TR of 2000 ms, TE of 5.8, and a flip angle of
18°. Local field inhomogenities were accounted for by
means of field map reconstruction.

Paradigm

The paradigm was adopted from Rogers et al (2003, 2004).
The decision-making task can be divided into two phases.
In the decision-phase, subjects were shown two histograms
depicting two gambles that differ in the amount and
probability of winning or losing a certain amount of money
(see Figure 1). One of these gambles was always a control
gamble where subjects have a 50% chance of winning or
losing a small amount (10 ct) of money. For the
experimental gamble, there was either a high (75%) or
low (25%) chance of winning or losing a high (80 ct) or low
(20 ct) amount of money. Thus, in the decision-phase, the
participant always chooses a gamble based on the incentive
magnitude and the probability of winning. In each trial, the
participant had to choose between an experimental and
control gamble within 4s, which were presented randomly
on either the left or right side of the screen. If the
participant did not press any button, he was encouraged to
focus the attention on the game after these 4s. Trials in
which the participant gave no response did not enter the
analysis. In the outcome-phase, a green upward arrow or
red downward arrow, and the amount of credit points were
displayed to indicate whether the participant won or lost the
gamble, followed by a feedback on how many credit points

Figure | This example depicts a control gamble (left) with a 50%
chance of winning (‘Gewinne’) or losing (‘Verluste’) 10 ct, and an
experimental gamble (right) with a chance of 75% to win 80 ct and a
25% chance to lose 20 ct.
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the participant has gathered overall. This phase lasted for
4s. Altogether, seven blocks, each containing 20 gambles,
were presented. In each block, the subject started with 100
credit points. The task was programmed and presented with
Presentation Software (Neurobehavioral Systems). Before
the scanning session, participants were given a brief
sequence of practice trials to assure that they understood
the task. The total duration of the task was ~ 20 min.

Statistical Analysis of fMRI Data

The analysis of the fixed interval event-related design was
carried out using FEAT 5.98, part of FSL (FMRIB Software
Library) (Smith et al, 2004; Woolrich et al, 2009). First, all
functional images were corrected for head motion using
MCEFLIRT (Jenkinson et al, 2002), fieldmap reconstruction,
and slice time correction. Mean displacement must not have
exceeded 1.5mm. Additionally, displacement graphs have
been inspected visually to exclude the possibility of rapid
head movements distorting the results. In the following, the
skull has been removed using BET (Smith, 2002). Field
inhomogenities were accounted by field map reconstruc-
tion. A coregistration of functional images and individual
T1-weighted images, and the registration of this structural
image to the Montreal Neurological Institute 152 (MNI 152)
facilitated a valid reconstruction of specific activated brain
regions. Spatial smoothing of functional images was applied
with a smoothing kernel of 8mm full width at half
maximum (FWHM).

Time-series statistical analysis was carried out using
FMRIB’s Improved Linear Model (FILM) with local auto-
correlation correction (Woolrich et al, 2001). Z-statistic
images were thresholded using clusters determined by
Z>23 and a corrected cluster significance threshold of
p=0.05 (Worsley et al, 1992). Registration to high resolu-
tion and/or standard images was carried out using FLIRT
(Jenkinson et al, 2002; Jenkinson and Smith, 2001). FMRIB’s
Local Analysis of Mixed Effects-1 (Flame 1) was used for
modeling and estimating the inter-session random-effects
component of the mixed-effects variance. Additionally, in
fMRI, higher level group comparisons were modeled by
means of ordinary least square (OLS), which is less accurate
compared with FLAME, but also more liberal regarding the
first-level variances. Correlations between first-level activa-
tion and the most important drug use parameters were
calculated for low exposure and EU. Years of education was
added as a covariate to group all the statistics.

Each condition was defined of either belonging to a
decision-phase or outcome-phase. The decision-phase
started with the presentation of the gamble and lasted for
4s. The outcome-phase began with the presentation of the
arrow, indicating whether the subject won or lost the
gamble and lasted till the presentation of an overall score of
credit points. Two models were set up separately to analyze
the BOLD signal for different trial types in the first level
analysis. Using only one model, several trials would have
been defined belonging to two different conditions simulta-
neously. In the first model, the effects of high vs low
probability of winning, positive vs negative outcome, an
overall measure for probability of winning vs control, and
the overall effect of outcome vs control were analyzed for
each subject. In the second model, anticipation high gain vs
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low gain and high loss vs low loss, the actual positive and
negative feedback, as well as an overall measure of all
experimental trials vs all control trials were analyzed. In the
following, the two models were processed separately; no
inferences were made between the two analyses.

Thus, effects of a specific condition were calculated by
subtracting both trial types within one model (high/low;
experimental/control) belonging to this condition (eg, low
probability of winning—high probability of winning for the
effects of low probability and vice versa). In the following,
‘neuronal activity’ refers to an elevation of the BOLD signal.

RESULTS
Demographic Characteristics and Drug use Patterns

The results are summarized in Table 1. All Groups were
comparable in terms of age (p=0.089) and gender
distribution (p =0.907). However, drug-naive controls had
significantly more years of education compared with LEU
(p=0.037) and EU (p=0.008). Virtually, all participants
were polydrug users. Imaging group effects were not
affected by differentially distributed (sub) acute effects of
cannabis use, as LEU and EU did not differ with respect to a
positive screening of recent cannabis use (Mann-Whitney
U=127.5; p=0.789).

As can be seen in Table 2, both the ATS-using groups did
differ from each other with respect to specific MDMA and
amphetamine use patterns, but not with respect to cannabis
use patterns.

Behavioral Measures

Detailed performance data are presented in Table 3. Trials
in which participants did not respond did not enter the
analyses. Drug-naive controls did not respond in 0.8% of
the trials. LEU and EU missed 1.7 and 1.5% of the trials,
respectively. This difference between the three groups was
statistically not significant ((F (1, 45) =0.96, p =0.39)).
Although drug-naive controls chose significantly fewer
experimental gambles (mean: 444) compared with LEU

Table I Demographic Characteristics of the Investigated Sample

(mean: 516) and EU (mean: 50,7) (F (1, 45)=3.829,
p=0.029), all groups won a comparable amount of money
(F (1, 45)=0.446, p=0.643). All groups chose more
experimental games when the probability of winning was
high (F (1, 45) =661.3, p>0.001), the possible gains were
high (F (1, 45) =102.0, p>0.001), and the possible losses
were low (F (1, 45) =112.9, p>0.001). Groups did not differ
from each other with respect to the number of decisions for
one specific trial (probability: F (1, 45) =0.791, p =0.460;
possible gain: F (1, 45) = 1.523, p = 0.229; possible loss: F (1,
45) =0.191, p =0.827). The groups were also comparable in
terms of deliberation time when choosing an experimental
gamble (F (1, 45) =0.03, p=0.971). All participants reacted
faster when they chose a control game compared with when
they chose an experimental game (F (1, 45)=9.55;
p=0.003). However, the interaction effect of deliberation
time with game type and group did not reach significance
(F (1, 45) =3.05, p=0.057).

fMRI Between-Group Effects

All relevant between-group statistics acquired using OLS are
summarized in Table 4. Main findings are additionally
displayed in Figure 2. Modeling the higher-level analysis
with FLAME did not reveal any significant group differences
between EU, LEU, and drug-naive controls. As the lack of
significant group differences was most probably associated
with a high variance in the first-level analyses, we decided to
additionally perform a higher-level model using OLS. This
analysis revealed significant group differences for two
conditions. When an experimental gamble was associated
with a high gain, LEU, and drug-naive controls displayed a
higher BOLD signal in the lateral frontal cortex compared
with EU. In contrast, when the probability of winning was
high, the right parietal lobe showed more activation in
experienced and LEU compared with drug-naive controls.
Correlational analyses within the fMRI-design did not reveal
any association between the BOLD signal, years of
education, and the age of all participants. Further correla-
tional analyses were performed with the time elapsed since

Characteristics Controls (n=15) Low exposure (n=18) Experienced (n=15) FIu®P P
Present age 2647 (£4.21) 22.89 (+£4.07) 2560 (+£6.0) 2.56° 0.089
Gender (male: female) 9:6 12:6 10:5 0.375° 0.829
Education 17.50 (£2.78) [5.13 (£251) 1447 (£2.02) 5.87° 0.006
Experience with

MDMA 0 18 I5 135.000° 1.000

Amphetamine 0 17 I5 127.500P 0.789

Cannabis 0 18 15 135.000° 1.000
Last use of

MDMA (days) — 930.65 (1094.607) 32.87 (44.346) 20° <0.001

Amphetamine (days) — 380.50 (804.014) 22.60 (28.078) 51.5° 0.002

Aannabis (days) — 79.83 (208.906) 109.69 (211.685) 102° 0.567

F-values with post-hoc test (Scheffé)
®Comparison tested with Mann-Whitney U-test
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Table 2 Specific Drug Use Patterns of Beginning and Experienced Users. t-values were Calculated Using Unpaired t-test; Two-tailed

(df=48)

Specific drug use patterns Controls (n=15) Low exposure (n=18) Experienced (n= 15) (V) P
Lifetime dose MDMA (pills) — 2.65 (£ 1.47) 350.66 (£229.89) 0 <0.001
Lifetime dose amphetamine (g) — 3.12 (1.76) 322.80 (£346.92) 0 <0.001
Lifetime dose cannabis (g) — 793.96 (+986.92) 1018.87 (+ 1386.86) 125.5 0.735
Dose MDMA (pills/occasion) — [.18 (+£0.68) 3.63 (£243) 23 <0.001
Dose Amph (mg/occasion) — 51944 (+£321.36) 926.67 (£510.56) 69 0.016
Dose cannabis (joints/occasion) — 22 (£ 1.62) 25 (£ 1.74) 120.5 0.605

Table 3 Untransformed Number of Proportionate Choices; F and p-values are Derived After Arcsine Transformation and Refer to the

Contrast of High vs Low

Contrast Controls Low exposure Experienced F P
Probability High vs 0.75+0.03 0.79£0.03 0.76 £0.03 515.88 <0.001
low 0.04+ 0.0l 0.12£001 0.13£0.02
Expected gain High vs 0.46+0.02 056001 0.53+0.02 5153 <0.001
Low 0.32+0.02 0.36+0.02 0.37+0.02
Expected loss High vs 0.28+0.03 0.34£003 0.32+003 105.04 <0.001
low 051 +0.02 0.58+0.02 0.59+£0.02

Table 4 Specific fMRI Results. Between-Group Effects Refer to Results Obtained by Applying OLS; Within-Group Effects were Obtained

by Using FLAME

Group Contrast Cluster Voxel P Z max Pe X Y z Location
C>EU High—low possible gain \ 1193 <00l 39 [1.92 —64 -2 28 Frontal lobe, R
LEU>EU High—low possible gain | 1498 <00l 398 18.26 —54 4 36 Frontal lobe, R
EU>C High—low probability \ 728 0.04 4.09 15.44 -32 —58 10 Parietal lobe, R
LEU>C High—low probability \ 1009 <00l 383 9.56 —38 —-42 6 Parietal lobe, R
C Exp—con gamble (decision) | 2804 <00l 423 57.86 6 30 40 Frontal lobe, R
Exp—con gamble (outcome) | 7115 <00l 441 4876 -8 60 10 Frontal lobe, L
Exp—con gamble (outcome) 2 831 <00l 448 -6 —42 36 Parietal lobe, L
LEU Exp—con gamble (decision) [ 5284 <0.0l 4.11 22 44 36 Frontal pole, R
Exp—con gamble (decision) 2 2645 <00l 4.37 3228 — 10 — 14 8 Thalamus, L
Exp—con gamble (decision) 3 1501 <00l 372 —36 —58 48 Parietal lobe, L
Exp—con gamble (outcome) \ 6029 <00l 4.84 3431 — 10 58 -4 Frontal pole, L
Exp—con gamble (outcome) 2 1791 <00l 4.06 56 -32 0 Temporal lobe, R
Low—high probability I 4709 <00l 4.3 22.35 —34 18 -6 Insular cortex, L
Low—high probability 2 1886 <00l 4.0 —30 —60 40 Parietal lobe, L
Low-high probability 3 915 0.03 3.64 34 —56 38 Parietal lobe, R
Low-high probability 4 896 0.03 4.36 34 18 18 Frontal lobe, R
Positive outcome [ 3445 <00l 4.04 15.07 36 —12 52 Frontal lobe,R
EU Positive outcome | 3059 <00l 43 16.6 —4 — 46 38 Parietal lobe, L
Exp—con gamble (outcome) \ 3273 <00l 411 6 66 22 Frontal pole, R
Exp—con gamble (outcome) 2 1739 <00l 443 3213 54 —48 6 Parietal lobe, R
Exp—con gamble (outcome) 3 1089 <00l 4.58 12 —50 34 Parietal lobe, R
Exp—con gamble (outcome) 4 884 0.04 4.15 50 —62 20 Parietal lobe, L

Abbreviations: C, control group; con, control gamble; EU, experienced users; exp, experimental gamble; L, left hemisphere; LEU, low-exposure users; Pe, parameter

estimates; R, right hemisphere.

X, Y, and Z are MNI 152 coordinates of the Z-peak voxel within a cluster.
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Figure 3 fMRI within group effects corrected for multiple comparisons using FALME. The bar indicates the Z-values.

last use of amphetamine, MDMA, and cannabis, as well as
the average amount consumed per occasion and cumulative
lifetime consumption. These analyses did not reveal any
associations with the BOLD signal.

fMRI Within-Group Effects

All relevant within-group statistics acquired using FLAME
are summarized in Table 4. Main findings are additionally
presented in Figure 3. In the decision-phase, a superior
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frontal activation was observed in the ATS-using groups
when participants chose an experimental over a control
gamble. In the same condition, controls additionally
displayed a significant increase in frontal and striatal
activation. When the probability of winning the experi-
mental gamble was low, LEU but not EU displayed an
elevated BOLD signal in striatal areas, as well as the
mediofrontal and parietal cortex. In the outcome-phase, all
three groups displayed a significant BOLD signal of the
parietal and mediofrontal cortex when the outcome of an



experimental gamble was presented compared with when
the outcome of a control gamble was presented. Winning
the experimental gamble led to an activation of the parietal
cortex in EU. LEU additionally displayed a medio-superior
activation while receiving a win. As in the group of EU, a
positive outcome of an experimental gamble was associated
with a mediofrontal and parietal activation. Drug-naive
controls did not display these specific activations.

DISCUSSION

The study at hand investigated behavioral performance and
associated neuronal activation patterns in the two groups of
ATS-polydrug users, and a control group performing a
decision-making task. All groups were comparable in
terms of demographic characteristics, except the years of
education. As cannabis use patterns did not differ bet-
ween the ATS groups, it is unlikely that (sub) acute effects
of marijuana had a major influence in the result of the
present study.

Drug-naive controls chose less experimental gambles
compared with the ATS groups. Overall performance,
assessed with the proportionate choices, deliberation times,
and actual outcome, did not differ between the three groups.
LEU and drug-naive controls, but not EU, displayed an
expected striatal and mediofrontal activation when choos-
ing an experimental gamble over a control gamble.
Furthermore, all groups displayed a medio- and orbito-
frontal activation while perceiving the outcome of their
experimental gamble compared with the control gamble,
irrespective of winning or losing the game. In a second,
more liberal analysis, this effect was different for the three
groups, with drug-naive controls and LEU showing more
frontal activation compared with EU when the associated
win of an experimental gamble was high. In contrast, when
the probability of winning was high, EU and LEU displayed
an elevated activation compared with drug-naive controls.
Correlational analyses in the present study did not reveal
any associations between specific drug use patterns,
behavioral performance, and neuronal activation.

The results of the present study are, for the most part, in
line with our a priori hypotheses and literature on this
topic. A high overlap of our results with other reports and
the fact that despite a priori hypotheses, a whole-brain
analysis was applied, validate the sensitivity of the paradigm
used (Figee et al, 2011; Knutson et al, 2001; Rogers et al,
1999; Tobler et al, 2009; van Hell et al, 2010). In short, the
anticipation of reward primarily activated frontal and
striatal regions, whereas the receipt of reward exclusively
activated orbito- and mediofrontal regions. EU displayed an
attenuated signal both at the anticipation and the actual
receipt of a reward. These results support the hypothesis
that massive ATS polydrug use is associated with functional
alterations of the frontostriatal reward circuitry, whereas
little ATS exposure only has a marginal effects on these
functional parameters. EU did not differ from LEU and
drug-naive controls in terms of behavioral performance.
Thus, although functional alterations were found, these
effects were not detectable in behavioral measures. This
finding might be interpreted in two ways. First, functional
alterations as a result of ATS use might become apparent
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even before qualitative poor decision-making on behavioral
tests. Second, the paradigm at hand was potentially not
specific enough in a way that the gap between risky choices
and save choices was too big to provoke impulsive and risky
decisions in recreational ATS users. Paulus et al (2003)
described rigid stimulus-response patterns and a reduction
of mediofrontal activation in methamphetamine subjects
performing a decision-making task where there was no
monetary loss possible (Paulus et al, 2003). Accordingly, the
lack of behavioral differences in the present study might be
caused by adaptive processes, whereby ATS users give
cautious responses and thereby do not differ from the
control groups.

It is difficult to interpret the results solely in terms of an
overly attraction to reward or a reduced sensitivity to
punishment. The attenuated frontal signal of EU despite
normal performance might reflect a rigid stimulus-response
pattern, which does not differ from controls on a behavioral
level. In the same manner, the parietal activation of EU
when the probability of winning was high might reflect an
elevated attentional focus on processes corresponding to the
actual availability of a reinforcer, in this case the win of the
gamble. This hypothesis is supported by literature on the
involvement of the parietal cortex in ATS users performing
a decision-making task. It is hypothesized that the parietal
cortex is associated with risk-taking behavior (Paulus et al,
2005), as well as executive and inhibitory processes
associated with decision-making (Aron and Paulus, 2007;
Roberts and Garavan, 2010). Therefore, the group analyses
support the hypothesis that a high probability of winning a
gamble recruits more neuronal activation than the actual
height of a possible win in EU.

Although fMRI studies mostly demonstrate an attenuated
activation of frontostriatal circuits in drug abusers perform-
ing a decision-making task, reports on qualitative deficits in
behavioral performance are highly inconsistent and might
therefore be associated with task- and sample character-
istics. Poor decision-making has been demonstrated in ATS,
opiate, and marijuana users (Bolla et al, 2005; Rogers et al,
1999; Schilt et al, 2009). However, other reports did not
report any performance deficits in cocaine abusers
(Bolla et al, 2003), subjects at high risk for alcoholism
(Cservenka and Nagel, 2012), and MDMA users (Ersche
et al, 2005), despite fMRI activation patterns comparable to
the present study.

Beside a high overlap with other fMRI studies on
decision-making, the results of the present study are also
in line with reports on structural deficits in ATS polydrug
users (Cowan et al, 2003; Daumann et al, 2011; Kish et al,
2010; Koester et al, 2012). A decrease in gray matter volume
(Daumann et al, 2011) and a thinning of the cerebral cortex
(Kish et al, 2010; Koester et al, 2012) have been described
primarily in the orbito- and mediofrontal cortex, as well as
the parietal cortex of MDMA and amphetamine users
(Cowan et al, 2003). Although the exact mechanisms of
neuronal degeneration are not yet fully understood, drug-
induced changes in synaptic strength and structure have
been proposed (Hutton et al, 2009). Furthermore, cellular
adaptations in dopaminergic and/or glutamatergic projec-
tions as a result of chronic drug use have been proposed to
underlie alterations in OFC (Schoenbaum and Shaham,
2008; Volkow et al, 2009). Owing to this overlap of
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functional and structural imaging results, the hypothesis
substantiates that alterations on a neuronal basis might
even influence functional characteristics of the investigated
circuits.

The reward circuitry, which, amongst other regions,
encompasses the orbito- and mediofrontal cortex and the
lateral striatum, has not only been identified as a core
region for decision-making, but has also been ascribed a
major role in models of addiction (Koob and Simon, 2009;
Schoenbaum et al, 2006). The frontal cortex is important for
salience attribution, and processing information on reward-
ing and punishing properties of stimuli (Roesch and Olson,
2004; Rolls, 2004). The reinforcing properties of ATS are
mainly mediated by an elevated dopamine release in the
nucleus accumbens. During the transition from recreational
use to addiction, the activation of the lateral striatum
diminishes and thereby reduces the importance of the
reinforcing properties. Simultaneously, the prefrontal cor-
tex has been found to become hypersensitive to the
prediction of the occurrence of rewarding properties
(Kalivas and Volkow, 2005). The results of the present
study are in line with this model, as EU did not display
NAcc activation while choosing an experimental gamble,
showed an attenuated signal compared with the other
groups when a high gain was anticipated and an elevated
signal compared with the other groups when the probability
of winning was high. Therefore, the changes of signal in this
circuitry might not only account for models of addiction
but might also be associated with poor decision-making of
ATS wusers in general (Schoenbaum et al, 2006). The
hypothesis of rigid stimulus-response behavior does not
exclude the possibility of an altered sensitivity to reward
and punishment in ATS polydrug users. Rather it might
reflect different stages of addictive behavior, with an
elevated sensitivity leading to drug use in the first place
which, in turn, results in a rigid behavior where the
reinforcing properties itself become less important than the
reduction of craving symptoms (Kalivas and Volkow, 2005).
Still, despite a well fit between models of addiction and poor
decision-making, and a high overlap between functional
and structural imaging results, these data give no informa-
tion whether the findings are rather a cause or consequence
of drug initiation and adherence. The same holds for the
results of the present study, which either might be
interpreted as a drug induced alteration of reward circuits,
or as a vulnerability to drug use in the first place.

Several limitations are inherently linked to this natur-
alistic design of the study. First of all, we cannot exclude
pre-existing group differences. Despite a thoughtful and
throughout acquisition of demographic data and drug use
patterns, interactive effects between the substances cannot
be disentangled. In this context, all subjects in the ATS
groups were polydrug users. Results of the present study
therefore cannot be linked to the effects of one specific
substance or interaction effects between substances. How-
ever, the aim of the investigation was to study the effects of
decision-making in typical ATS users, which are commonly
polydrug users. Another limitation of the present study is
associated with the lack of data concerning specific alcohol
and nicotine consumption patterns. Alcohol and nicotine
use have repeatedly been associated with reduced gray
matter volume and cortical thickness in the prefrontal
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cortex and the dorsal ACC (Gallinat et al, 2006; Kuhn et al,
2010; Lawyer et al, 2010; Mechtcheriakov et al, 2007). If the
consumption patterns differed between the groups, this
might have affected the results of the present study.

There are also limitations associated with the applied
paradigm and fMRI acquisition. A significant problem with
the paradigm used was the fact that the two event types,
probability, and incentive magnitude, always occur simul-
taneously, and therefore cannot be analyzed separately.
Thus, we cannot guarantee that these factors are truly
separate, and future studies will need to dissociate them
decisively to determine the extent of their possible
colinearity. Furthermore, the high variability of activation
patterns in the first-level analysis is most probably the cause
of missing group statistics in the FLAME analysis and the
absence of correlational results between activation patterns
and drug-use characteristics. However, the imaging results
of the present study are considered to be valid as statistic
thresholds, smoothing and correction for multiple compar-
isons were chosen conservatively.

Future work might shed more light on parallels between
models of addiction and decision-making under laboratory
setting. Sensitive designs are needed to detect a threshold
where poor performances on decision-making tasks become
apparent, and to detect how these findings translate into
functional alterations in the reward circuitry. A thorough
acquisition of further neuropsychological data and psycho-
pathological diagnostics should accompany research on this
topic. Especially, measures on impulsivity might provide
important information on decision-making differences
between ATS polydrug users and drug-naive controls.
Besides the evaluation of decision-making using positive
reinforcement by means of monetary gain, a model
implementing negative reinforcement might match better
to current models of addiction. However, both suggestions
are practically difficult to implement.

CONCLUSION

The study at hand supports the hypothesis that heavy ATS
use is associated with altered neuronal activation patterns.
A reduction of frontal and striatal, and an elevation of
parietal activation were found in EU compared with LEU
and drug-naive controls for different trial types. Based on
the BOLD signal, the hypothesis stands to reason that EU,
and probably even addicted subjects, might be primarily
attracted by the availability of a reinforcer compared to the
magnitude of reinforcing properties of this stimulus.
Activation patterns were found to be altered in EU despite
a behavioral performance comparable to LEU and drug-
naive controls. The dissociation of behavioral and neuronal
alterations of the frontostriatal reward circuitry might not
only give valuable information regarding decision-making,
but also contribute to the understanding of compulsive drug
use in the first place.
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