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Background:  Substance  dependence  is  associated  with  impaired  decision-making  and  altered  fronto-
striatal-limbic  activity.  Both  greater  and  lesser  brain  activity  have  been  reported  in  drug  users  compared
to controls  during  decision-making.  Inconsistent  results  might  be  explained  by  group  differences  in
the  temporal  profile  of  the  functional  magnetic  resonance  imaging  (fMRI)  response.  While  most  pre-
vious  studies  model  a canonical  hemodynamic  response,  a finite  impulse  response  (FIR)  model  measures
fMRI  signal  at discrete  time  points  without  assuming  a  temporal  profile.  We  compared  brain  activity
during  decision-making  and  feedback  in  substance  users  and  controls  using  two models:  a  canonical
hemodynamic  response  function  (HRF)  and  a FIR  model.
Methods:  37 substance-dependent  individuals  (SDI)  and  43 controls  performed  event-related  decision-
making  during  fMRI  scanning.  Brain  activity  was compared  across  group  using  canonical  HRF  and  FIR
models.
Results:  Compared  to  controls,  SDI  were  impaired  at decision-making.  The  canonical  HRF  model  showed
that  SDI  had  significantly  greater  fronto-striatal-limbic  activity  during  decisions  and  less activity  during
feedback  than  controls.  The  FIR  model  confirmed  greater  activity  in  SDI  during  decisions.  However,  lower
activity  in  SDI  during  feedback  corresponded  to a lower  post-stimulus  undershoot  of  the  hemodynamic

response.
Conclusions:  Greater  activity  in  fronto-striatal-limbic  pathways  in SDI  compared  to  controls  is consistent
with  prior  work,  further  supporting  the hypothesis  that  abnormalities  in  these  circuits  underlie  impaired
decision-making.  We  demonstrate  for the first  time  using  FIR  analysis  that  lower  activity  during  feedback
may  simply  reflect  the  tail end of  the hemodynamic  response  to  decision,  the  post-stimulus  undershoot,
rather  than  an  actual  difference  in feedback  response.
. Introduction

Substance dependent individuals (SDI) display deficits in
ecision-making. One of the most consistently observed effects

s poor performance relative to healthy controls on the Iowa
ambling Task (IGT; Bechara et al., 2001; Grant et al., 2000;
erdejo-Garcia et al., 2006) which was developed to measure

ecision-making under conditions of uncertainty (Bechara et al.,
994). Drug users preferentially choose options yielding immedi-
te large rewards despite long-term losses over options yielding

∗ Corresponding author at: Department of Radiology, Mail Stop C278, 12700 E.
9th Avenue, Aurora, CO 80045, USA. Tel.: +1 303 724 3768; fax: +1 303 724 3795.
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© 2014  Elsevier  Ireland  Ltd.  All  rights  reserved.

immediate small rewards that result in long-term gains. In a mod-
ified version of the IGT designed to remove potential confounds
of search strategy, Thompson et al. (2012) found deficits in avoid-
ance learning in SDI; patients did not learn to avoid losing decks
in order to minimize losses. Such results may  be clinically rele-
vant because deficits in learning to avoid bad choices may lead to
long-term negative outcomes and increase relapse risk.

Poor performance of SDI on the IGT is associated with altered
activity in the orbital-frontal cortex (OFC), striatum, and ante-
rior cingulate cortex (ACC), areas important for processing habit
learning, reward, and emotional stimuli (Tanabe et al., 2013;

Verdejo-Garcia et al., 2006; Wesley et al., 2011). Positron emission
tomography (PET) studies have shown that, compared to con-
trols, SDI have greater OFC activity during decision-making (Bolla
et al., 2003; Ersche et al., 2005). Given the importance of OFC in

dx.doi.org/10.1016/j.drugalcdep.2013.12.024
http://www.sciencedirect.com/science/journal/03768716
http://www.elsevier.com/locate/drugalcdep
http://crossmark.crossref.org/dialog/?doi=10.1016/j.drugalcdep.2013.12.024&domain=pdf
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2.5.1.1. First level model. fMRI data analysis consisted of filtering low frequency
noise, correcting for temporal autocorrelation, and convolving the stimulus function
with a canonical HRF. Nine conditions were modeled: decision and outcome for each
D.J. Yamamoto et al. / Drug and Al

eward processing and adaptive learning (Schoenbaum et al., 2009;
suchida et al., 2010), the PET studies suggest that portions of the
eural systems underlying these processes are altered in SDI.

A drawback of PET imaging is the relatively low temporal
esolution as compared to fMRI. It is not possible to separately mea-
ure brain activity during the early compared with late phases of
ecision-making. In contrast, event-related fMRI can model brain
ctivity during different phases of the decision-making process. By
nserting a delay between the decision and outcome, investigators
ave separated neural activity during these phases of the decision-
aking process (Hyatt et al., 2012; Jia et al., 2011; Nestor et al.,

010; Wesley et al., 2011). One study showed greater striatal activ-
ty in drug users compared to controls during the early phase of
ecision-making, suggesting that drug users had a heightened sen-
itivity to reward anticipation (Nestor et al., 2010). Others found
o group differences in striatal activity during the early phase of
ecision-making (Bjork et al., 2008; Jia et al., 2011). Results have
lso been inconsistent for the feedback phase. Compared to con-
rols, drug users showed less activity in striatal-limbic regions
uring feedback (Hyatt et al., 2012; Nestor et al., 2010; Wesley
t al., 2011), suggesting that drug users have less sensitivity to
eward outcomes. In contrast, other studies report greater striatal
nd insula activity in drug (Jia et al., 2011) and alcohol (Bjork et al.,
008) users compared to controls during outcomes, suggesting the
pposite possibility, namely that drug users have greater sensitiv-
ty to reward outcomes. Clearly, there is a need to reconcile these
ifferences in direction of activity across groups.

One possible source of this inconsistency may  be differences in
he temporal profile of the fMRI signal between the groups. fMRI

odels deconvolve the blood-oxygen-level-dependent (BOLD) sig-
al associated with different phases of decision-making. Generally
his is accomplished by temporal jitter, in which varying time
elays are imposed between the different phases. While jitter

mproves the ability to resolve the brain response during different
hases of the decision-making process, there are some tradeoffs.
irst, jittering lengthens scan time, which can necessitate reducing
he number of trials leading to a decrease in power. Second, since
eedback must follow decision there is always an effective corre-
ation between them. Third and perhaps most important, the time
llotted to make a decision influences task performance (Cella et al.,
007). For the IGT, longer decision times introduce a bias toward
eliberative and explicit cognitive processing when, in fact, implicit
motion-based processes are thought to underlie the sensitivity of
he task.

To determine if the temporal profile of neural activity during
mplicit decision-making differs between SDI and controls, we  had
oth groups perform a modified IGT in the magnet and analyzed the
ata using a canonical hemodynamic response function (HRF) and

 finite impulse response (FIR) model. A FIR model has been used
o characterize the onset and shape of the fMRI signal and makes

inimal assumptions about the hemodynamic response (Lindquist
t al., 2009; Pomares et al., 2013; Reynolds et al., 2006). Here, the
wo complementary models determine not only whether there are
ifferences in the degree of neural activity (as provided by the HRF
pproach) but also whether there are differences in the temporal
rofile of those responses (as provided by the FIR approach). To the
est of our knowledge, no study has yet used FIR and HRF models in
arallel to examine brain response during implicit decision-making

n substance dependence.

. Methods
.1. Subjects

Ninety-nine subjects were recruited for this study. Four substance dependent
ndividuals (SDI) and 15 controls were excluded for head motion exceeding 2 mm.
ata are reported on 37 SDI (18M/19F) and 43 controls (23M/20F). SDI with DSM-IV
Dependence 136 (2014) 108–114 109

stimulant (cocaine and/or amphetamine) dependence were recruited from a resi-
dential treatment program at the University of Colorado Denver Addiction Research
and Treatment Service. SDI were abstinent an average of 14 months (mean = 14
months, range = 2–65, standard deviation = 14.33). Control subjects were recruited
from the community and excluded for abuse or dependence on any substance
other than tobacco. Six controls were dependent on tobacco. Exclusions for all sub-
jects included neurological illness, schizophrenia, bipolar disorder or current major
depression (within last 2 months), prior significant head trauma, or IQ ≤ 80. All par-
ticipants provided written informed consent approved by the Colorado Multiple
Institutional Review Board.

2.2. Behavioral measures

2.2.1. Screening assessment. Drug dependence was  assessed in SDI  and controls
using the computerized Composite International Diagnostic Interview-Substance
Abuse Module (CIDI-SAM; Cottler et al., 1989). DSM-IV dependence diagnoses were
determined for amphetamine, cocaine, marijuana, alcohol, tobacco, hallucinogens,
opioids, inhalants, sedatives, club drugs, and phencyclidine. Controls were excluded
if  they met  criteria for dependence on any substance other than tobacco. The Com-
puterized Diagnostic Interview Schedule-Version IV (C-DIS-IV) was given to exclude
schizophrenia, bipolar disorder, and current major depression (<2 months). IQ < 80
was  exclusionary (Wechsler Abbreviated Scale of Intelligence, 2-subtest version;
Psychological Corporation, 1999).

2.2.2. Modified Iowa Gambling Task. Subjects played a modified version of the Iowa
Gambling Task during fMRI scanning as described previously (Thompson et al.,
2012). Subjects were shown 4 decks of cards and instructed to try to earn as much
money as possible. For each trial, the computer selected a deck and subject was
asked to “Play” or “Pass” by pressing the appropriate response button. If subject
chose “Play” the outcome showed a single positive or negative monetary value,
along with the running total. If subject chose “Pass” the running total remained
the same. The decks were balanced in their frequency and magnitude of gains and
losses. To perform well, subjects had to learn to “play” on the two good decks that
resulted in net gain and “pass” on the two bad decks that resulted in net loss over
time. Importantly, “Pass” was not the default response if subject failed to respond;
rather, a null response was  recorded thus enabling us to measure subjects’ decisions
to  deliberately pass on certain decks. To encourage implicit over explicit decision-
making (Cella et al., 2007), the subject was given 2 s to make a decision, followed
immediately by feedback of 4 s duration. Sixty-five 6-s fixation trials were inter-
spersed throughout the task. Each deck was presented 50 times for a total of 200
trials in pseudorandom order. Total task scan time was 26 min, divided into 2 runs of
13  min  each. The task was  programmed in E-prime 2.0 (Psychology Software Tools,
2010).

2.3. MRI acquisition

Images were acquired on a 3.0 T scanner (General Electric, Milwaukee, WI)  with
an  8-channel head coil. Functional images were acquired with gradient-echo T2*
blood-oxygenation-level-dependent (BOLD) contrast, with TR 2000 ms,  TE 30 ms,
field-of-view 220 mm2, 64 × 64 matrix, 35 slices, 3 mm thick, 1 mm gap. Head
motion was  minimized using a VacFix head-conforming vacuum cushion (Par Sci-
entific A/S, Odense, Denmark). MR-compatible goggles were used for visual stimuli
and responses recorded with a 2 button response device.

2.4. Pre-processing

The first three image volumes from each run were excluded for saturation
effects. Data were processed and analyzed using SPM8 (http://www.fil.ion.ucl.ac.uk/
spm/software/spm8/). Functional data were realigned to the first volume. Data
were excluded for head motion exceeding 2 mm.  Realigned images were normal-
ized to Montreal Neurological Institute (MNI) space. Data were smoothed with a
6  mm full-width-half-maximum Gaussian kernel. Final smoothness of the data after
pre-processing was  8.2 mm × 8.4 mm × 7.9 mm and was used in the Monte Carlo
simulations to determine cluster-wise corrected threshold levels.

2.5. fMRI data analysis

2.5.1. Canonical hemodynamic response function (HRF).
of  the four decks plus fixation. We defined the early phase of the decision as the first
2  s of the task, when the computer selected a card from a specific deck and subject
was  required to play or pass. Outcome was  defined as the 4 s when feedback was
given (win, lose, or no change). Two contrast maps were generated for each subject
(decision > fixation and outcome > fixation).

http://www.fil.ion.ucl.ac.uk/spm/software/spm8/
http://www.fil.ion.ucl.ac.uk/spm/software/spm8/
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Table 1
Substance dependence diagnoses in SDI (n = 37).

Number with
diagnosis

Percent with
diagnosis

Stimulants 37 100
Nicotine 26 70
Alcohol 27 73
Opioids 10 27

trols, SDI had significantly less activity in the bilateral striatum, and
right ACC. Table 2 lists significant clusters for the contrast of con-
trol > SDI. There were no supra-threshold clusters for the contrast
of SDI > control.
10 D.J. Yamamoto et al. / Drug and Al

.5.1.2. Second level model. Contrast maps for ‘decision > fixation’ and ‘out-
ome > fixation’ were brought to the second level and analyzed using region-of-
nterest and whole brain analyses.

.5.1.3. Region-of-interest (ROI). Five anatomically-defined ROIs were evaluated
ased on literature implicating fronto-striatal-limbic circuits in IGT performance (Li
t  al., 2010; Tanabe et al., 2013; Verdejo-Garcia et al., 2006): ventral striatum (VST),
orsal striatum (DST), orbitofrontal cortex (OFC), insula, and anterior cingulate cor-
ex (ACC). VST and DST were manually drawn (Mawlawi et al., 2001) and separated
ue  to distinct roles of DST in habitual behaviors and VST in reward-related behav-

ors. We used the automated anatomical labeling atlas (AAL) (Tzourio-Mazoyer et al.,
002) to define OFC, insula, and ACC. ROIs were created using the WFU  Pickatlas
Maldjian et al., 2004). Time series data were extracted for each ROI for each subject
sing Marsbar (Brett et al., 2002 [abstract]) toolbox in SPM8.

.5.1.4. Whole brain. Whole brain group comparison was conducted using a 2-
ample t-test with education as a covariate, as controls were more educated than SDI.
tatistical threshold was set at p < 0.01 cluster-corrected for multiple comparisons,
oxel level p < 0.005. Cluster correction corresponded to 35 voxels based on 10,000
onte Carlo simulations using AlphaSim in AFNI (http://afni.nimh.nih.gov/afni/).

.5.2. Finite impulse response (FIR).

.5.2.1. First level model. To characterize the temporal profile of the BOLD
esponse, we analyzed the time series data using a FIR model (SPM8 Manual,
ttp://www.fil.ion.ucl.ac.uk/spm/). Unlike the canonical model, FIR does not con-
olve the stimulus function; rather it uses a linear model to directly estimate the
iming and shape of the BOLD response. FIR estimates of the event-related hemo-
ynamic responses were calculated for each subject, with onset being the start
f  decision. Average signal intensity was estimated at each of 10 time bins with
n  interval of 2 s (corresponding to the TR) starting with trial onset (time 0). The
stimated response was  extracted for each time bin in each subject and for each
OI.

.6. Statistical analyses

.6.1. Demographic and behavioral data. Demographic and behavioral data were
ested for normality and analyzed with 2-tailed t-tests, ANCOVA with education as
he covariant, or chi-square, for continuous and categorical variables, respectively.

.6.2. ROI. For each ROI, beta-values from the canonical model were compared
cross group using a 2-sample t-test, adjusting for education. From the FIR model,
eak stimulus response (7 second time bin) and post-stimulus undershoot (13 sec-
nd time bin) were extracted for each subject. The peak and undershoot were
orrelated using Pearson-R across and within group.

.6.3. Modified Iowa Gambling Task performance. Based on a prior study show-
ng that avoidance learning (pass on bad decks) distinguished SDI from controls
Thompson et al., 2012), the dependent variable was passes on bad decks. ANCOVA
as  used to compare passing on bad decks between groups after adjusting for edu-

ation. To ensure task response times were similar, reaction time was  compared
cross group using 2-sample t-test.

.6.4. Correlations between fMRI activity and behavior. To determine if brain activity
as  related to task performance, the fMRI signal from the canonical HRF model was

xtracted from each ROI and correlated with performance using Pearson’s R.

. Results

.1. Demographics
Age was similar for SDI and controls (34.4 ± 8.4 vs. 31.6 ± 9.3
ears, p = 0.17). SDI had less education than controls (12.8 ± 1.4 vs.
4.7 ± 1.5, p < 0.001). Therefore, education was entered as a covari-
te in all group comparisons.

.2. Substance dependence

All SDI met  DSM-IV dependence criteria for stimulants. Drug
haracteristics are summarized in Table 1.
Cannabis 15 41
Other 3 8

3.3. Performance on modified Iowa Gambling Task

3.3.1. Pass on bad decks. SDI passed fewer times than controls
(SDI = 31 ± 14, control = 46 ± 21; F[1,78] = 6.8, p = 0.01) on bad decks
(Fig. 1).

3.3.2. Reaction times. There was no group difference in reaction
time (SDI = 891 ± 190 ms,  control = 830 ± 171 ms;  t = 1.53, p = 0.13).

3.4. Imaging

3.4.1. Canonical hemodynamic response function.

3.4.1.1. Decision phase. There was  significantly higher activity in
SDI compared to controls in all ROIs: DST (t = 4.056, p < 0.001),
VST (t = 5.069, p < 0.001), insula (t = 3.080, p = 0.003), ACC (t = 3.741,
p < 0.001), OFC (t = 3.978, p < 0.001). All five ROIs survived a Bonfer-
roni correction for multiple comparisons.

3.4.1.2. Outcome phase. There was  significantly lower activity in
SDI compared to controls in all ROIs: DST (t = 2.686, p = 0.009),
VST (t = 4.201, p < 0.001), insula (t = 2.739, p = 0.008), ACC (t = 2.662,
p = 0.009), OFC (t = 2.969, p = 0.004). All five ROIs survived a Bonfer-
roni correction for multiple comparisons.

3.4.1.3. Whole brain analysis.
3.4.1.3.1. Decision phase. Fig. 2 shows that, compared to con-

trols, SDI had significantly greater activity in several regions
including bilateral striatum, right ACC, OFC, insula, thalamus, and
midbrain. Table 2 lists significant clusters for the contrast of
SDI > control. There were no supra-threshold clusters for the con-
trast of control > SDI.

3.4.1.3.2. Outcome phase. Fig. 2 shows that compared to con-
Fig. 1. Controls passed more on bad decks than SDI. **Significant at p = 0.01.

http://afni.nimh.nih.gov/afni/
http://www.fil.ion.ucl.ac.uk/spm/
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Fig. 2. Canonical contrast of SDI > control during decision and outcome. During decisions, SDI show higher activity compared to controls in OFC, striatum, ACC, insula, and
thalamus compared to controls. During outcomes, controls show higher activity compared to SDI in striatum and ACC. Maps are thresholded at p < 0.01, corrected for multiple
comparisons using cluster correction, voxel-level p < 0.005.

Table 2
Significant clusters of group differences using whole brain analyses.

Contrast and region Side MNI coordinates t Extent

x y z

Decision
SDI > controls

Thalamus/striatum L −6 −16 −2 5.84 1017
−12  −10 −5 4.96

Pallidum R 15 −1 1 5.01
Precuneus L −9 −46 49 5.42 254

−9  −55 52 4.88
Middle cingulate R 6 −43 49 4.07
Anterior cingulate R 6 35 25 3.88 79
Inferior parietal R 60 −37 31 4.69 78
Cerebellum 0 −58 −23 4.28 166

L  −3 −70 −35 4.14
−6  −43 −14 3.96

Superior parietal R 24 −64 55 4.26 37
30  −70 46 3.74

Middle frontal gyrus R 39 38 28 4.19 49
36  41 37 4.16

Superior temporal R 51 −19 4 4.12 46
Postcentral R 54 −22 13 3.07
Medial superior frontal L 0 38 37 3.16 79
Medial frontal R 9 47 22 2.98
Cuneus L −18 −73 10 3.69 44
Inferior orbital frontal R 33 26 −8 3.69 39
Insula R 39 20 7 3.18

Controls > SDI
No regions

Outcome
Controls > SDI

Supramarginal gyrus R 57 −58 34 4.56 37
Angular gyrus R 51 −64 43 2.86
Post  central gyrus L −57 −16 22 4.44 43
Ventral striatum L −30 −7 −11 4.20 151

L  −12 8 −14 3.96
R  12 11 −14 3.51 81

Putamen R 27 5 −8 3.10
Anterior cingulate R 6 35 28 3.79 80
Middle cingulate R 6 26 40 3.52
Amygdala R 27 −1 −17 3.56 81
Brain  stem L −6 −4 −5 3.80 151

SDI  > controls
No regions

MNI, Montreal Neurological Institute.



112 D.J. Yamamoto et al. / Drug and Alcohol Dependence 136 (2014) 108–114

F OIs. A
s *p < 0

3
t
s
o
R
p
o
w
s
h
b
p
r
u

3
m
b

F
u

ig. 3. Finite impulse response (FIR) time series for decision and outcome in five R
ignificant group differences at the time points indicated: *p < 0.05, **p  < 0.01 and **

.4.2. Finite impulse response. Fig. 3 illustrates the time course of
he hemodynamic response in the five ROIs. As expected, the peak
ignal occurred ∼5–7 s after stimulus presentation. The amplitude
f the peak was significantly larger in SDI than controls in all
OIs except the OFC, possibly due to FIR having lower statistical
ower than the canonical model. A post-stimulus undershoot was
bserved 10–19 s after stimulus. The amplitude of the undershoot
as lower in SDI compared to controls although this only reached

ignificance in the striatum. There was no temporal shift in the
emodynamic profile across group. There was a strong correlation
etween the peak height and undershoot across group (r = −0.526,

 < 0.001) and within group (controls, r = −0.424, p = 0.005; SDI,
 = −0.436, p = 0.007) in the ventral striatum. Fig. 4 shows peak and
ndershoot fMRI signal within individuals in the ventral striatum.
.4.3. Correlation between fMRI signal and decision-making perfor-
ance. Across group, there was a correlation between passing on

ad decks and BOLD activity in the ventral striatum (r = −0.257,

ig. 4. Peak fMRI signal response at 7 s negatively correlates with the post-stimulus
ndershoot at 13 s in the ventral striatum for controls and SDI.
rrows show onset of decision and outcome stimulus functions. Asterisks indicate
.001.

p = 0.02, uncorrected) and OFC (r = −0.253, p = 0.02, uncorrected).
There were no correlations in the DST, ACC, or insula.

4. Discussion

Compared to controls, substance dependent individuals (SDI)
demonstrated worse decision-making, manifested as an impaired
ability to avoid negative outcomes on a modified Iowa Gambling
Task. SDI demonstrated greater fronto-striatal-limbic brain activ-
ity during the decision phase of the task and lower frontal-striatal
activity during the outcome phase of the task. The opposing direc-
tion of group differences in brain activity led us to implement a
finite impulse response (FIR) analysis which revealed that the lower
activity in SDI compared to controls during outcome likely reflected
a lower post-stimulus undershoot.

During the early phase of decision-making, greater activity in
SDI relative to controls was observed in the OFC, striatum, ACC
and insula, consistent with previous studies (Bolla et al., 2003;
Ersche et al., 2005; Nestor et al., 2010). We  extend these prior fMRI
study findings in a larger sample of primarily stimulant-dependent
individuals with unusually long (14 months) abstinence. One
interpretation of the increased activity is that habitual processes
mediated by the striatum and emotional information mediated by
the limbic system influence decision-making to a greater extent in
SDI than controls. In the modified IGT, when given the choice to
play or pass on a deck, the pre-potent response is to play. To per-
form well, however, individuals must learn to pass on bad decks.
SDI perform worse than controls because they persist in playing on
bad decks. An overactive striatum that favors habitual over adap-
tive responses could put SDI at risk of relapse due to persistence
of drug-related decisions (Volkow et al., 2006). In support of this,
higher BOLD signal in the ventral striatum was  associated with
persistent playing on bad decks. The greater OFC activity may be
related to impaired ability to focus while making a decision. For

example, Bolla et al. (2003) suggested that cocaine abusers may
over-activate the OFC during decision-making to compensate for
inefficient brain function. Given that ventral striatum is involved in
reward anticipation, a third explanation is that greater activity in
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DI than controls reflects hypersensitivity to reward anticipation
Knutson et al., 2003, 2001). Childress and colleagues found that
ocaine users had greater striatal-limbic activity when exposed to
ocaine as compared to neutral cues suggesting drug users were
ypersensitive to drug cues (Childress et al., 2008).

During the outcome phase of decision-making, SDI had lower
ctivity than controls in all five ROIs, consistent with previous stud-
es (Hyatt et al., 2012; Jia et al., 2011; Nestor et al., 2010; Wesley
t al., 2011). It has been suggested that lower activity in these
egions reflects lower sensitivity to negative feedback in drug users.
his is supported by computational models showing that, com-
ared to controls, SDI have lower loss sensitivity on the IGT or its
ariants (Stout et al., 2004; Tanabe et al., 2013). Due to the brief
xed period between decision and outcome in our task, it is diffi-
ult to interpret our results based solely on a canonical HRF model.
eparating the BOLD signal associated with decision from that of
utcome has been addressed by inserting temporal delays or jitter
Bjork et al., 2008; Hyatt et al., 2012; Jia et al., 2011; Nestor et al.,
010). One study using jitter found, like us, that controls had greater
ctivity than SDI during outcomes (Hyatt et al., 2012), while others
ound the opposite or mixed results (Bjork et al., 2008; Jia et al.,
011; Nestor et al., 2010). These conflicting results suggest that jit-
er may  not resolve the temporal issue. Moreover, jitter and longer
ecision times could change the underlying cognitive processes.
or example, when given unlimited time to make a decision on the
GT, subjects performed better than when forced to respond within

 s suggesting that the IGT is “cognitively penetrable” (Cella et al.,
007). Longer decision times allow individuals to use higher order
explicit” cognitive processes, e.g., a conscious knowledge of strat-
gy. To bias our task toward “implicit” decision-making as opposed
o conscious strategy, we limited the decision time.

The opposing direction of group differences during decision and
utcome led us to complement the canonical HRF with a finite
mpulse response (FIR) model. The canonical model has greater sta-
istical power (Henson, 2003) than FIR, decreasing the likelihood
f Type II errors, but is biased if the assumptions of the hemody-
amic response are not met. The canonical model does not take into
ccount possible differences in onset latency and duration of peak
etween subjects or brain areas.

The FIR model revealed three important findings. First, consis-
ent with the canonical HRF model, it confirmed greater activity in
rontal-striatal-limbic pathways in SDI compared to controls during
he decision phase of the task. Second, there was  no group differ-
nce in latency that could explain lower activity in SDI compared
o controls during the outcome phase. Third, FIR analysis suggested
hat the “lower” activity in SDI compared to controls during out-
ome may  reflect differences in the post-stimulus undershoot. The
ost-stimulus undershoot, a well-documented phenomenon, is a
ip in the BOLD signal that occurs after the peak response, before
he signal returns back to baseline (van Zijl et al., 2012; Zong and
uang, 2011). The depth of the post-stimulus undershoot corre-

ates strongly with the height of the peak response (Boynton et al.,
996; Zong and Huang, 2011) consistent with our results. The
echanism of the undershoot is debated, but likely a result of a

ustained increase in high oxygen consumption after the stimulus
as subsided (van Zijl et al., 2012). Vascular compliance also con-
ributes to the undershoot (Hua et al., 2011; Zong and Huang, 2011)
nd may  be important in our study since cocaine and amphetamine
ave known vasoactive properties (Chen et al., 2011; Gottschalk
nd Kosten, 2002). Recent work also suggests that the undershoot
eflects inhibitory neural activity (Mullinger et al., 2013). Thus,
he mechanism for the larger undershoot in drug users requires

urther investigation. Without the FIR analysis, one might inter-
ret the findings as evidence that controls more strongly engage
rontal-striatal brain circuits during outcome processing com-
ared to SDI. Though we cannot exclude that possibility, the most
Dependence 136 (2014) 108–114 113

parsimonious explanation is that the lower activity in drug users
reflects a larger post-stimulus undershoot which is a correlate of
higher peak response in SDI.

There are several strengths of this study. It is the first study to use
a FIR approach to examine the hemodynamic brain response profile
during decision-making in substance users. The results highlight a
role of temporally unbiased fMRI models for cognitive tasks that are
temporally constrained. Other strengths include a relatively large
sample size and that few previous studies of brain activity dur-
ing decision-making have been conducted in SDI after protracted
abstinence (Ersche et al., 2005). Finding differences after more than
a year of abstinence indicates that differences are not related to
lingering effects of drugs.

Limitations of the study include an inability to directly compare
the current results to the Iowa Gambling Task given differences
in the payout structure and schedule. Nonetheless the modified
version has been shown to be sensitive to negative reinforcement
learning deficits (Thompson et al., 2012) and is replicated in a new
cohort of SDI described here. It is not possible to determine whether
brain activity differences preceded or resulted from drugs but our
results suggest that neural activity differences are long-lasting.

In conclusion, SDI showed impaired decision-making associated
with greater fronto-striatal-limbic activity compared to controls,
possibly suggesting that drug users expend more mental effort or
are less able to modulate habitual responding. A temporally unbi-
ased FIR model confirmed greater activity in SDI during decisions,
while demonstrating that lower activity during outcomes corre-
sponded to a lower post-stimulus undershoot. Future studies may
benefit from FIR analyses in the interpretation of fMRI results based
on the canonical hemodynamic model.
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