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Gambling Severity Predicts Midbrain Response to
Near-Miss Outcomes
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Gambling is a common recreational activity that becomes dysfunctional in a subset of individuals, with DSM “pathological gambling”
regarded as the most severe form. During gambling, players experience a range of cognitive distortions that promote an overestimation
of the chances of winning. Near-miss outcomes are thought to fuel these distortions. We observed previously that near misses recruited
overlapping circuitry to monetary wins in a study in healthy volunteers (Clark et al., 2009). The present study sought to extend these
observations in regular gamblers and relate brain responses to an index of gambling severity. Twenty regular gamblers, who varied in
their involvement from recreational playing to probable pathological gambling, were scanned while performing a simplified slot machine
task that delivered occasional monetary wins, as well as near-miss and full-miss nonwin outcomes. In the overall group, near-miss
outcomes were associated with a significant response in the ventral striatum, which was also recruited by monetary wins. Gambling
severity, measured with the South Oaks Gambling Screen, predicted a greater response in the dopaminergic midbrain to near-miss
outcomes. This effect survived controlling for clinical comorbidities that were present in the regular gamblers. Gambling severity did not
predict win-related responses in the midbrain or elsewhere. These results demonstrate that near-miss events during gambling recruit
reward-related brain circuitry in regular players. An association with gambling severity in the midbrain suggests that near-miss out-
comes may enhance dopamine transmission in disordered gambling, which extends neurobiological similarities between pathological

gambling and drug addiction.

Introduction

Gambling is a form of entertainment that can become dysfunc-
tional in some individuals: “pathological gambling” is a DSM-IV
Impulse Control Disorder (American Psychiatric Association,
2000) with symptoms that include withdrawal and tolerance
(Potenza, 2006). Accumulating data indicate neurobiological al-
terations in the brain reward system in problem gamblers (Reuter
et al., 2005; Tanabe et al., 2007; Potenza, 2008). For example, an
fMRI study using a guessing task with monetary wins and losses
found an attenuation of win-related activity in the ventral stria-
tum and medial prefrontal cortex (PFC) of pathological gamblers
(Reuter et al., 2005). Similar changes have been described in drug
abusers (Goldstein et al., 2007; Wrase et al., 2007) and are thought to
indicate dysregulation of dopaminergic input to these structures.
Dopaminergic involvement in gambling is supported by reports of
problem gambling as a medication side effect in patients with Par-
kinson’s disease (Dodd et al., 2005; Steeves et al., 2009).
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Neuroimaging investigations of problem gambling to date
have neglected the complex cognitions that gamblers frequently
experience (Ladouceur and Walker, 1996). On games of chance
like roulette or lottery, gamblers often misperceive some level of
skill involvement (the “illusion of control”) (Langer, 1975).
These cognitive distortions are more prevalent in problem gam-
blers (Miller and Currie, 2008) and are directly fostered by certain
features of gambling games (Griffiths, 1993), including the pres-
ence of near misses: nonwin outcomes that are proximal to a
jackpot. Near misses are able to promote continued gambling
despite their objective nonwin (loss) status (Kassinove and
Schare, 2001; Coté et al., 2003). The neural mechanisms that
underpin near-miss effects have broader relevance to the under-
standing of reinforcement learning: on games of skill (e.g., soc-
cer), near misses (e.g., hitting the post) provide a valid signal of
skill acquisition and imminent reward, and thus a reinforcement
learning system may usefully assign value to these outcomes.
However, in games of chance, near misses do not indicate future
success, and their potency suggests that gambling games may
harness brain mechanisms that naturally handle skill situations
(Clark, 2010).

Using a slot machine task in healthy volunteers, we found that
near misses were associated with significant activity in brain re-
gions (ventral striatum, anterior insula) that responded to mon-
etary wins (Clark et al., 2009). The present study aimed to extend
these observations in a group of regular gamblers. First, we aimed
to corroborate our finding that near-miss outcomes would re-
cruit components of the brain reward system in regular gamblers.
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In addition, urinalysis (SureStep) on the day of
the fMRI scan detected positive tests for canna-
bis (tetrahydrocannabinol) in four partici-
pants. The following self-report questionnaire
measures were used to quantify current psychi-
atric symptoms: Beck Depression Inventory
(BDI; version 2) (Beck et al., 1996), Beck Anx-
iety Inventory (BAI) (Beck et al., 1988), Adult

Anticipation
Phase (2.8-6.0s, Outcome
: Selection Phase (5s) mean 4.4s) Phase (4s)

i Rating 1

Figure 1.

Second, we sought to identify areas within this system in which
brain activity during gambling was associated with gambling se-
verity. Although previous fMRI studies have explored problem
gambling using case control designs, it is increasingly recognized
that disordered gambling is dimensional in nature: gamblers who
do not meet DSM criteria frequently describe obvious gambling-
related harms (e.g., debt, interpersonal conflict), and these harms
increase steadily with gambling involvement (e.g., gambling fre-
quency or expenditure) (Currie et al., 2006). To reflect this con-
tinuum of disordered gambling, we used voxelwise regression to
identify brain areas in which win- and near-miss-related activity
was predicted by individual variation in gambling severity.

Materials and Methods

Participants. Regular gamblers (n = 24, 3 female) were recruited via advertise-
ment. Four subjects were excluded from analysis due to excessive move-
ment during scanning, leaving a reported group size of 20 (2 female).
Subjects attended an fMRI scanning session at the Wolfson Brain Imag-
ing Centre, Cambridge, United Kingdom. The protocol was approved by
the Norfolk and Norwich Research Ethics Committee (COREC 06/
Q0101/69) and all volunteers provided written informed consent. Vol-
unteers were reimbursed £40 for participation and had the
opportunity to win further money on the task (unbeknownst to sub-
jects, this was a fixed amount of £15).

Gambling behavior was assessed using the SOGS (Lesieur and Blume,
1987), a 16-item self-report scale assessing core symptoms and negative
consequences of gambling (e.g., loss chasing, borrowing money, lying
about gambling, family conflict). Before the scanning session, subjects
attended a screening session involving a structured psychiatric interview
with a postdoctoral psychologist (Structured Clinical Interview for
DSM-IV Axis I Disorders; SCID) (First et al., 1996). Given the high
comorbidity between problem gambling and other mental health prob-
lems (Kessler et al., 2008), we opted to tolerate psychiatric comorbidities
to avoid overselection of a clinically unrepresentative sample. Comor-
bidities were as follows: current dysthymia and/or drug-related mood
disorder (n = 5), lifetime major depressive disorder (n = 4), current
bipolar disorder (n = 1), anxiety or panic disorder (n = 2), lifetime drug
dependence (n = 3), current alcohol/drug abuse (n = 8), and current
alcohol dependence (n = 1). Three subjects were currently receiving
psychotropic medication (antidepressant n = 2, benzodiazepine n = 1).

Rating 2

Task design. The slot machine task presents two reels, with the six identical play icons displayed on each reel, and a
horizontal payline across the center of the screen. On trials with a white screen background (as displayed), the volunteer selected
one icon on the left reel, using two buttons to scroll through the icons, and one button to select. On trials with a black screen
background, the computer selected the play icon. Following icon selection, the right hand reel spun for a variable duration
(2.8-65), and decelerated to a standstill. During outcome (45s), if the right reel stopped on the selected icon (i.e., matching icons
were aligned in the payline), the subject was awarded £0.50 (approximately $0.80); all other outcomes won nothing. Following
the outcome phase, there was an intertrial interval of variable duration (2-7 s). On intermittent (1/3) trials, two ratings were
acquired using an on-screen visual analog scale: following selection, subjects were asked “How do you rate your chances of
winning?,” and following outcome, subjects were asked “How much do you want to continue to play the game?”

ADHD Self-Report Scale (ASRS) (Kessler et al.,
2005), Padua Inventory for obsessive—com-
pulsive disorder (OCD) symptoms (Burns et
al., 1996), Barratt Impulsivity Scale (BIS) (Pat-
ton et al., 1995), and the Alcohol Use Ques-
tionnaire (AUQ) (Townshend and Duka,
2002).

Procedure. During the fMRI scan, subjects
completed three blocks of 60 trials on the Slot
Machine Task (Clark et al., 2009), lasting ~45
min. Subjects were practiced on the task (10
trials with two hypothetical wins) before enter-
ing the scanner, and during scanning, re-
sponses were registered using a button box.
Trial structure and display screen are displayed
in Figure 1. On each trial, two reels are pre-
sented on the screen, with a horizontal “pay-
line” visible centrally. Six icons are displayed
on each reel in the same order. The six icons
were selected from 16 alternatives at the start of
the scan task, to heighten a sense of involvement.

Each trial proceeded as follows: during the selection phase, one of the
six icons was selected on the left reel (selection phase; 5 s fixed duration).
Following selection, the right reel was spun for 2.8—6 s (anticipation
phase) and decelerated to a standstill, beginning the outcome phase (4 s
fixed). At the end of each trial, there was an intertrial interval of variable
duration (2-7 s). In the outcome phase, if the right reel stopped on the
selected icon (i.e., matching icons were displayed in the payline), a £0.50
win was delivered; all other outcomes won nothing. Trials in which the
right reel stopped one position above or below the payline were desig-
nated near misses. Nonwin trials in which the reel stopped in one of the
three remaining positions (i.e., more than one position from the payline)
were designated full misses. During the selection phase, on trials with a
white screen background, the participant selected the play icon using two
buttons to scroll through the shapes and a third button to confirm selec-
tion (participant-chosen trials) within the 5 s window. On trials with a
black screen background, the computer selected the play icon, and the
subject was required to confirm the selection by pressing the third
button within the 5 s window (computer-chosen trials). Participant-
chosen (n = 90) and computer-chosen (n = 90) trials were presented
in a fixed pseudorandom order. If selection/confirmation was not com-
pleted within the 5 s window, a “Too Late!” message was presented,
followed by the intertrial interval. Outcomes were pseudorandomized to
ensure a fair number of wins (1/6, total 30 = £15), near misses (2/6, total
60), and full misses (3/6, total 90).

On 1/3 trials, subjective ratings were acquired at two points during the
trial, using onscreen 21-point visual analog scales. Following selection,
subjects rated “How do you rate your chances of winning?” and following
the outcome, subjects rated “How much do you want to continue to play
the game?” No time limit was imposed for the subjective ratings. Data
from the subjective ratings were converted to a standardized z score,
based on each individual’s mean and SD for that rating, to account for the
variability in anchoring across subjects. Subjective ratings were analyzed
using paired ¢ tests (for “chances of winning”) and repeated-measures
ANOVA (for “continue to play”) with outcome (three levels: win, near
miss, full miss) and control (two levels: participant chosen, computer
chosen) as factors.

Imaging procedure. Scanning was performed on a Siemens TimTrio 3
tesla magnet using a 32-slice axial oblique sequence, with a repetition
time of 2 s (echo time 30 ms, flip angle 78°, voxel size 3.1 X 3.1 X 3.0 mm,
matrix size 64 X 64, field of view 201 mm X 201 mm, bandwidth 2232

ITI (2-7s,
mean 4.5s)
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Hz/Px). Three runs of 60 trials were completed (630 repetitions), with six
dummy scans discarded at the start of each run to allow for equilibrium
effects. A high-resolution magnetization-prepared rapid acquisition
gradient-echo sequence (MP-RAGE) structural image was acquired after
the functional runs for use in the spatial normalization.

FMRI data were analyzed using SPM5 (Statistical Parametric Mapping,
Wellcome Department of Cognitive Neurology, London, UK). Prepro-
cessing consisted of slice timing correction, within-subject realignment,
spatial normalization, and spatial smoothing using a 10 mm Gaussian
kernel. Subjects’ movement parameters were screened for excessive
movement (defined as >5 mm within a run), resulting in exclusion of
four participants (one female) from all analysis. Time series were high
pass filtered (128 s). Volumes were normalized to the International
Consortium for Brain Mapping (ICBM) templates that approximate
to Talairach and Tournoux (1988) space, using a matrix calculated by
normalizing the segmented MP-RAGE structural image for each subject
onto the ICBM gray and white matter templates.

A canonical hemodynamic response function (HRF) was modeled to
the onsets of the selection phase, the anticipation phase, and the outcome
phase on each trial, to minimize unexplained variance in the design
matrix. To analyze outcome-related brain responses, the events were
classified into eight trial types, comprising a two (choice: participant
chosen, computer chosen) by four (win, near miss before the payline,
near miss past the payline, full miss) factorial design. Movement param-
eters from realignment were included in the design matrix as covariates
of no interest. The HRF was used as a covariate in a general linear model,
and a parameter estimate was obtained for each voxel, for each event
type, reflecting the strength of covariance between the data and the ca-
nonical HRF. Contrast images were calculated between parameter esti-
mates from different trial types, and individual contrast images were then
taken to a second-level random-effects group analysis.

Four contrasts were computed to assess the outcome-related brain
responses in the overall group of regular gamblers: (1) all monetary wins
(i.e., both participant- and computer-chosen trials) minus all nonwin
outcomes; (2) near misses (on both participant- and computer-chosen
trials) minus full-miss outcomes (on both participant- and computer-
chosen trials); (3) near miss by personal control interaction: areas differ-
entially recruited by near misses compared with full misses as a function
of participant versus computer control (i.e., 1, =1, —1, 1); and (4) win
activity on participant-chosen trials minus win activity on computer-
chosen trials. To explore these effects as a function of gambling severity,
voxelwise univariate regressions were run using the SOGS score as a
predictor variable. Given our a priori hypotheses about the role of brain
reward circuitry in gambling distortions and problem gambling, we im-
plemented the win contrast [all monetary wins minus all nonwins,
thresholded at ppyy < 0.05 corrected (FWE is for familywise error)]
from our previous study (Clark et al., 2009) as a mask for these contrasts,
as well as the regression analyses, using the PickAtlas tool (Maldjian et al.,
2003). These region-of-interest (ROI) analyses were thresholded at p <
0.05 corrected for multiple comparisons using random field theory
(Worsley et al., 1996), i.e., FWE corrected, with a cluster threshold of 10
voxels to reduce the rate of false positives (Forman et al., 1995). This
cluster threshold was selected on the grounds that the smallest region of
a priori interest [midbrain proximal to substantia nigra/ventral tegmen-
tal area (SN/VTA)] has an estimated size of 20-25 voxels (Diizel et al.,
2009). Signal change was extracted from activated foci using the MARSBAR
tool (Brett etal., 2002) for the purposes of plotting the data. Whole-brain
analyses are also presented using an exploratory threshold of p < 0.001
uncorrected.

Results

Variation in gambling severity

The regular gamblers were predominantly male (n = 18) with a
mean age of 33.7 (SD 1.8), mean years of education of 14.5 (SD
0.5), and mean National Adult Reading Test-estimated full intel-
ligence quotient of 111.5 (SD 7.3). The preferred form of gam-
bling in the group was off-course sports betting (horse racing or
soccer), but slot machines, cards, and lotteries were also common
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(supplemental Table 1, available at www.jneurosci.org as supple-
mental material). All but one subject were currently active gam-
blers, playing at least once a week on their preferred form of
gambling; the participant who was no longer gambling had been
abstinent for one year. Thirteen of the group met the SOGS
threshold of =5 for probable pathological gambling (overall
range 0—20, mean 7.25, median 6.5) (supplemental Fig. 1, avail-
able at www.jneurosci.org as supplemental material). Maximum
expenditure in a single day varied as follows: £10-£100 (n = 5),
£100-£1000 (n = 8), £1000-£10,000 (n = 5), and more than
£10,000 (n = 2). Descriptive data for the questionnaire measures
of clinical symptoms are reported in supplemental Table 2 (avail-
able at www.jneurosci.org as supplemental material).

Subjective ratings during the slot machine task

The postselection ratings of “How do you rate your chances of
winning?” were significantly higher on participant-chosen trials
compared with computer-chosen trials (,4) = 5.2, p < 0.001).
This effect of personal control was attenuated as a function of
gambling severity as measured by the SOGS (r,, = —0.53, p =
0.016). The postoutcome ratings of “How much do you want
to continue to play?” were analyzed using two-way ANOVA to
reveal a main effect of feedback (F(, 4y = 40.179, p < 0.001),
no main effect of agency (F(, ;o) < 1), and an agency-by-
feedback interaction (F, 54y = 3.604, p = 0.037) (supplemental
Table 3, available at www.jneurosci.org as supplemental mate-
rial). Participant-chosen wins were rated more highly than
computer-chosen wins (,, = 2.199, p = 0.040), but personal con-
trol did not influence the ratings for near-miss (f,9)= —1.272,p =
0.217) or full-miss (f, 6= —0.998, p = 0.331) outcomes.
“Continue-to-play” ratings were higher after wins compared
with either kind of nonwin, regardless of personal control (¢,9) >
3.889, p < 0.002 in all cases), whereas near misses and full misses
did not differ on participant-chosen trials (¢,4) = 1.104, p =
0.283) or computer-chosen trials ((,9) < 1). Thus, there was no
detectable effect of the near-miss outcomes on self-report rat-
ings in the regular gamblers.

fMRI responses to gambling outcomes

Brain regions sensitive to unpredictable monetary wins were
identified by contrasting all winning outcomes against all nonwin
outcomes, within an independent ROI defined from the win con-
trast in our previous study (Clark et al., 2009). Significant signal
change was observed in a number of areas linked to reward and
reinforcement learning: right ventral striatum (putamen) (peak
voxel: x, y, z = 20, 10, —6, Z = 3.66, 133 voxels, ppywg = 0.029)
and thalamus (x, y, z = 2, —6, 2; Z = 4.71, 14 voxels, ppywg =
0.001), with subthreshold foci in the left ventral striatum (x, y,
z=—16,2, =6, Z = 3.39, ppwg = 0.065), anterior insula bilat-
erally (x, y, z= 28,20, —6,Z = 3.46, ppwe = 0.054; x, ¥, z = 36, 16,
—8,7 = 3.36, ppwi = 0.070; %, y, 2 = —36, 18, —6,Z = 3.47, prw
= 0.052), and midbrain proximal to SN/VTA (x, y, z = —8, —20,
—14, Z = 3.36, ppwr = 0.071) (Fig. 2 A, thresholded at p < 0.001
for display purposes). An independent contrast assessed brain
responses to near-miss outcomes, compared with full misses.
There was significant signal change in the right ventral striatum
(putamen) (x, y, z= 18,6, —2,Z = 3.67, 52 voxels, ppywg = 0.032)
and the left parahippocampal gyrus (Brodmann area 28) border-
ing on the striatum (x, y, z = —16, —2, —10, Z = 4.32, 27 voxels,
Prwe = 0.003) (Fig. 2B). The contrasts of participant-chosen
wins minus computer-chosen wins, and the interaction contrast
for near-miss activity as a function of personal control, did not
yield any significant activation within the ROI mask.
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WINNING OUTCOMES minus ALL NON-WIN OUTCOMES

p<.001 uncorr

NEAR-MISS OUTCOMES minus FULL-MISS OUTCOMES

Figure 2.

p<.001 uncorr

A, Win-related activation (win > nonwin outcomes) in the regular gamblers, using an ROl mask of win activity from an independent sample (Clark et al., 2009). Activity is displayed at

p < 0.001 uncorrected, k = 10, to illustrate the anatomical extent of the activations and several responses falling just below the FWE threshold. B, Figure showing near-miss-related activation
(near-miss events > full-miss events, within the ROl mask) across all participants, displayed at p << 0.001 uncorrected, k = 10. Activations are displayed on the ch2bet template, using MRIcron

software (http://www.sph.sc.edu/comd/rorden/mricron/).

Effects of gambling severity of fMRI responses to

gambling outcomes

Gambling severity (SOGS score) was entered as a single regressor
in the contrast of monetary wins minus all nonwins, using the
win-sensitive ROI mask. There were no significant voxels in
which SOGS score predicted either increases or decreases in win-
related activity. However, a regression analysis for the near-miss
minus full-miss contrast indicated that SOGS gambling severity
was positively related to the brain response to near-miss out-
comes in the midbrain (48 voxels: x, y, z = —6, —18, —16, Z =
4.99, ppwe < 0.001; %, y, z = 10, —18, —12, Z = 3.90, ppwe =
0.014) (Fig. 3). In addition, we also observed gambling severity
was negatively related to the brain response to near-miss out-
comes in the left caudate (x, y, z = —12, 8,6, Z = 3.91, 11 voxels,
Prwe = 0.013). This cluster lay at the dorsal tip of the ROI, over-
lapping the internal capsule, and we could not identify win (con-
trast 1)- or near-miss (contrast 2)-related activity at this focus in
the present dataset, even at a liberal threshold ( p < 0.005 uncor-
rected). Furthermore, the extracted signal from ventral striatum
and midbrain clusters were positively correlated on both win (r,,
= 0.72, p < 0.001) and near-miss (r,, = 0.43, p = 0.06) out-
comes, as seen in previous studies (D’Ardenne et al., 2008; Schott
et al., 2008; Kahnt et al., 2009). Therefore, although this caudate
peak met our significance threshold, we are cautious about infer-
ring a role for this region in gambling near misses.

The smoothing kernel (10 mm) implemented in our primary
analysis limited our ability to resolve activation within the mid-
brain. We remodeled the fMRI data using a smaller 4 mm
smoothing kernel. In a whole-brain analysis using an exploratory
threshold ( p < 0.001 uncorrected), two activations in the mid-
brain (x = =8,y = —18,z= —18,Z = 3.37,p < 0.001; x = 12,

y = —16,z= —12,Z = 3.28, p = 0.001) reflected the effect of
SOGS gambling severity on near-miss-related activation (Fig.
4A, threshold of p < 0.005 uncorrected). These activations are
consistent with a compound SN/VTA signal (Diizel et al., 2009).

The regular gamblers displayed a number of clinical comor-
bidities that covaried moderately with their gambling severity. To
examine whether the midbrain association was specifically asso-
ciated with gambling severity rather than these comorbidities, we
included continuous measures of depression (BDI), anxiety
(BAI), ADHD symptomatology (ASRS), impulsivity (BIS), OCD
symptoms (Padua scale) and alcohol use/abuse (AUQ scale) as
additional covariate regressors in the SOGS regression. In each
case, the midbrain activation (peak voxel: x = —6,y = —18,z =
—16) for the SOGS association was detectable with a Z statistic
between 2.20 and 2.56 ( p = 0.014 to p = 0.005 uncorrected). In
contrast, the negative association between SOGS and near-miss-
related activity in the caudate did not survive controlling for
depressive (BDI) and OCD (Padua scale) symptoms, at a liberal
threshold of p < 0.05 uncorrected.

These data indicate that in a correlational design, a stronger
midbrain response to near-miss outcomes was associated with
disordered gambling. Previous case control studies of pathologi-
cal gamblers indicate an overall attenuation of reward-related
activity (Reuter et al., 2005). To investigate this apparent discrep-
ancy, we conducted a post hoc between-groups analysis compar-
ing the overall brain response to reward (wins minus nonwin
outcomes) in our regular gamblers against the nongambling vol-
unteers from our previous study (Clark et al., 2009). This was
conducted as a whole-brain analysis using an exploratory signif-
icance threshold ( p < 0.001 uncorrected). Consistent with the
study by Reuter et al., the regular gamblers displayed a weaker
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A, Effect of gambling severity (South Oaks Gambling Screen; SOGS) on near-miss-related activation, within the ROI mask (displayed at p << 0.001 uncorrected, k = 10). B, Extracted

signal for the near-miss minus full-miss contrast in the midbrain, plotted against SOGS score. Midbrain signal was extracted from an independent region defined by the win minus nonwin contrast
(contrast 1; peak voxel: x= —8,y= —20,z= —14). (, Extracted signal for the win minus nonwin contrast, plotted against SOGS score, for the same midbrain ROl as above.

response to monetary wins in several reward-sensitive regions
including the striatum and rostral anterior cingulate cortex (Fig.
4 B; supplemental Table 5, available at www.jneurosci.org as sup-
plemental material), after covarying for group differences in age.
There were no overall group differences in the near-miss re-
sponse. A mixed-model ANOVA of the subjective ratings data in
the regular gamblers and healthy nongamblers revealed no sig-
nificant group differences, although notably, in the pooled group
(n = 34) there was a marginally significant effect of participant-
chosen near-miss outcomes to increase ratings of “continue to
play” (t;3y = 1.87, p = 0.07) relative to participant-chosen full
misses (supplemental Information and supplemental Table 6,
available at www.jneurosci.org as supplemental material).

Discussion

The present study investigated brain responses during a comput-
erized slot machine task in a group of regular gamblers who var-
ied in their involvement from recreational, social playing to
moderately severe probable pathological gambling. Unpredict-
able monetary wins on the task recruited a network of reward-
sensitive regions including the ventral striatum. Our task further
enabled the direct comparison of near-miss nonwins against full-
miss nonwins, and this contrast revealed a response to near
misses in striatal regions also responsive to wins, despite the ob-
jective nonwin status of these outcomes. This analysis in regular
gamblers extends our recent findings in healthy volunteers with
modest gambling involvement (Clark et al., 2009), highlighting
the recruitment of brain reward circuitry by near-miss outcomes.
The specific aim of the present study was to associate these fMRI

responses with individual variation in gambling severity, to ex-
amine the relevance of these responses to an emerging literature
on the neurobiology of problem gambling (Reuter et al., 2005;
Potenza, 2008). Scores on our index of gambling severity (SOGS)
ranged from 0 to 19 (supplemental Fig. 1, available at www.
jneurosci.org as supplemental material), with a score of 5 indic-
ative of probable pathological gambling. This emphasizes the
continuous nature of gambling harms in the nonclinical popula-
tion (Currie et al., 2006), and indicates that a regression-based
method of analysis is appropriate for exploring neural markers of
disordered gambling. While the SOGS score was not associated
with the brain response to monetary wins, gambling severity did
predict the neural response to near-miss outcomes, in the mid-
brain. This activation was proximal to the dopaminergic nuclei in
the SN/VTA, a finding that was further substantiated by a reanal-
ysis of our data using a smaller (4 mm) smoothing kernel (Bun-
zeck and Diizel, 2006; D’Ardenne et al., 2008; Murray et al., 2008;
Shohamy and Wagner, 2008; Diizel et al., 2009). Moreover, the
association between midbrain activity to near misses and gam-
bling severity was not readily explained by other clinical symp-
toms (depression, impulsivity, OCD, alcohol use) that are
moderately prevalent in regular gamblers (Kessler et al., 2008).
The observed midbrain association is consistent with the role
of dopamine transmission in disordered gambling, indicated by
previous studies of peripheral markers (Bergh et al., 1997; Meyer
etal.,2004), and the phenomenon of medication-induced patho-
logical gambling in Parkinson’s disease (Dodd et al., 2005; Steeves
etal., 2009). This syndrome is particularly linked to D3-preferent
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Figure 4. A, The association between gambling severity (SOGS score) and near-miss-related activation (near miss minus full
miss) in the midbrain (z = —18 andz = —12), using a smaller (4 mm) smoothing kernel. Activity thresholded at p < 0.005
uncorrected for display purposes, with the clusters significant at the p << 0.001 threshold encircled in blue (x, y, z = —8, —18,
—18and 12, —16, —12). B, Between-groups comparison of the regular gamblers (n = 20) against 14 healthy volunteers with
minimal gambling involvement (S0GS 0-2) from our previous experiment (Clark et al., 2009), illustrating reduced activity to
monetary wins in the reqular gamblers in the striatum and medial prefrontal cortex ( p << 0.001 uncorrected, k = 10).

dopamine agonist medications, and it is notable that D3 recep-
tors are abundant in human SN (Gurevich and Joyce, 1999). The
ability of near-miss outcomes to enhance dopamine transmission
in more severe problem gamblers could underlie the potency of
these outcomes to invigorate gambling (Kassinove and Schare,
2001; Coté et al., 2003; Clark et al., 2009). Electrophysiological
studies recording from midbrain neurons have demonstrated the
well known role for this system in signaling reward and coding
reward prediction errors (Schultz, 2002; Montague et al., 2004 ).
Human neuroimaging studies confirm midbrain blood oxygen-
ation level-dependent (BOLD) responses in monetary reward
tasks (Bjork et al., 2004; D’Ardenne et al., 2008; Schott et al.,
2008), which correlate with a direct index of striatal dopamine
release ([11C]raclopride displacement) (Schott et al., 2008). Cer-
tainly, it is likely that reward prediction errors were engendered
on near-miss trials in the current task: a positive prediction error
occurs as the reel decelerates and the subject anticipates a win-
ning outcome. This is immediately followed by a negative predic-
tion error, as the reel stops one position from the winning
payline. Recent data indicate that midbrain BOLD signal may be
particularly aligned with positive prediction errors (D’Ardenne
etal., 2008), consistent with gamblers’ more general style of over-
estimating their chances of winning (Ladouceur and Walker,
1996). Two further aspects of midbrain firing seen in electrophys-
iological data may be relevant to the current fMRI findings. First,
midbrain neurons display generalization, in which they fire to
stimuli that are similar to those predictive of reward (Tobler et al.,
2005; Shohamy and Wagner, 2008). It is a testable hypothesis that
problem gamblers show excessive generalization of reward-
predictive stimuli, mediated by midbrain hyper-reactivity. Sec-
ond, midbrain neurons may show adaptive coding within a task,
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in which their maximal response is scaled
to the available reward (Tobler et al.,
2005). This may explain why we did not
observe a midbrain association with gam-
bling severity on winning outcomes, de-
spite an overall midbrain response to
wins. However, we did not explicitly dem-
onstrate a significant difference in the
strength of the SOGS-midbrain associa-
tion on near-miss and win trials. From the
positive trendline in Figure 3C, it is con-
ceivable that a SOGS—midbrain associa-
tion may be detectable for winning
outcomes in a larger sample.

A previous case control study in patho-
logical gamblers reported reduced BOLD
signal in ventral striatum and medial PFC
in response to monetary wins (Reuter et
al., 2005). This finding was interpreted as
evidence for a reward deficiency account
of pathological gambling, in which a hy-
poactive reward system confers vulnera-
bility to a range of addictions (Bowirrat
and Oscar-Berman, 2005). The task used
in the Reuter et al. study was a simple two-
choice guessing task that is unlikely to
elicit the complex distortions of probabil-
ity and skill perception that are central to
gambling behavior (Ladouceur and
Walker, 1996; Clark, 2010). We con-
ducted a between-groups analysis com-
paring the regular gamblers from the
present study against volunteers with modest gambling involve-
ment from our previous study (Clark et al., 2009). Although the
circuitry recruited by monetary wins was strikingly similar across
the two groups, the regular gamblers displayed an attenuated
response to winning that was significant in the ventral striatum
and medial PFC, corroborating the study by Reuter et al. (2005).
Critically, the present data show that this state of overall reward
deficiency is coupled with excessive recruitment of brain reward
circuitry under conditions of cognitive distortion (near misses),
which varies as a function of gambling severity. It is likely that
these two effects cancelled out in the between-groups compari-
son of near-miss activity, in which no differences were observed.

Two further points of comparison with our previous study are
noteworthy. First, our earlier study reported an interaction be-
tween near misses and personal control in the medial PFC (Clark
etal.,2009). We were unable to substantiate this interaction effect
in the regular gamblers. Indeed, the regular gamblers did not
display significant recruitment of this region even in the basic win
contrast, and neuropsychological studies indicate specific im-
pairments on probes of medial PFC integrity in problem gam-
blers (Goudriaan et al., 2006; Lawrence et al., 2009). Our previous
study also hinted at a key role of the insula in the motivational
effect of near misses. In the present study, insula activations were
restricted to the overall win contrast, at a level just below FWE
significance, and these responses did not covary with gambling
severity. We believe these insula responses convey information
about peripheral physiology (e.g., heart rate increases) during
gambling (e.g., Craig, 2003), and it may be harder to engender
this arousal in regular gamblers who have much experience with
high-stimulation games. Psychophysiological studies in regular
players have shown qualitative differences between gambling
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in laboratory settings versus naturalistic (e.g., casino) settings
(Anderson and Brown, 1984; Meyer et al., 2004). Future work
combining fMRI and psychophysiological monitoring is needed
to assess the relationship between evoked arousal and brain ac-
tivity during gambling (Critchley et al., 2001).

Some limitations of the current study should be noted. First,
while we covaried for several common comorbidities, some rele-
vant conditions including nicotine dependence and personality
disorders (Cunningham-Williams et al., 1998) were not assessed.
Second, the between-groups comparison against our earlier
study was not planned and the groups were not well matched for
age and gender. We covaried for age but not gender, as our group
of regular gamblers was almost exclusively male. Disordered
gambling is more prevalent in men (Kessler et al., 2008), but
further studies are required to test whether our effects generalize
to female gamblers. Third, the self-report ratings did not demon-
strate a significant subjective effect of the near misses in the reg-
ular gamblers. This is likely an issue of statistical power given the
fragility of visual analog ratings: in our previous study, the sub-
jective effects were observed in a larger behavioral experiment in
40 volunteers. A marginally significant effect of the (participant-
chosen) near misses to increase motivation to play was observed
in a pooled analysis of the two fMRI datasets (n = 34) (supple-
mental Table 6, available at www.jneurosci.org as supplemental
material). Finally, our inference that dopamine is involved in
gambling near misses must be treated with a suitable degree of
caution given the indirect nature of the BOLD signal and limited
spatial resolution of fMRI (for review, see Diizel et al., 2009).
Other neurotransmitters implicated in gambling behavior, in-
cluding serotonin, are present in the midbrain and are modulated
by motivational stimuli, albeit without phasic responses (Nakamura
etal., 2008). Pharmacological challenge designs will be needed to
explore these questions directly; for example, Zack and Poulos
(2004) reported that the indirect dopamine agonist amphet-
amine increased urges to gamble and attentional bias in problem
gamblers. One clinical implication of such findings is that drugs
that reduce dopamine transmission may have therapeutic benefit
in reducing cognitive distortions in problem gamblers.
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