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ABSTRACT

The neurobiological mechanisms that underlie the resistance of drug cue associations to extinction in addiction remain
unknown. Fear extinction critically depends on the ventromedial prefrontal cortex (VMPFC). Here, we tested if this
same region plays a role in extinction of non-fear, drug and pleasant cue associations. Eighteen chronic cocaine users
and 15 matched controls completed three functional MRI scans. Participants first learned to associate an abstract cue
(the conditioned stimulus, CS) with a drug-related (CSD+) or pleasant (CSP+) image. Extinction immediately followed
where each CS was repeatedly presented without the corresponding image. Participants underwent a second identical
session 24 hours later to assess retention of extinction learning. Results showed that like fear extinction, non-fear-
based extinction relies on the VMPFC. However, extinction-related changes in the VMPFC differed by cue valence
and diagnosis. In controls, VMPFC activation to the CSD+ (which was unpleasant for participants) gradually increased
as in fear extinction, while it decreased to the CSP+, consistent with a more general role of the VMPFC in flexible value
updating. Supporting a specific role in extinction retention, we further observed a cross-day association between
VMPFC activation and skin conductance, a classic index of conditioned responses. Finally, cocaine users showed
VMPFC abnormalities for both CSs, which, in the case of the CSD+, correlated with craving. These data suggest a global
deficit in extinction learning in this group that may hinder extinction-based treatment efforts. More broadly, these data
show that the VMPFC, when functionally intact, supports extinction learning in diverse contexts in humans.
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INTRODUCTION

Extinction is the process by which conditioned responses
to an otherwise neutral cue (a conditioned stimulus, CS)
that has acquired affective properties after being paired
with an arousing event (an unconditioned stimulus, US)
gradually diminish when the cue is no longer reinforced
(Bouton 2004; Quirk & Mueller 2008). The predominant
view is that extinction does not eliminate the CS–US
association; rather, it leads to a lessening in the condi-
tioned response by creating a new (CS-no-US) association
that competes for expression, leaving memory vulnerable
to recovery of the conditioned response (Quirk &
Mueller 2008). Extinction has been extensively studied

in humans and non-human animals in the domain of
fear learning, e.g. using electric shock (Phelps et al.
2004; Milad et al. 2005), aversive sounds (Neumann &
Waters 2006) and even monetary loss (Schlund et al.
2015). However, less is known about extinction in the
appetitive domain, and while animal work suggests simi-
larities in the neurobiological mechanisms of extinction
of, e.g. drug seeking and fear (Peters, Kalivas & Quirk
2009), the mechanism of non-fear-based extinction in
humans remains unknown.

Addiction is characterized by continued drug seeking
and use despite reduced pleasure derived from the drug
and catastrophic health and social consequences. This
behavior is assumed to be at least partly driven by a
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learning process whereby cues associated with drug
consumption acquire excessive and persistent salience,
perpetuating drug seeking. The persistence of drug seek-
ing despite negative consequences and a reduction in
the drug’s rewarding effects suggests that addicted indi-
viduals may have diminished ability to form and/or main-
tain new associations for cues that previously, though no
longer, predict drug rewards (e.g. learning that the drug
or drug-associated cues are no longer as valuable). This
is also predicted by the neural circuitry supporting ex-
tinction learning, which overlaps extensively with that
directly impacted by addictive substances and addiction
(Goldstein & Volkow 2011), potentially rendering this
process especially vulnerable in this population.

Substantial work in the fear domain demonstrates a
central role for the ventromedial prefrontal cortex
(VMPFC) in the formation, retention and later retrieval
of extinction learning (Quirk & Mueller 2008; Milad &
Quirk 2012). In humans, VMPFC activity increases
during fear extinction (Milad et al. 2007) and extinction
retrieval (Phelps et al. 2004; Kalisch et al. 2006), and
both neural activity (Phelps et al. 2004) and cortical
thickness (Milad et al. 2005; Hartley, Fischl & Phelps
2011) in this region correlate with psychophysiological
indices of extinction success [e.g. lowered skin conduc-
tance response (SCR) to the CS]. Beyond fear extinction,
the VMPFC along with the striatum form what is known
as the ‘brain’s valuation system’, a set of regions that
represent (and possibly update) value in a domain-
general manner (Bartra, McGuire & Kable 2013). In
addiction, the VMPFC (Kober et al. 2016) and striatum
(Kuhn & Gallinat 2011) are implicated in the experience
of craving, a motivational state often triggered by drug-
associated cues that can promote drug seeking.

This more general role of the VMPFC in valuation and
craving suggests that the VMPFC may also be a candidate
region involved in extinction of non-fear-based and sec-
ondary reinforcers, including drug-related and appetitive
cues. However, while the effect of extinction-based
therapy on drug-cue reactivity has just begun to be
examined (Vollstadt-Klein et al. 2011; Prisciandaro et al.
2013), no studies to date have investigated the role of
the VMPFC in extinction learning itself in human addic-
tion. Such an investigation has important implications
for the potential utility of extinction-based therapies for
addiction and for the basic neuroscientific understanding
of non-fear-based extinction more generally.

Modeled after classical fear-conditioning studies, here,
we examined the neural correlates of extinction learning
for drug and pleasant cue associations in non-treatment
seeking, chronic cocaine users and sociodemographically
matched healthy non-drug users in a 2-day functional
magnetic resonance imaging (fMRI) study. The study
comprised an acquisition phase, where participants

learned to associate an abstract cue with a drug-related
(CSD+) or pleasant (CSP+) image, and two extinction
phases (the latter for assessing the retention of extinc-
tion from day 1), where the abstract cues were repeat-
edly presented without the corresponding images.
Throughout, we collected SCR and blood-oxygen-level-
dependent (BOLD) response, time-locked to the presen-
tation of the abstract cue, as indices of the conditioned
response. We hypothesized that the VMPFC and stria-
tum would exhibit parametric changes across the learn-
ing phases as participants form new, affectively neutral,
associations with the CSD+ and CSP+. We expected co-
caine users to show abnormalities in these regions for
both cues.

MATERIALS AND METHODS

Participants

The participants were chronic cocaine users and healthy
individuals with no history of drug or psychiatric illness,
who were native English speakers recruited from the
community through advertisements and by word of
mouth, and who provided written informed consent to
participate in accordance with the local institutional re-
view board. To minimize the influence of factors other
than those related to cocaine addiction, the groups were
selected to match on multiple sociodemographic charac-
teristics and cigarette smoking status (Table 1). All par-
ticipants were asked to complete study procedures on
two separate days (psychophysiological measures and
fMRI methods). The final sample consisted of 18 cocaine
users and 15 healthy controls. G*Power 3.1.9.2 (Faul
et al. 2009) was used to determine whether this sample
was sufficiently powered. Given a 2 (group) × 3 (learning
phase) mixed design, 80% desired power, α error proba-
bility = 0.05 and a within-between subject interaction
of a large effect size (Cohen’s d, henceforth referred to
simply as d, of 0.8), it was determined that N = 12 partic-
ipants would be needed. For a medium effect size
(d = 0.5), N = 28 participants would be needed. Thus,
our sample of N = 33 was sufficiently powered for effect
sizes of d ≥ 0.5.

All participants were in good health and not currently
taking medication. Drug use and psychiatric histories
were ascertained by a comprehensive clinical interview
administered by trained research staff with extensive
experience evaluating drug-addicted populations,
consisting of the Structured Clinical Interview for
DSM-IV Axis I Disorders (research version; First et al.
1996; Ventura et al. 1998) and the Addiction Severity
Index (McLellan et al. 1992). Exclusion criteria for both
groups were (1) history of head trauma, neurological dis-
ease or loss of consciousness >30 minutes; (2) abnormal
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vital signs; (3) history of major medical conditions; (4)
history of major psychiatric disorders (other than sub-
stance use disorders in the cocaine group and nicotine
use disorder in both groups); (5) positive urine pregnancy
test in women; (6) contraindications to MRI; and (7) ex-
cept for cocaine in the cocaine user group, positive urine
screens for psychoactive drugs or their metabolites.

Cocaine users were non-treatment-seeking individ-
uals who reported an average lifetime history of 17 years
of cocaine use, 2 days/week of cocaine use in the past
30 days and some cocaine use within the past 4 months
(see Table 1 for detailed drug use information). Partici-
pants identified cocaine as their primary drug of choice,
meeting criteria for cocaine dependence (n = 17) or
abuse (n = 1) [in early full (n = 2) or partial (n = 1) remis-
sion]. Current co-morbid disorders included alcohol de-
pendence (n = 2) and marijuana abuse (n = 2); one
participant also met criteria for a current depressive epi-
sode. Thirteen cocaine users and 6 controls were ciga-
rette smokers. Six participants tested positive for cocaine
on day 1 (indicating use ≤72 hours) and 4 tested positive
for cocaine on day 2. Controls tested negative for all
drugs on both study days. Apart from number of days
since last use (Z = 1.87, P = 0.06), cocaine urine positive
and cocaine urine negative participants (based on day 1

status) did not differ in their clinical profile (i.e. they did
not differ in any of the drug use variables listed in
Table 1; P > 0.086). Nevertheless, because the passage
of time from last use (day 1 to day 2) was associated with
a reduction in craving and withdrawal (Table 1) and be-
cause there is some clinical and preclinical evidence to
suggest that recent cocaine exposure impacts learning
(Schoenbaum et al. 2004; McCracken & Grace 2013;
Spronk et al. 2016), we tested if cocaine urine status
modified any of the observed diagnostic group effects.

Study procedures and fMRI task

All participants completed three fMRI sessions conducted
over two consecutive days (99 total sessions; Figure 1).
To ensure comparable experiences between sessions and
across the two study days, and to control the time in-
between, participants were overnighted in the laboratory.
On day 1, after a period of acclimation to the scanner en-
vironment, participants first learned to associate a col-
ored square, the CS, with different types of ‘USs’. This
created three cue types: CSD+ (CS paired with a drug-
related image of a person smoking crack), CSP+ (CS
paired with a pleasant image of a smiling baby) and
CS� (CS paired with a neutral image of an unadorned

Table 1 Demographic and drug use characteristics of the study sample.

Test Control (n = 15) Cocaine users (n = 18)

Demographics
Age (years) t31 = 0.3 45.3 ± 1.6 45.8 ± 1.1
Sex (male/female) χ2 = 0.6 13/2 17/1
Race (African-American/Caucasian/Hispanic) χ2 = 0.8 10/2/3 12/4/2
Education (years) t31 = 1.7 13.3 ± 0.4 12.6 ± 0.3
Verbal IQ: Wide Range Achievement Test III—Reading Scale t31 = 0.7 94.0 ± 4.2 90.0 ± 3.5
Nonverbal IQ: Wechsler Abbreviated Scale of Intelligence—
Matrix Reasoning Scale

t31 = 0.5 8.4 ± 0.9 8.9 ± 0.7

State Depression: Beck Depression Inventory IIa Z = 1.7 3.2 ± 1.3 7.6 ± 2.2
Socioeconomic Status: Hollingshead Indexa t28 = 1.3 32.9 ± 3.4 28.9 ± 2.4
Handedness (laterality quotient) t31 = 0.5 0.7 ± 0.2 0.8 ± 0.2
Drug use
Cigarette smokers (current or past/non-smokers) χ2 = 3.5 6/9 13/5
Daily cigarettes (current smokers: n = 5/11) Z = 1.0 4.8 ± 1.7 8.5 ± 2.3

Alcohol use lifetime (years) (n = 10/11) t19 = 0.8 20.0 ± 3.1 22.8 ± 2.2
Cocaine use lifetime (years) – – 17.8 ± 1.6
Duration of current abstinence/time since last cocaine use (days)b – – 13.9 ± 7.4
Days/week of cocaine use during the past 30 days – – 2.6 ± 0.6
Cocaine urine status (positive/negative): day 1 | day 2 – – 6/12 | 4/14
Withdrawal symptoms: 18-item CSSA (0–126): day 1 | day 2c – – 22.2 ± 3.6 |

11.8 ± 2.1
Cocaine craving: 5-item Questionnaire (0–45): day 1 | day 2d – – 20.1 ± 3.1 |

15.5 ± 3.5

aData missing for one control and two cocaine users. bData missing for two cocaine users. cDay 1 versus day 2 (t17 = 3.9, P = 0.001). dDay 1 versus day
2 (t17 = 2.2, P = 0.04). Abbreviations: CSSA, Cocaine Selective Severity Assessment Scale. Values are frequencies or means ± standard error of the
mean (SEM).
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wooden basket). The acquisition phase consisted of 13
paired trials in which each CS presentation co-terminated
with presentation of the corresponding US and 7 un-
paired trials in which each CS was presented without
the US, for a total of 20 trials per cue type (60 total). Par-
ticipants were instructed to ‘try and figure out which
color predicted which image’. Day 1 extinction immedi-
ately followed and began with 2 paired trials followed
by 20 unpaired trials for each cue type (66 total). The
participants completed another, identical extinction ses-
sion ~24 hours later but without the paired reminder tri-
als. Trial order was pseudo-randomized in all sessions,
and CS color assignment was counterbalanced across
participants. SCR and fMRI data were acquired through-
out. Participants earned $25/session (max $75).

Participants also completed two-alternative forced
choice tasks and subjective ratings for the task stimuli
(see Supporting Information). No SCR or fMRI data were
collected during these tasks. These data confirmed that,
as expected based on our prior work in independent sam-
ples of cocaine-addicted and control subjects (Moeller
et al. 2009; Moeller et al. 2010; Moeller et al. 2013), par-
ticipants found the drug-related image as least pleasant
(and chose to view it least often) and the affectively
pleasant image as most pleasant (and chose to view it

most often). Controls additionally rated the drug-related
image as more unpleasant (and chose to view it less often)
than cocaine users (Figure S1a and b).

SCR acquisition and analysis

Skin conductance was acquired with shielded Ag-AgCl
electrodes (AD Instruments, Inc.) attached to the second
and big toes of the left foot. The electrode cables were
grounded through an RF filter panel. Data were continu-
ously recorded at 200 samples/s. Offline data analysis
was performed in MATLAB. The continuous data were
low-pass filtered (1 Hz) and then divided into epochs. As
in previous studies, the SCR amplitude on each trial
was computed as the peak amplitude in the 0.5 to
4.5-second time window following CS onset minus the
average amplitude in the 0.5 seconds prior to CS onset.
Thus, SCR to the CSD+, CSP+ and CS� reflected changes
in skin conductance level beyond changes in this mea-
sure produced by the preceding trial or task phase.

After square-root transformation, the data were
analyzed in a 2 (cue type: drug, pleasant) × 3 (learning
phase: acquisition, day 1 extinction, day 2 extinction) × 2
(group: cocaine users, controls) mixed analysis of
variance (ANOVA) on the differential SCR values

Figure 1 Study overview and conditioning paradigm. While in the MRI scanner and over the course of three scanning sessions, subjects learned
to associate a cue (colored square), the conditioned stimulus (CS), with a drug-related (CSD+), affectively pleasant (CSP+) or neutral (CS�)
image. Following two reinforced presentations of the CS for each CS type (not shown), extinction training immediately followed acquisition,
where the CS was presented repeatedly without the paired image. A second extinction training session took place 24 hours later. A typical
paired trial consisted of presentation of the CS for 3.5 seconds, followed by presentation of the unconditioned stimulus (US; the corresponding
image) inside the CS for 1.5 seconds, a variable ~1.5-second fixation screen and a 1-second screen requiring a non-contingent button press
indicating whether the US appeared or not on that trial. Following another variable ~1.5-second fixation screen, the next trial began. Unpaired
trials were identical to the paired trials with the exception that the CS remained on the screen for the entire 5 seconds.
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(CSD+ versus CS� and CSP+ versus CS�). Considering that
we expected across-session as well as within-session
learning, the ANOVA was restricted to all unpaired trials
during acquisition and the last half of all extinction trials
on days 1 and 2. Due to artifacts in the SCR signal, the
subsample with complete SCR data for all three learning
phases consisted of n=11 cocaine users and n=6 controls.
Hence, our SCR analyses comparing the diagnostic groups
across the learning phases were only powered to detect
large effects (specifically, d ≥ 0.68).

Image acquisition and analysis

Functional images were acquired with a 4T
Varian/Siemens MRI scanner by using a coronal T2*-
weighted single shot gradient-echo echo planar imaging
sequence (TE/TR = 20/1600 ms, 3.125 × 3.125-mm2

in-plane resolution, 4-mm slice thickness, 1-mm gap,
33 coronal slices, 20-cm field of view, 64 × 64 matrix
size, 90° flip angle, 200 kHz bandwidth with ramp sam-
pling). Image processing and analyses were performed
in SPM8 (Wellcome Trust Centre for Neuroimaging,
London UK). The data were first realigned, co-registered
and spatially normalized to a standard echo planar
imaging template in the Montreal Neurological Institute
(MNI) frame, resulting in a final voxel size of
3 × 3 × 3 mm. Criteria for acceptable motion were
≤2 mm translation or ≤2° rotation in any direction. The
data were spatially smoothed with an 8-mm full-width-
at-half-maximum Gaussian kernel.

Three random-effects general linear models (GLMs)
were specified for each participant, corresponding to
acquisition, day 1 extinction and day 2 extinction, each
with a session-specific intercept, the 6 motion parameters
as regressors of no interest and all task conditions
convolved with a canonical HRF and high-pass filter
(cut-off frequency: 1/1500 seconds). The GLM for acqui-
sition included trial onsets for the CSD+, CSP+ and CS–,
separately for paired and unpaired trials (six conditions
in total), modeled as epochs with duration equal to the
length of CS presentation (3.5 or 5 seconds; i.e. terminat-
ing at presentation of the US). The GLMs for day 1 and
day 2 extinction each included trial onsets for each CS
(all unpaired trials, epoch duration = 5 seconds). The
GLM for day 1 extinction additionally included a fourth
condition for the ‘reminder trials’. Beta maps were com-
puted for each participant for each CS and
learning phase.

Given that previous studies have identified a circuit
centered on the VMPFC in extinction learning, and the
VMPFC and striatum in the representation and updating
of values including those for drug cues, we focused on
these two regions, although exploratory whole-brain
and targeted control region analyses were also performed

(see Supporting Information). As with SCR, we con-
ducted 2 (cue type) × 3 (learning phase) × 2 (group)
mixed ANOVAs on the differential BOLD responses
(CSD+ versus CS� and CSP+ versus CS�), our neural
measure of the conditioned response, extracted as aver-
age beta estimates from unbiased regions of interest
(ROIs). All N = 33 participants were included in the
fMRI analyses.

The striatum (entire caudate and putamen) ROI
was anatomically defined in PICKATLAS (ANSIR Labora-
tory; http://fmri.wfubmc.edu/software/PickAtlas). The
VMPFC was defined as a 12-mm radius sphere
centered on the coordinates reported in Phelps et al.
(2004) after transformation to MNI space (Talairach:
x = ±2, y = 38, z = �3; MNI: x = ±3, y = 42,
z = �12). The term VMPFC is used to describe a large,
heterogeneous region of the medial prefrontal cortex
that spans parts of the anterior cingulate cortex (ante-
rior to the genu of the corpus callosum) and the me-
dial orbitofrontal cortex, encompassing Brodmann
areas (BAs) 25, ventral portions of 24 and 32, medial
portion of 11 and ventral and medial portions of 10
(Mackey & Petrides 2014). The particular aspect of
the VMPFC included in our ROI is the medial portion
of BA 11 and the ventral portion of BA 10 (see inset in
Figure 2); this aspect has been linked to emotion regu-
lation including the use of extinction strategies
(Diekhof et al. 2011). In the anterior–posterior direc-
tion, our VMPFC ROI falls centrally, touching on poste-
rior aspects traditionally linked to the representation of
negative affect and anterior aspects representing posi-
tive affect (Grabenhorst & Rolls 2011; Myers-Schulz &
Koenigs 2012). Notably, our ROI almost fully overlaps
with the VMPFC locus identified in Bartra et al.
(2013) to represent value in diverse contexts. An ini-
tial analysis that included laterality as a factor revealed
differential responses in the left versus right VMPFC
ROIs. Therefore, the ANOVAs reported were performed
on averaged left and right side activation values for
the striatum but not the VMPFC.

RESULTS

Psychophysiological and self-reported measures

The 2 (cue type) × 3 (learning phase) × 2 (group) mixed
ANOVA revealed a reduction in SCR (to the CSD+ and
CSP+ relative to the CS�) over the learning phases
(F2,30 = 2.71, P = 0.08, d = 0.85), an effect that reached
significance for the linear contrast (acquisition > day 1
extinction > day 2 extinction: F = 5.93, P = 0.028,
d = 1.26; Figure S2), but no significant diagnostic
group, cue type or interaction effects (F < 0.77,
P > 0.47, d < 0.45). In addition, there were no
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differences between the groups in attention or subjective
ratings/choice for the CSs (see Figure S1c and d).

Neural correlates of extinction learning for drug and
pleasant cue associations

We hypothesized that, paralleling the SCR data, the
striatum and VMPFC would show similar progressive
increased or decreased activation over the learning
phases as tested with 2 × 3 × 2 mixed ANOVAs on the
differential BOLD responses (CSD+ and CSP+, both
relative to the CS�) in each ROI, followed by linear
contrasts specifically testing for this progression.

The main finding we observed was a diagnostic group
main effect (F1,31 = 5.44, P = 0.026, d = 0.84) and a cue
type × learning phase interaction in the left VMPFC
(F1.37,42.44 = 4.05, P = 0.039, d = 0.72), which were
both qualified by a significant cue type × learning
phase × group interaction (F2,62 = 4.21, P = 0.019,
d = 0.74; all other effects, P > 0.31, d < 0.37). A similar
albeit statistically weaker pattern was observed in the
right VMPFC (group main effect: F1,31 = 4.47,
P = 0.043, d = 0.76; cue type × learning phase
interaction: F1.27,39.47 = 3.07, P = 0.054, d = 0.63;
cue type × learning phase × group interaction:
F2,62 = 1.94, P = 0.15, d = 0.50). All other effects in

the right VMPFC were non-significant (P > 0.32,
d < 0.38). The 3-way interaction in the left VMPFC
was explained by differences over the learning phases in
response to the CSD+ versus CSP+ in controls but not co-
caine users (Figure 2a). As in fear extinction studies, in
controls, VMPFC activation was higher during extinction
for the CSD+ (which was rated as unpleasant). However,
it was lower during extinction for the CSP+ (which was
rated as pleasant; cue × learning phase interaction in
controls: F1.32,18.48 = 5.00, P = 0.029, cue × learning
phase linear effect: P = 0.021). In contrast, in cocaine
users, there was no such shift as extinction progressed
(cue × learning phase interaction in the cocaine group:
F1.44,24.45 = 0.72, P = 0.49). See the Supporting Infor-
mation for preliminary data showing that these VMPFC
findings do not appear to be specific to the abstract image
cues used in the present study but rather extend to
alternate USs (i.e. gain of real money).

As in Phelps et al. 2004, we also tested the cross-day
association between SCR and VMPFC activity. The
success of extinction learning on day 1, as indexed by a
reduction in SCR (average SCR over the last half of day
1 extinction) to the CSD+ versus CS�, correlated with
the magnitude of left VMPFC activation to the CSD+
versus CS� during day 2 extinction (n = 25, RS = �0.45,
P = 0.025; Figure 2b) and neither group alone drove this

Figure 2 Modulation of left ventromedial prefrontal cortex (VMPFC) activation by learning phase is valence-specific and correlates with
psychophysiological response to the conditioned stimulus (CSD+) paired with a drug cue. (a) Plot shows left VMPFC activation for each learning
phase (acquisition, day 1 extinction, day 2 extinction) as a function of cue-type [CSD+ (cue paired with a drug-related image) and CSP+ (cue
paired with a pleasant image), both relative to the CS� (cue paired with a neutral image)] and diagnostic group (cocaine users and controls).
There was a 3-way interaction such that left VMPFC activation decreased in response to the CSP+ but increased in response to the CSD+ with
extinction training in controls but not cocaine-addicted participants. (b) Left VMPFC activation on day 2 extinction correlated with the success of
day 1 extinction as indexed by reductions in skin conductance response (SCR) to the CSD+ relative to the CS� across subjects, pointing to
a role of this region in the recall of extinction learning. The overall pattern of results in the right VMPFC, as well as the correlation between
right VMPFC activation and SCR, was similar albeit weaker (see Results). +P ≤ 0.10, *P ≤ 0.05, **P ≤ 0.01. See also Figures S3–S5 and Ta-
bles S1 and S2
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effect. In cocaine users (n = 14), this relationship was
RS =�0.66, while in controls (n= 11), it wasRS =�0.44.
The relationship between SCR and right VMPFC
activation was similar (RS = �0.39, P = 0.053; cocaine
users: RS = �0.57, controls: RS = �0.41), altogether
showing that the VMPFC might have a specific role in
the retrieval of extinction learning for drug cues as
previously found for fear.

Finally, supporting a role for the striatum in extinction
learning, but not supporting our hypothesis of group
differences, we observed a significant cue × learning
phase interaction in this region (F2,62 = 7.97,
P = 0.001, d = 1.01) and no significant diagnostic group
or additional interaction effects (all F < 0.61, P > 0.54,
d < 0.28). Similar to findings in the VMPFC, the 2-way
interaction was explained by higher striatum activation
to the CSD+ but lower activation to the CSP+ during ex-
tinction relative to acquisition (cue × learning phase lin-
ear effect: P = 0.003; Figure 3). There was no significant
correlation with SCR for either day 1 or day 2 extinction
(RS < 0.22, P > 0.31).

See Tables S1 and S2 and Figures S3 and S4 for results
of whole-brain analyses and the Supporting Information
for control region analyses. In addition to providing inde-
pendent support for our ROI findings, the whole-brain
analyses showed additional involvement of the amygdala
and parahippocampal gyrus, among other regions such
as the inferior frontal gyrus and sensory cortices, during
extinction learning, and as expected, no significant differ-
ential task modulation or task condition by diagnostic
group interactions in our negative control (auditory
cortex) region. Finally, because a subset (n = 6 on day 1
and n = 4 on day 2) of participants tested positive for
cocaine, indicating recent (≤72 hours) exposure to the
drug, we also tested whether cocaine urine status had
any bearing on our main results. The linear learning
phase main effect on SCR, the cue type × learning
phase × group interaction in the left VMPFC and the
cue type × learning phase interaction in the striatum
all remained significant when we excluded the n = 4 par-
ticipants who were cocaine positive on both study days
(P < 0.038). SCR and activation in the two ROIs also
did not differ by cocaine urine status (positive/negative)
at acquisition and day 1 extinction (n = 6 versus
n = 12, respectively; P > 0.066) or day 2 extinction
(n = 4 versus n = 14, respectively; P > 0.084). These
control analyses suggest that the effects of recent cocaine
use are not likely to have confounded those of diagnosis.

Relationship to craving

Given its role in cue-induced craving, we tested whether
VMPFC activation during extinction correlated with par-
ticipants’ current and past 24-hour desire for cocaine,

including that triggered by drug-related cues (total
craving score; Table 1). Those cocaine users with higher
VMPFC activation to the CSD+ versus CS� during day 1
extinction (i.e. who looked more like controls) reported
a greater reduction in craving on day 2 relative to day
1 (R = �0.49, P = 0.04; Figure 4), as driven by the
relationship to day 2 craving (R = �0.53, P = 0.02;
day 1 craving: R = �0.26, P = 0.29).

DISCUSSION

Extinction of fear critically depends on the VMPFC
(Phelps et al. 2004; Milad et al. 2005; Milad et al. 2007;
Hartley et al. 2011). Here, we show that this same region
plays a role also in extinction of drug cue associations.

Figure 3 Modulation of striatum activation by learning phase is
valence-specific across participants. (A) Plot shows average left and
right striatum activation for each learning phase (acquisition, day 1
extinction, day 2 extinction) as a function of cue-type [CSD+ (cue
paired with a drug-related image) and CSP+ (cue paired with a pleas-
ant image), both relative to the CS� (cue paired with a neutral im-
age)] across controls and cocaine users. There was a 2-way
interaction such that, across participants, striatum activation decreased
in response to the CSP+ but increased in response to the CSD+ with
extinction training. +P ≤ 0.10, *P ≤ 0.05, **P ≤ 0.01. See also Figures
S3 and S4 and Tables S1 and S2
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During extinction learning, VMPFC response to the CSD+
(cue associated with the drug-related image) increased,
while psychophysiological arousal decreased. These two
measures were correlated such that participants who
showed the most success in extinguishing arousal
responses to the CSD+ on day 1 also showed the greatest
VMPFC increases to the CSD+ on day 2, presumably
when extinction learning from day 1 is recalled. While
a similar (increased) VMPFC activation is observed in fear
extinction studies (Phelps et al. 2004; Milad et al. 2007;
Schiller et al. 2013), VMPFC response to the CSP+ (cue
associated with the affectively pleasant image) and an
alternate appetitive CS (cue associated with monetary
gain; see Supporting Information) instead decreased dur-
ing extinction learning, consistent with a value updating
process. Finally, while controls showed these distinct
VMPFC response profiles, cocaine-addicted individuals,
who manifest deficits in the VMPFC, did not, suggesting
that the VMPFC, when intact, supports extinction
learning in diverse contexts including of drug cue and
pleasant associations.

That activation in the VMPFC might reflect a shift
from a more valenced state (unpleasant as for the CSD+
or pleasant as for the CSP+) to a less valenced or neutral
state follows from a large body of work showing that the
VMPFC represents the value of a wide range of (appetitive
and aversive) stimuli to guide behavior (Bartra et al.
2013). While this more general role of the VMPFC in ex-
tinction has been previously hypothesized (Schiller et al.

2008; Schiller & Delgado 2010), direct empirical support
has been limited as neuroimaging studies have almost ex-
clusively focused on fear extinction. Animal work shows
that the infralimbic cortex (the rodent homologue of the
VMPFC) is involved in extinction of both appetitive and
aversive CSs (Peters et al. 2009). In these studies, inacti-
vation of the infralimbic cortex impairs extinction as well
as extinction recall for CSs that during acquisition pre-
dicted shocks (e.g. Sierra-Mercado, Padilla-Coreano &
Quirk 2011) but seems to facilitate extinction for CSs that
during acquisition predicted appetitive reinforcers (e.g.
sugar; Mendoza, Sanio & Chaudhri 2015). While addi-
tional studies are clearly needed to determine if the same
VMPFC-mediated mechanism underlies extinction for all
types of CSs, we speculate that the VMPFC stores the cur-
rent value of the CS, likely in concert with other regions
which themselves represent specific features of the CS
(e.g. the amygdala in the case of aversive CSs and the stri-
atum in the case of appetitive CSs).

In a previous fear extinction study (Phelps et al.
2004), reduction in SCR during extinction correlated
with VMPFC activation a day later, suggesting that the
VMPFC is specifically involved in the retrieval of extinc-
tion learning. We saw this same relationship here: lower
SCR during day 1 extinction correlated with higher
VMPFC activation during day 2 extinction. This relation-
ship is further supported by evidence that the VMPFC,
unlike a more dorsal medial region of the prefrontal cor-
tex typically implicated in the expression of conditioned
associations (the dorsal anterior cingulate), granger
causally drives changes in skin conductance (Zhang
et al. 2014). Despite differences in the activity profiles of
the VMPFC for the CSD+ versus the CSP+, however,
for both CSs, SCR decreased during extinction relative
to acquisition. This cue-insensitive SCR pattern is not
surprising given that SCR indexes arousal and is consis-
tent with that observed in extinction learning studies of
food- and shock-paired CSs (Andreatta & Pauli 2015).
Importantly, despite eliciting similar SCRs, valence
ratings clearly differentiated the CSs as appetitive or aver-
sive in this prior study. Thus, as indices of the conditioned
response, VMPFC BOLD and SCR might represent partly
distinct aspects of the CS (valence versus arousal).

Perhaps most strikingly, while controls showed para-
metric VMPFC changes over the learning phases, that
were modulated by CS type, chronic cocaine users did
not. This was the case for both CSs, pointing to a general-
ized VMPFC abnormality in this group. Speaking to the
clinical relevance of this finding, cocaine users who more
successfully modulated their VMPFC response to the CSD
+ during day 1 extinction (i.e. who looked more like con-
trols) reported greater reductions in craving 24 hours
later. While these data predict cocaine-addicted individ-
uals with greater VMPFC impairments may be

Figure 4 Left ventromedial prefrontal cortex (VMPFC) activation
to the cue paired with a drug-related image (CSD+) relative to the
cue paired with a neutral image (CS�) on day 1 extinction correlated
with a reduction in craving from day 1 to day 2, showing that partic-
ipants who were more successful at modulating activation in this re-
gion on day 1 extinction in response to the drug-relevant cue
experienced less severe drug cravings a day later
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particularly vulnerable in real-world situations involving
drug cues, the SCR data did not reveal differences from
controls. We used SCR as a passive measure of the condi-
tioned response following a large body of literature. How-
ever, SCR is a noisy measurement in the MRI
environment (indeed, there was substantial data loss that
may have reduced our power to detect group differences
in SCR if these differences existed). Alternatively, how-
ever, these neural differences might exist outside overt
SCR differences. In studies of anxiety disorders, for exam-
ple, reproducible VMPFC impairments during fear extinc-
tion (Milad et al. 2008; Milad et al. 2009) and its later
retrieval (Milad et al. 2013) are observed in the absence
of abnormalities in SCR. That is, VMPFC activation might
be more sensitive in detecting differences from health, al-
though this possibility remains to be tested. To directly
test this possibility, future studies could incorporate
trial-by-trial expectancy ratings as explicit measures of
learning and additional physiological indices of arousal
(e.g. pupil dilation) and valence [e.g. startle
potentiation/attenuation (Andreatta & Pauli 2015)].

Contrary to expectations, the groups differed only in
the VMPFC. Activation in the striatum mirrored that of
the VMPFC, increasing in response to the CSD+ and de-
creasing in response to the CSP+ as extinction progressed,
but there were no differences between cocaine users and
controls. This coordinated pattern of activation in the
VMPFC and striatum, another central node within the
valuation system, further supports a value-sensitive
account of extinction learning. But while we and others
consistently find structural and functional impairments
in stimulant users in the VMPFC (Alia-Klein et al. 2011;
Konova et al. 2012; Parvaz et al. 2012; Ersche et al.
2013), that in some cases persist long after drug use
ceases (Tanabe et al. 2009), a similar consensus finding
regarding the striatum has been difficult to ascertain
from the human neuroimaging literature, with a bulk of
studies showing intact or even enhanced striatum func-
tion [see Balodis et al. (2012) and Konova & Goldstein
(2015) for a detailed discussion on this topic]. Thus, the
specific contribution of the striatum to extinction
learning in drug addiction requires further study.

Given the theoretical impetus for extinction-based
therapy in addiction (Taylor et al. 2009), it is important
to consider how our VMPFC findings might inform
treatment development, considering at least two
potentially meaningful aims: enhancing VMPFC function
or ‘bypassing’ it. For the former, the indirect dopamine
agonist methylphenidate is shown to facilitate
extinction and its retention, possibly via local effects in
the infralimbic cortex (Abraham, Cunningham & Lattal
2012; Luo et al. 2015). This pharmacological approach
may be particularly well-suited for cocaine-addicted
individuals as prior studies in this population show that

methylphenidate bolsters VMPFC function on both
emotionally salient (Goldstein et al. 2010; Volkow et al.
2010) and emotionally neutral (Li et al. 2010; Moeller
et al. 2014) tasks. Methylphenidate is also shown to mod-
ulate resting functional connectivity with the VMPFC
(Konova et al. 2013). For the latter aim (decreasing
reliance on the VMPFC), post-retrieval extinction, which
interferes with memory reconsolidation, may offer a
more efficacious method for targeting drug-related asso-
ciations (Auber et al. 2013; Hutton-Bedbrook & McNally
2013). Post-retrieval extinction is shown to effectively
reduce reinstatement and/or renewal of drug, sugar-
and fear-related associations in rodents and humans
(Monfils et al. 2009; Clem & Huganir 2010; Schiller
et al. 2010; Flavell, Barber & Lee 2011; Rao-Ruiz et al.
2011; Xue et al. 2012; Sartor & Aston-Jones 2014).
Some of this procedure’s success is attributed to its
relative independence of the VMPFC (Schiller et al. 2013)
and may therefore represent a viable alternative for disor-
ders with compromises in this region such as addiction.

In summary, a hallmark feature of drug addiction is
an inability to discontinue drug seeking and use despite
reduced pleasure derived from the drug and a range of
negative consequences including the foregoing of other
potentially rewarding outcomes. Here, we show that
this inability may stem from a VMPFC-mediated
impairment in forming and maintaining new associa-
tions for stimuli that were previously, though no longer,
predictive of both drug and non-drug related outcomes.
As this impairment may hinder the success of
extinction-based therapies for addiction, future work could
aim to concomitantly bolster VMPFC function and/or
develop treatments that minimize reliance on this region.
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SUPPORTING INFORMATION

Additional Supporting Information may be found online
in the supporting information tab for this article.

Figure S1 Subjective ratings and two-alternative forced
choice for the unconditioned stimuli (US, drug-related,
pleasant, and neutral images; top) and the conditioned
stimuli (CS, colored squares associated with the USs; bot-
tom). Ratings and choice were collected for each US and
each CS before and after day 1 acquisition, after day 1
extinction, and before and after day 2 extinction. The
top panel shows average (a) valence ratings and (b)
percent choice for the USD+ (in blue; drug-related image)
and USP+ (in green; pleasant image) relative to the US�
(neutral image) for each diagnostic group. The bottom
panel shows (c) valence ratings and (d) percent choice
for the CSD+ (in blue; colored square associated with
the drug-related image) and CSP+ (in green; colored
square associated with the pleasant image) relative to
the CS� (colored square associated with the neutral
image) for each time point across all participants. Data
available for n = 17 cocaine users and n = 13 controls.
Figure S2 Skin conductance response (SCR) on unpaired
trials where the conditioned stimulus (CS), a colored
square, was presented without the paired unconditioned
stimulus (a drug-related or pleasant image). SCR values
shown are averaged over the 7 unpaired trials during
acquisition (ACQ), the first 10 trials (early day 1-EXT)
and second 10 trials (late day 1-EXT) during day 1
extinction, and the first 10 trials (early day 2-EXT) and
second 10 trials (late day 2-EXT) during day 2 extinction,
across all participants. Data available for n=11 cocaine
users and n=6 controls.
Figure S3 Neural correlates of extinction learning for
drug and affectively pleasant cues (wholebrain main
effects, P < 0.05 cluster-level corrected shown at T range
of 1 to 5). Images are shown in radiological convention
(left=right). See Table S1. Abbreviations: ACC, anterior
cingulate cortex; CER, cerebellum; HIPP, hippocampus;
IFG, inferior frontal gyrus; INS, insula; IPL, inferior

parietal lobe; SFG, superior frontal gyrus; STG, superior
temporal gyrus.
Figure S4 Neural correlates of extinction learning for
drug and affectively pleasant cues (wholebrain interac-
tion effects, P < 0.05 cluster-level corrected shown at T
range of 1 to 5). Images are shown in radiological con-
vention (left=right). See Table S2. Abbreviations: ACC,
anterior cingulate cortex; AMY, amygdala; CALC,
calcarine; CUN, cuneus; IFG, inferior frontal gyrus; IPL,
inferior parietal lobe; MCC, middle cingulate cortex;
SMA, supplementary motor area; THAL, thalamus.
Figure S5 Role of the VMPFC in extinction learning for
monetary rewards and association with skin conduc-
tance response (SCR). (a) Plot shows left VMPFC activa-
tion for each learning phase (acquisition, day 1
extinction, day 2 extinction) for the CSM+ (cue paired
with $4) relative to the CSM- (cue paired with $0) as a
function of diagnostic group (cocaine users, controls).
There was a trend for a learning phase × diagnosis inter-
action in the ROI analyses suggesting left VMPFC activa-
tion decreased in response to the CSM+ in controls but
increased non-significantly in the cocaine user group.
Whole-brain analyses revealed a significant and overlap-
ping VMPFC region for the same interaction (shown in
navy on the brain slice; MNI coordinates: x=-6, y=38,
z=4, peak Z=3.9, 105 voxels, P < 0.05 cluster-level
corrected). (b) The relationship between left VMPFC acti-
vation and the success of extinction on day 1 extinction
as indexed by a reduction in skin conductance response
(SCR) to the CSM+ relative to the CSM- on day 2 extinc-
tion across participants. VMPFC values plotted in panels
a and b are from the unbiased ROI mask.
Table S1 Main Effects of Cue, Learning Phase, and Diag-
nosis on Conditioned Response to Drug (CSD+) or Pleas-
ant (CSP+) versus Neutral (CS-) Cues (see also Figures 2
& 3)
Table S2 Interaction Effects of Cue, Learning Phase, and
Diagnosis on Conditioned Response to Drug (CSD+) or
Pleasant (CSP+) versus Neutral (CS-) Cues (see also
Figures 2 & 3)
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