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Abstract

Background: Cocaine addiction is associated with altered sensitivity to natural reinforcers and intense drug craving. However, 
previous findings on reward-related responses were mixed, and few studies have examined whether reward responses relate 
to tonic cocaine craving.
Methods: We combined functional magnetic resonance imaging and a monetary incentive delay task to investigate these 
issues. Imaging data were processed with published routines, and the results were evaluated with a corrected threshold. We 
compared reward responses of 50 cocaine-dependent individuals (CDs) and 45 healthy controls (HCs) for the ventral striatum 
(VS) and the whole brain. We also examined the regional responses in association with tonic cocaine craving, as assessed 
by the Cocaine Craving Questionnaire (CCQ) in CDs. We performed mediation analyses to evaluate the relationship between 
regional responses, CCQ score, and recent cocaine use.
Results: The VS showed higher activation to large as compared with small or no wins, but this reward-related activity did 
not differ between CDs and HCs. The precentral gyrus (PCG), anterior insula, and supplementary motor area showed higher 
activation during large vs no wins in positive correlation with the CCQ score in CDs. Mediation analyses suggested that days 
of cocaine use in the prior month contributed to higher CCQ scores and, in turn, PCG reward responses.
Conclusions: The results highlight a unique relationship between reward responses of the primary motor cortex, tonic 
cocaine craving, and recent cocaine use. The motor cortex may partake in the cognitive motor processes critical to drug-
seeking behavior in addicted individuals.
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Introduction
Cocaine is a psychostimulant with powerful addictive properties. 
Withdrawal from cocaine produces intense craving potentially 
as a result of downregulated dopaminergic signaling (Volkow 
et al., 2006), and studies have suggested that cocaine-dependent 

individuals (CDs) are less motivated for non-drug, including pri-
mary, reinforcers (Goldstein et al., 2007, 2010; Tobler et al., 2016). 
On the other hand, imaging studies have not consistently dem-
onstrated under-responsiveness of the reward circuit, including 

International Journal of Neuropsychopharmacology (2021) 24(8): 634–644

doi:10.1093/ijnp/pyab016
Advance Access Publication April 2, 2021
Regular Research Article

http://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0002-4196-8646
https://orcid.org/0000-0002-9393-1212


Copyedited by:  

Zhornitsky et al. | 635

the ventral striatum (VS), to natural reinforcers in drug users 
(Garavan et al., 2000; Zhang et al., 2019). We examined in a recent 
work how CDs responded to food vs cocaine cues and whether 
CDs responded to food cues differently compared with HCs 
(Zhang et al., 2019). At a corrected threshold, CDs demonstrated 
higher activation to cocaine compared with food cues in the 
hypothalamus, and CDs compared with HC also demonstrated 
higher hypothalamic activation to food cues. In the same study, 
with region of interest (ROI) analysis, the VS similarly showed 
higher response to cocaine than to food cues in CDs and higher 
food cue responses in CDs than in HCs. The latter findings sug-
gested higher saliency of cocaine cues but did not appear to 
support the proposition of an under-responsive reward circuit 
to natural reinforcers in CDs.

Money is a powerful secondary reinforcer and may represent 
a surrogate of drug for individuals with substance use disorders. 
Studies have suggested that, although less motivated to maxi-
mize hypothetical earning, CDs were more motivated to earn 
real money than controls (Vadhan et al., 2009; Hulka et al., 2014). 
For instance, CDs were observed to expend more time and effort 
completing a gambling task with real money at stake (Vadhan 
et  al., 2009). An earlier study demonstrated that CDs self-
administered significantly less cocaine when money (vs. mer-
chandise) vouchers were available as an alternative reinforcer 
(Hart et al., 2000). In fact, just increases in the chances to win 
money in a bingo game would be sufficient to counteract par-
ticipants’ choice to smoke cocaine (Vosburg et al., 2010). Thus, 
monetary reinforcer is highly salient and the motivation to earn 
money may be associated with individuals’ state of drug craving 
in cocaine addiction.

Imaging studies have examined neural responses to mon-
etary reinforcers and showed a mixture of results, including 
increases, decreases, or no differences in reward-related acti-
vations among CDs, relative to HCs (Goldstein et al., 2007; Jia 
et al., 2011; Patel et al., 2013; Bustamante et al., 2014; Balodis 
et al., 2016; Konova et al., 2016; Rosell-Negre et al., 2016; Rose 
et al., 2017). Some reported higher activation to monetary re-
inforcer in the caudate, putamen, insula, hippocampus, or cin-
gulate gyrus in CDs compared with HCs (Jia et al., 2011; Konova 
et al., 2016; Rose et al., 2017). Others showed decreased response 
to monetary reinforcer among CDs in the thalamus, habenula, 
and frontal and prefrontal gyri compared with HCs (Goldstein 
et al., 2007; Rosell-Negre et al., 2016; Rose et al., 2017). It is not 
entirely clear what may have accounted for the differences in 
findings. The discrepancies may reflect the disparity in par-
ticipants’ clinical profiles, including current cocaine use and 
treatment status and/or data analytics (e.g., voxel-wise vs ROI 
analysis).

Studies have also examined how regional brain responses 
to monetary reinforcer related to craving. The activations of 
the inferior frontal cortex to monetary reinforcer correlated 

positively with the differences in craving post- vs pre-scans 
among CDs (Konova et al., 2016). One study reported greater VS 
activation during reward receipt in CDs relative to HCs using 
ROI analysis, with VS activation correlated inversely with self-
reported abstinence and percent cocaine-negative urines (Jia 
et  al., 2011). Using the monetary incentive delay task (MIDT), 
a more recent study observed increased putamen and motor 
cortex activation during reward anticipation in cocaine- and/
or methamphetamine-dependent participants compared with 
HCs, and, importantly, the increases in task-related activation 
in the motor circuit were associated with regular use of the 
stimulants (Just et al., 2019). Together, although implicating dif-
ferent brain structures, these studies associated higher regional 
responses to monetary reinforcer with more intense craving. 
However, other studies demonstrated a contrasting picture. 
Task-elicited cocaine craving correlated negatively with reward 
magnitude-related activity during both win and loss trials in 
the habenula (Rose et al., 2017). Thus, largely based on ROI ana-
lyses, these studies have provided less than consistent evidence 
of reward-related responses in association with craving. More 
work employing voxel-wise analyses is needed to elucidate the 
relationship between cerebral activation to monetary reinforcer 
and individuals’ state of cocaine craving.

Here, we examined the neural responses to monetary re-
inforcer in a sample of 50 current cocaine users with con-
trolled abstinence. We investigated the relationship between 
cocaine craving and brain responses to monetary reinforcer 
in the MIDT using whole-brain regression analysis. Further, as 
the VS, a key hub of the reward circuit, has consistently been 
shown to respond to wins vs no-wins or losses in the MIDT 
(Oldham et al., 2018), we examined the VS as a specific ROI. We 
had three aims. First, we tested whether the VS showed dif-
ferences in activation to wins and/or losses in CDs compared 
with HCs and examined whether the VS responses to mon-
etary reinforcer were associated with tonic cocaine craving, 
as assessed by the Cocaine Craving Questionnaire (CCQ), in 
CDs. Second, we performed whole-brain analyses to identify 
reward-related correlates of tonic cocaine craving, as reflected 
by the CCQ scores. Finally, we employed mediation analysis to 
evaluate the inter-relationship between regional responses to 
monetary reinforcer, tonic cocaine craving, and days of cocaine 
use in the prior month in CDs.

METHODS

Participants, Informed Consent, and Assessments

Ninety-five adults (50 CDs and 45 HCs) participated in this study 
(Table 1). CDs met the criteria for current cocaine dependence 
as diagnosed by the Diagnostic and Statistical Manual of Mental 
Disorders, Fourth Edition (APA, 2005). Recent cocaine use was 
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confirmed by urine toxicology screens. CDs were drug/medica-
tion free while staying at the Clinical Neuroscience Research 
Unit of the Connecticut Mental Health Center for approximately 
2 weeks prior to the functional magnetic resonance imaging 
(fMRI) scans. All participants were physically healthy with no 
major medical illnesses or current use of prescription medica-
tions. None reported having a history of head injury or neuro-
logical illness. The Human Investigation Committee at Yale 
University School of Medicine approved the study procedures, 
and all participants signed an informed consent prior to study 
participation. Some of the subjects participated in our earlier 
studies (Zhang et al., 2019, 2020a, 2020b).

Cocaine craving was assessed with the CCQ, Brief version 
(Sussner et  al., 2006). All CDs were assessed with the CCQ, 
Brief version every 2 or 3 days. There was little day to day vari-
ation in the CCQ score (mean ± SD of the coefficient of vari-
ation = 0.071 ± 0.047). Thus, we used the CCQ score averaged 
across all assessments during the inpatient stay to index the 
tonic level of craving.

CDs and HCs did not differ in age or years of alcohol use but 
showed a trend-level difference in sex composition and a sig-
nificant difference in years of cigarette smoking. Thus, in exam-
ining imaging data for group differences and correlations with 
tonic craving, we included age, sex, years of drinking, and years 
of smoking as covariates in additional analyses.

Behavioral Tasks

We employed a MIDT as described in our previous studies 
(Dhingra et al., 2019; 2021) (Figure 1A). Briefly, a reward cue (a 
dollar, a cent, or no money) appeared on the screen at the be-
ginning of each trial. After a randomized interval (fore-period) 
between 1 and 5 seconds (uniform distribution), a target box 
appeared on the screen and disappeared after a short period 
(response window). Participants were told to press a button as 
quickly as possible to collect the money in the target box (win) 
before it disappeared. An accurate trial is defined by a button 
press before the disappearance of the target box. Otherwise, 
participants would lose the reward, with the amount deducted 
from the total win. Participants received the money they won 
from the task in addition to a base payment. Before the task, 

participants were instructed that they would receive what they 
won from the task, and they would win and win more as long as 
they “played” earnestly in the task.

A premature button press prior to the appearance of the 
target box terminated the trial and similarly resulted in loss. 
Feedback was shown on the screen after each trial to indicate 
the amount of money won or lost. Approximately 42% of all trials 
were dollar trials, 42% were cent trials, and “no money” consti-
tuted the remaining trials. There was an inter-trial interval of 1.5 
seconds. The response window started at 300 milliseconds and 
was stair-cased for each trial type (dollar/cent/no money trials, 
separately): for instance, if the participant succeeded at 2 suc-
cessive dollar trials, the window decreased by 30 milliseconds, 
making it more difficult to win again. Conversely, if a participant 
failed for 2 successive trials, the response window increased by 
30 milliseconds, making it easier to win. We anticipated that the 
participants would win in approximately 67% each for dollar 
and cent trials. Each participant completed two 10-minute runs 
of the task.

Imaging Protocol, Data Preprocessing, and Modeling

Brain images were collected using multiband imaging with 
a 3-Tesla MR scanner (Siemens Trio, Erlangen, Germany). 
Conventional T1-weighted spin echo sagittal anatomical images 
were acquired for slice localization. Anatomical 3D MPRAGE im-
ages were next obtained with spin echo imaging in the axial 
plane parallel to the AC–PC line with TR = 1900 milliseconds, 
TE = 2.52  ms, bandwidth = 170 Hz/pixel, field of view = 250  × 
250 mm, matrix = 256 × 256, 176 slices with slice thickness = 1 mm 
and no gap. Functional, blood oxygen level-dependent signals 
were then acquired with a single-shot gradient echo echoplanar 
imaging sequence. Fifty-one axial slices parallel to the AC–PC 
line covering the whole brain were acquired with TR = 1000 
milliseconds, TE = 30 milliseconds, bandwidth = 2290 Hz/pixel, 
flip angle = 62°, field of view = 210 × 210  mm, matrix = 84 × 84, 51 
slices with slice thickness = 2.5 mm and no gap, and multiband 
acceleration factor = 3. Images from the first 10 TRs at the begin-
ning of each trial were discarded to enable the signal to achieve 
steady-state equilibrium between RF pulsing and relaxation.

Data were analyzed with Statistical Parametric Mapping 
(SPM8, Wellcome Department of Imaging Neuroscience, 
University College London, UK). Standard image preprocessing 
was performed. Images of each participant were first re-
aligned (motion corrected) and corrected for slice timing. 
A participant whose head motion exceeded 3.0 mm in trans-
lation or 3  degrees in rotation was excluded. A  mean func-
tional image volume was constructed for each participant per 
run from the realigned image volumes. These mean images 
were co-registered with the high-resolution structural image 
and then segmented for normalization with affine registra-
tion followed by nonlinear transformation (Friston et al., 1995; 
Ashburner and Friston, 1999). The normalization parameters 
determined for the structure volume were then applied to the 
corresponding functional image volumes for each participant. 
Finally, the images were smoothed with a Gaussian kernel of 
8 mm at full width at half maximum.

We examined event-related blood oxygen level-dependent 
signals in a model with 5 trial types distinguished: dollar win, 
dollar loss, cent win, cent loss, and no money (nil). A  statis-
tical analytical design was constructed for each participant 
using a general linear model with the onsets of “outcome” for 
each trial convolved with a canonical hemodynamic response 

Table 1. Demographics and clinical measures of the participants

Characteristic CD (n = 50) HC (n = 45) P value

Age (y) 44.5 ± 4.1 41.8 ± 8.4 .10a

Sex (M/F) 40/10 29/16 .09b

Years of drinking 27.0 ± 10.0 24.0 ± 10.0 .15a

Years of smoking 17.4 ± 11.8 2.2 ± 6.6 <.001a

CCQ score 39.6 ± 16.6 N/A N/A
Monthly cocaine use  

(g, average, prior year)
29.8 ± 38.2 N/A N/A

Cocaine amount per use 
(g, prior month)

1.4 ± 1.5 N/A N/A

Days of cocaine use  
(prior month) 

19.8 ± 8.8 N/A N/A

Years of cocaine use 16.5 ± 9.6 N/A N/A

Abbreviations: CCQ, Cocaine Craving Questionnaire; N/A, not applicable. Values 

are mean ± SD. 
a2-tailed 2-sample t test. 
bχ2 test; Age, sex, years of smoking and years of drinking were used as covariates 

in data analyses.
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function and with the temporal derivatives of the canonical 
hemodynamic response function and entered as regressors in 
the model (Friston et  al., 1995; Ashburner and Friston, 1999). 
Realignment parameters in all 6 dimensions were also entered 
in the model. Serial autocorrelation caused by aliased cardio-
vascular and respiratory effects was corrected by a first-degree 
autoregressive model. The general linear model estimated the 
component of variance explained by each of the regressors.

In group-level or random effects analyses, we performed 
1-sample t tests of the whole brain each for CDs and HCs and 
2-sample t tests to compare CDs and HCs. To investigate the 
relationship between reward processing and tonic craving, we 
conducted whole-brain linear regressions with CCQ score as 
the regressor. Voxels with peak activity were shown in Montreal 
Neurological Institute coordinates. For both 1- and 2-sample t 
tests and linear regressions, we examined a total of 8 contrasts 
(Supplementary Material).

In ROI analysis, we focused on brain regions from whole-
brain linear regressions with CCQ score. We also specifically 
tested whether the VS showed differences in activation to wins 
and/or losses in CDs compared with HCs and examined whether 
VS responses to reward outcomes were associated with tonic 

cocaine craving, as assessed by the CCQ, in CDs. We employed a 
VS mask generated by cytoarchitectonic and topographical cri-
teria (Zaborszky et al., 2008) as with our previous studies (Zhang 
et al., 2017; Zhang and Li, 2018), and computed the β contrast 
values of the VS and compared CDs and HCs for all the contrasts.

Mediation Analysis

The mediation analysis was performed on only 3 variables 
that were significantly correlated to each other. In the current 
study, the CCQ score, number of days of cocaine use in the 
prior month, and precentral gyrus (PCG) activation were sig-
nificantly correlated to each other (see Results). Thus, we per-
formed mediation analyses (MacKinnon et al., 2007) using the 
toolbox M3 (http://wagerlab.colorado.edu/tools) to examine 
the inter-relationships between PCG activation, tonic cocaine 
craving, and recent cocaine use (see Results). In a mediation 
analysis, the relation between the independent variable X 
and dependent variable Y, i.e., X → Y, is tested to see if it is 
significantly mediated by a variable M. The mediation test is 
performed by employing 3 regression equations (MacKinnon 
et al., 2007): 

Figure 1. Behavioral paradigm and performance. (A) Monetary incentive delay task: a reward cue (a dollar, a cent, or no money) appeared at the beginning of each 

trial. After a randomized interval between 1 and 5 seconds, a target box appeared on the screen and disappeared after a short period (response window). Participants 

were told to press the button as quickly as possible to collect the money in the target box (win) before it disappeared. Otherwise, participants would lose the reward, 

with the amount deducted from the total win. A premature button-press prior to the appearance of the target box terminated the trial and similarly resulted in loss. 

A feedback window was shown on the screen after each trial to indicate the amount of money won or lost. (B) Accuracy rate and (C) Reaction time (RT) of dollar, cent 

and no money (nil) trials (mean ± SE). *P < .05.

https://academic.oup.com/ijnp/article-lookup/doi/10.1093/ijnp/pyab016#supplementary-data
http://wagerlab.colorado.edu/tools
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Y = i1 + cX+ e1 
Y = i2 + c′X+ bM+ e2 
M = i3 + aX+ e3

where a represents X → M, b represents M → Y (controlling 
for X), c′ represents X → Y (controlling for M), and c repre-
sents X  → Y.  The constants i1, i2, and i3 are the intercepts, 
and e1, e2, and e3 are the residual errors. In the literature, a, 
b, c, and c′ were referred as path coefficients or simply paths 
(MacKinnon et al., 2007; Wager et al., 2008), and we followed 
this notation. Variable M is said to be a mediator of the cor-
relation X → Y if (c – c′), which is mathematically equivalent to 
the product of the paths a × b, when it is significantly different 
from zero (MacKinnon et al., 2007). If the product a × b and the 
paths a and b are significant, one concludes that X → Y is me-
diated by M. In addition, if path c′ is not significant, there is 
no direct connection from X to Y and X → Y is completely me-
diated by M. Note that path b is the relation between Y and M, 
controlling for X, and should not be confused with the correl-
ation coefficient between Y and M.

RESULTS

Behavioral Performance

We examined behavioral performance using group (CDs vs 
HCs) by condition (dollar vs cent) ANOVA (Figure 1). ANOVA of 
accuracy rate showed a significant group (P = .042) and condi-
tion (P = .0001) main effect but not an interaction effect (P = .99). 
ANOVA of reaction time (RT) also showed a significant group 
(P = .031) and condition (P = .0002) main effect but not an inter-
action effect (P = .31). In posthoc analyses, CDs showed higher 
accuracy during dollar (P = .041) but not cent trials (P = .10), and 
shorter RT during cent (P = .016) but not dollar trials (P = .072) 
compared with HCs. CDs but not HCs showed higher accuracy 
during dollar (P = .026) compared with cent trials (P = .12). Further, 
in CDs, the CCQ score was negatively correlated with the RT of 
dollar win trials (r = −0.38, P = .006) as well as the RT of all (dollar 
+ cent) win trials (r = −0.33, P = .02), suggesting a relationship be-
tween tonic cocaine craving and eagerness to win.

Regional Activations to Wins, Losses, and Wins vs 
Losses in the MIDT

The results of one-sample t test of dollar win/loss vs nil, cent 
win/loss vs nil, and dollar vs cent win/loss are presented in 
Supplementary Figures 1 and 2 for HCs and CDs. Supplementary 
Figure 3 showed the results of one-sample t test of dollar win vs 
dollar loss and cent win vs cent loss. Clusters are summarized 
in Supplementary Tables 1–3. Please see detailed description in 
the Supplementary Material.

Specifically, higher activation in VS was observed during 
dollar and cent wins vs nil in HCs as well as during dollar wins 
vs nil in CDs. Further, HCs showed higher activation of the dorsal 
striatum, including the caudate (both head and body), putamen, 
and globus pallidus during both dollar and cent wins vs losses. 
CDs showed higher activation of bilateral putamen and caudate 
body during dollar wins vs losses and of bilateral putamen and 
globus pallidus during cent wins vs losses. These findings high-
light striatal responses in reward win compared with nil or re-
ward loss in both CDs and HCs. However, a two sample t test 
for each of the 8 contrasts—dollar win/loss vs nil, cent win/
loss vs nil, dollar vs cent win/loss, dollar win vs loss, and cent 
win vs loss—showed that there were no significant differences 

between CDs and HCs at voxel P < .001 uncorrected and cluster-
level P < .05 corrected for familywise error or. Analyses of co-
variance with age, sex, years of drinking, and years of smoking 
as covariates also showed no group differences at the same 
threshold. Likewise, in small volume correction for the VS mask, 
no voxels showed significant differences between CDs and HCs 
in any of these contrasts with or without covariates.

Regional Activations to Outcomes in Relation to CCQ 
Scores in CDs

We performed whole-brain linear regression analysis on each 
of the 8 contrasts against CCQ score in CDs with age, sex, years 
of drinking, and years of smoking as covariates and reported 
the findings at voxel P < .001 uncorrected and cluster-level P < .05 
FWE-corrected. For the contrast dollar win > nil, the right an-
terior insula (AI), right PCG, and bilateral supplementary motor 
area showed activation in positive correlation with CCQ score 
(Figure 2A). For the dollar loss > nil contrast, the right AI and left 
occipital gyrus showed activation in positive correlation with 
CCQ score (Figure 2D). For the cent loss > nil contrast, the right 
inferior frontal gyrus, AI, and inferior parietal gyrus showed ac-
tivation in positive correlation with CCQ score (Figure 2E). No 
brain regions showed a significant correlation with the CCQ 
score for other contrasts.

In small volume correction for the VS mask, we did not ob-
serve any voxels with activities in correlation with the CCQ 
score for any of the 8 contrasts.

VS Activations to Outcome and in Relation to CCQ 
Scores in CDs

To confirm that CDs and HCs did not differ in VS responses to 
reward outcome between CDs and HCs and that VS responses 
did not correlate with CCQ score across CDs, we extracted the β 
contrast values of the VS for individual participants. We exam-
ined VS activity using group (CDs vs HCs) by condition (dollar 
vs cent compared with nil) by outcome (win vs loss) ANOVA. 
There were condition (P = .005) and outcome (P = 7.8 × 10–13) but 
not group (P = .54) differences (supplementary Figure 4A). There 
was no group by condition (P = .27), group by outcome (P = .89), 
condition by outcome (P = .07), or group by condition by outcome 
(P = .63) interaction. In posthoc analyses, CDs did not differ in VS 
activation of any of the contrasts compared with HCs (all P > .5). 
Further, VS activity was not correlated with CCQ score for any of 
the contrasts in linear regressions (all P > .058) (supplementary 
Figure 4B).

Regional Activations in Relation to Performance in 
the MIDT

We focused on the brain regions that exhibited a correlation in 
activity with the CCQ score and examined whether regional re-
sponses are related to behavior performance with linear regres-
sions. With the 9 ROIs and 2 behavior measures, we evaluated 
the results at a corrected threshold P = .05/(9 × 2) = .0028. PCG re-
sponse to dollar win > nil (β contrast) was positively correlated 
with the difference in accuracy rate (r = 0.33, P = .021) but not sig-
nificantly correlated with the difference in RT (r = −0.24, P = .093) 
of dollar vs nil trials. No other correlations were significant.

To examine whether the PCG response to dollar win vs nil 
remained correlated with CCQ score after accounting for RT, we 
performed a linear regression between PCG β estimate (dollar 
win – nil) and CCQ score with RT (dollar win – nil) as covariates. 

http://academic.oup.com/ijnp/article-lookup/doi/10.1093/ijnp/pyab016#supplementary-data
http://academic.oup.com/ijnp/article-lookup/doi/10.1093/ijnp/pyab016#supplementary-data
http://academic.oup.com/ijnp/article-lookup/doi/10.1093/ijnp/pyab016#supplementary-data
http://academic.oup.com/ijnp/article-lookup/doi/10.1093/ijnp/pyab016#supplementary-data
https://academic.oup.com/ijnp/article-lookup/doi/10.1093/ijnp/pyab016#supplementary-data
http://academic.oup.com/ijnp/article-lookup/doi/10.1093/ijnp/pyab016#supplementary-data
http://academic.oup.com/ijnp/article-lookup/doi/10.1093/ijnp/pyab016#supplementary-data
http://academic.oup.com/ijnp/article-lookup/doi/10.1093/ijnp/pyab016#supplementary-data
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The results showed that the 2 remained significantly correlated 
across participants (r = 0.60, P = .0000063).

Mediation Analyses

The PCG activation to dollar wins vs nil was positively cor-
related with the CCQ score as shown earlier. The number of 
days of cocaine use in the prior month (days of use) was also 
positively correlated with CCQ score (r = 0.46, P = .0008) and 
with PCG activation (r = 0.38, P = .0061). Thus, we conducted 

mediation analysis to examine the relationship between days 
of use, CCQ, and PCG activation. All 6 models were considered, 
and the results of mediation were evaluated at a corrected 
P = .05/6 = .0083. The results showed that only 1 model was sig-
nificant, showing that days of use contributed to higher tonic 
cocaine craving and, in turn, PCG activation: days of cocaine 
use → craving → PCG activity (Figure 3E). With the mediation 
of CCQ score, days of cocaine use in the past month was not 
correlated with PCG activation (P = .32), suggesting a complete 
mediation.

Figure 2. Regional activations to outcomes of (A) dollar win vs nil, (B) cent win vs nil, (C) dollar win vs cent win, (D) dollar loss vs nil, (E) cent loss vs nil, (F) dollar loss vs 

cent loss, (G) dollar win vs dollar loss, and (H) cent win vs cent loss in correlation with Cocaine Craving Questionnaire (CCQ) at voxel P < .001. Clusters meeting cluster-

level P < .05 whole-brain corrected for familywise error of multiple comparisons are highlighted by insets and summarized in Table 2.
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Discussion

We investigated the relationship between tonic cocaine craving 
and regional responses to monetary reinforcer in CDs. The VS 
showed higher activation to large compared with small or no 
wins, but this reinforcer-related activity did not differ between 
CDs and HCs even in ROI analyses. The findings suggest that VS 
response to monetary wins may not represent a neural marker 
that defines the under-responsiveness of the reward circuit or 
relates to tonic craving in cocaine addiction. Further, we ob-
served that the AI showed activity for dollar win vs nil, dollar 
loss vs nil, and cent loss vs nil in positive correlation with tonic 
craving in CDs. The data suggest a role of the insula in linking 
saliency to tonic craving. The right PCG showed activity during 
dollar vs nil wins in positive correlation with tonic craving. 
Further, mediation analysis showed that tonic cocaine craving 
completely mediated the correlation between recent cocaine 
use and PCG activation. Thus, higher activity of the PCG during 
monetary wins, as driven by tonic cocaine craving and recent 

cocaine use, may support individual motivation to obtain mon-
etary reward. Indeed, CDs chose money over acute cocaine 
administration more frequently when the amount of money 
offered to them increased in human laboratory (Higgins et al., 
1994; Wesley et al., 2014). Although not typically a focus of ad-
diction research, the motor cortex receives dense dopaminergic 
innervations from the midbrain and may engage in many of 
the cognitive motor processes during cocaine misuse (Williams 
and Goldmanrakic, 1993; Hosp and Luft, 2013; Vitrac et al., 2014).

Reward Responses of the VS in Cocaine Addiction

Consistent with the great majority of previous studies dis-
cussed earlier, we did not observe a different VS response to 
rewards between CDs and HCs. In fact, CDs and HCs did not 
show differences in regional activities for any of the contrasts 
we examined of the MIDT. As money is a secondary reinforcer, 
this finding does not necessarily falsify the hypothesis of under-
responsiveness to natural reinforcers in cocaine addiction, an 

Table 2. Regional activations to outcomes in correlation with CCQ score at voxel P < .001 and cluster-level P < .05 whole-brain corrected for 
familywise error of multiple comparisons

Volume (mm3)

Peak voxel MNI coordinates (mm)

Side Identified brain region(Z) x y z

Dollar win > nil (positive correlation with CCQ)
4509 4.82 33 23 −11 R Insula
7263 4.41 48 5 43 R Precentral G
3402 4.36 6 26 43 L/R SMA
Dollar win > nil (negative correlation with CCQ)
None       
Cent win > nil (positive correlation with CCQ)
None       
Cent win > nil (negative correlation with CCQ)
None       
Dollar win > cent win (positive correlation with CCQ)
None       
Dollar win > cent win (negative correlation with CCQ)
None       
Dollar loss > nil (positive correlation with CCQ)
3672 4.49 33 20 −6 R Insula
4887 4.01 −51 −73 1 L Occipital cortex
3294 3.84 33 −61 −11 R Occipital cortex
Dollar loss > nil (negative correlation with CCQ)
None       
Cent loss > nil (positive correlation with CCQ)
5670 5.18 51 38 13 R Inferior/middle frontal G
5508 4.71 45 20 −5 R Insula
12 123 4.51 48 −43 58 R Inferior parietal gyrus
Cent loss > nil (negative correlation with CCQ)
None       
Dollar loss > cent loss (positive correlation with CCQ)
None       
Dollar loss > cent loss (negative correlation with CCQ)
None       
Dollar win > dollar loss (positive correlation with CCQ)
None       
Dollar win > dollar loss (negative correlation with CCQ)
None       
Cent win > cent loss (positive correlation with CCQ)
None       
Cent win > cent loss (negative correlation with CCQ)
None       

Abbreviations: CCQ, Cocaine Craving Questionnaire; G, gyrus; R/L, right/left; SMA, supplementary motor area.
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issue that can perhaps only be resolved by directly using food 
and sex as motivating stimuli.

A broader consideration is that dampened dopaminergic 
signaling as a result of chronic cocaine use may have led to com-
pensatory processes to support neural responses to reward and 
reward-driven behavior. These compensatory processes may be 
harnessed to alleviate habitual drug use in cognitive behavioral 
treatments. On the other hand, behavioral paradigms that em-
ploy external stimuli as incentives may not bear on intrinsic 
motivation, which can be compromised in drug-addicted indi-
viduals (Köpetz et al., 2013). For instance, VS activation during 
reward anticipation in the MIDT was not a significant predictor 
of resilience in youth with family history of substance use dis-
orders (Martz et  al., 2018). Imaging studies of intrinsic motiv-
ation appear to engage the reward circuit, including the VS (Daw 
et  al., 2011; Liljeholm and O’Doherty, 2012), and more studies 
are warranted to examine intrinsic, reward-related processes in 
CDs.

Reward Responses of the Motor Cortex and Tonic 
Cocaine Craving

As a part of the primary motor cortex, the PCG is involved in the 
development of automatized actions as may manifest during 
habitual cocaine seeking (Hanlon et al., 2011; Ekhtiari et al., 2016; 

Lench et al., 2017). Although the role of the PCG in craving and 
other reward-related processes has not received much attention, 
a meta-analysis of cue reactivity reported higher PCG activation 
in CDs relative to HCs (Kuhn and Gallinat, 2011). PCG activity in 
response to cocaine-associated cues predicted cocaine relapse, 
with relapsers showing higher PCG activity compared with non-
relapsers (Kosten et al., 2006). Importantly, examining the neural 
correlates of CDs and HCs during exposure to film scenes of 
nature, sexual activity, and cocaine use, a previous study reported 
higher PCG activity during exposure to cocaine use in CDs com-
pared with HCs and during exposure to cocaine use vs nature in 
CDs, but not during exposure to cocaine use vs sexual activity in 
CDs or in HCs (Garavan et al., 2000). The latter findings suggest 
that PCG activity may be more related to cocaine craving but not 
arousal. Other studies have implicated the PCG in craving and 
reward-related processes in pathological gambling and misuse 
of other substances, as shown in a review of studies of cue re-
activity (Yalachkov et al., 2012) and a meta-analysis of reward 
responses during the MIDT (Luijten et  al., 2017). Also of rele-
vance to the current findings were earlier reports of PCG activity 
during smoking vs neutral cue exposure in positive correlation 
with Fagerstrom test for nicotine dependence scores in smokers 
(Smolka et al., 2006). Further, in crystalline-heroin smokers ex-
posed to heroin-related cues, whereas acute cue-elicited craving 
was associated with activation of the anterior cingulate cortex 

Figure 3. Mediation analysis of Cocaine Craving Questionnaire (CCQ) score, days of cocaine use, and precentral gyrus activation of dollar win > nil. The P values associ-

ated with mediation are for the path a × b (see Methods). Only model E was significant at a corrected threshold P = .05/6 = .0083. The model suggested that tonic cocaine 

craving mediated the relationship between days of cocaine use and precentral gyrus activation during dollar wins > nil. The variables as descripted in Methods and 

included in (A) as an example applied to (B-F), too.
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and other regions in the medial frontal gyrus, tonic craving, as 
quantified by the Desire for Drug Questionnaire, was associated 
with activation of the PCG and middle frontal gyrus (Hassani-
Abharian et al., 2015). Together, the current findings along with 
this literature suggest PCG response to monetary reinforcer and 
drug cues as a useful marker of tonic drug craving.

Cocaine is a strong inhibitor of the dopamine transporter, and 
chronic cocaine use dampens dopaminergic signaling. Although 
much of the research of the effects of cocaine on the dopamin-
ergic circuits has focused on the VS, the motor cortex also re-
ceives extensive dopaminergic innervations from the midbrain 
(Gaspar et al., 1991; Raghanti et al., 2016). Previous studies sug-
gested motor performance deficits, elevated motor thresholds, 
and impaired motor cortical striatal functional connectivity in 
CDs (Boutros et al., 2001; Hanlon et al., 2010, 2011; Lench et al., 
2017). For instance, when performing a finger-tapping task co-
caine users made more commission errors and exhibited longer 
RTs than age- and gender-matched HCs (Hanlon et  al., 2010). 
CDs compared with HCs showed higher resting motor thresh-
olds in transcranial magnetic stimulation of motor cortical re-
gions, suggesting that chronic cocaine use decreased motor 
cortical excitability (Boutros et  al., 2001). CDs showed weaker 
fronto-striatal coupling during ongoing movement, relative to 
HCs, in association with prolonged RT (Hanlon et al., 2011; Lench 
et  al., 2017). Further, acute cocaine administration decreased 
functional connectivity of the PCG with visual cortices during 
resting state in CDs (Li et al., 2000), although the difference was 
not observed for resting state without experimental manipula-
tions (Gu et al., 2010). Together, the current and previous studies 
provide evidence for a role of altered motor cortical activity and 
connectivity in cocaine addiction.

Insula Activity and Tonic Cocaine Craving

The AI showed higher activations for dollar win > nil, dollar 
loss > nil, and cent loss > nil in positive correlation with the CCQ 
score in CDs. The insula plays an important role in signaling sa-
liency and in translating internal bodily states into conscious 
decision making (Naqvi and Bechara, 2009). Brain imaging 
studies have consistently shown that cocaine, cigarette, alcohol, 
and heroin cues activate the insula and that insula cue activity 
correlates with subjective craving (Naqvi and Bechara, 2009). 
Human smokers with insula damage were much more likely to 
be successful than those with brain damage not involving the 
insula in smoking cessation, with many of them reporting the 
lack of urge to smoke (Naqvi et al., 2007). In studies of the MIDT, 
an earlier work found higher insula activation in CDs relative 
to HCs during successful vs unsuccessful outcomes (Jia et  al., 
2011), but other studies failed to report a difference (Patel et al., 
2013; Bustamante et al., 2014; Rose et al., 2017). Here, we did not 
observe a significant difference in insula activation between 
CDs and HCs; however, in CDs, insula showed higher activities 
during dollar win or dollar/cent loss compared with nil trials in 
correlation with CCQ score. Altogether, the data suggest a role of 
the insula in linking saliency to tonic craving.

LIMITATIONS AND CONCLUSIONS

A number of limitations need to be considered for the study. 
First, we did not observe significant group differences in the 
reward-related activities, which may reflect the abstinence 
state of the CDs. An earlier study also examined CDs in the 
abstinence state and did not find group differences in whole-
brain voxel-wise analysis (Bustamante et al., 2014). In contrast, 

studies of CDs without controlled abstinence tended to reveal 
group differences, although the findings varied across studies 
(Goldstein et  al., 2007; Jia et  al., 2011; Konova et  al., 2016; 
Rosell-Negre et al., 2016). Nonetheless, the lack of group differ-
ences in the reward-related activities needs to be replicated in 
a larger sample. Second, CDs and HCs showed significant dif-
ference in years of smoking. Smokers were allowed to smoke 
if they chose to until the fMRI scan to minimize the effect of 
nicotine craving, and we included years of smoking and other 
clinical variables as covariates in data analyses. Nonetheless, 
we could not entirely rule out the effects of cigarette smoking 
on the current findings. Further, we did not formulate specific 
hypotheses as to how reward-related regional responses may 
differentiate CDs and HCs or associate with craving in CDs. 
Thus, the study should be considered as exploratory in nature.

In conclusion, cocaine-addicted individuals did not show 
differences in regional, including ventral striatal, responses to 
reward outcomes in the MIDT compared with drug-free HCs. 
Cocaine-addicted individuals showed higher insula and motor 
cortical responses to monetary reinforcer in association with 
tonic cocaine craving. Recent cocaine use may result in a higher 
level of cocaine craving during abstinence, which in turn leads 
to higher motor cortical activities, reflecting motor readiness 
to seek external reward. These findings add to the imaging lit-
erature by highlighting a neural marker of recent cocaine use. 
Future studies may examine potentially differentiable neural re-
sponses elicited by different types of reinforcer (e.g., money vs 
food) and whether or how these neural responses may predict 
cocaine use behavior or treatment outcomes.

Supplementary Materials

Supplementary data are available at International Journal of 
Neuropsychopharmacology (IJNPPY) online.
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