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Abstract
Rationale Stimulant use is a significant and prevalent prob-
lem, particularly in criminal populations. Previous studies
found that cocaine and methamphetamine use is related to
impairment in identifying emotions and empathy. Stimulant
users also have abnormal neural structure and function of the
ventromedial prefrontal cortex (vmPFC), amygdala, and ante-
rior (ACC) and posterior cingulate (PCC), regions implicated
in moral decision-making. However, no research has studied
the neural correlates of stimulant use and explicit moral pro-
cessing in an incarcerated population.
Objectives Here, we examine how stimulant use affects
sociomoral processing that might contribute to antisocial be-
havior. We predicted that vmPFC, amygdala, PCC, and ACC
would show abnormal neural response during a moral pro-
cessing task in incarcerated methamphetamine and cocaine
users.
Methods Incarcerated adult males (N = 211) were scanned with
amobileMRI systemwhile completing amoral decision-making
task. Lifetime drug use was assessed. Neural responses during
moral processing were compared between users and non-users.

The relationship between duration of use and neural functionwas
also examined.
Results Incarcerated stimulant users showed less amygdala
engagement than non-users during moral processing.
Duration of stimulant use was negatively associated with ac-
tivity in ACC and positively associated with vmPFC response
during moral processing.
Conclusions These results suggest a dynamic pattern of
fronto-limbic moral processing related to stimulant use with
deficits in both central motive and cognitive integration ele-
ments of biological moral processes theory. This increases our
understanding of how drug use relates to moral processing in
the brain in an ultra-high-risk population.
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Substance abuse is a staggering problem, costing the USA up
to $11 billion dollars in annual health care costs alone. When
considering other factors, such as crime and lost productivity,
the cost is more than ten times that (NIDA 2014). In addition
to the societal costs, users of stimulants, such as cocaine and
methamphetamine, have significant lifetime prevalence rates,
with over 15 % of all adults in the USA having used cocaine
and upwards of 5 % having used methamphetamine
(SAMSHA 2011). Additionally, 1.5 million people in the
USA are current cocaine users while nearly 600,000 are cur-
rent methamphetamine users, nearly tripling the number of
current users since 2011 (SAMSHA 2014). Meanwhile, near-
ly 50 % of prison inmates report having used cocaine or meth-
amphetamine in their lifetimes. Additionally, 12 % report be-
ing high on cocaine while committing their crime while an
additional 6 % of inmates report using methamphetamine at
the time of offense (BJS 2004).
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As might be expected given the relation between stimulant
use and crime, research has suggested that stimulant abusers
show deficits in several types of socio-affective processes that
are related to moral judgment and prosocial behavior. Both
active and abstinent stimulant users have difficulty identifying
others’ emotions, particularly fear (Fox et al. 2007; Fox et al.
2011; Kemmis et al. 2007; Morgan and Marshall 2013).
Additionally, stimulant use is related to diminished empathy
and perspective taking (Ferrari et al. 2014; Henry et al. 2009;
Kim et al. 2011a; Kim et al. 2010; Preller et al. 2014), abilities
that play an important role in moral decision-making (Bzdok
et al. 2012).

In addition to behavioral deficits, chronic stimulant
users exhibit abnormal neural engagement in both top-
down and bottom-up processes, such as significantly
reduced activation compared to controls in the anterior
cingulate (ACC), prefrontal cortex, and posterior cingu-
late (PCC) during response inhibition, prediction, and
stress imagery (Aron and Paulus 2007). Abusers of both
illicit and non-illicit stimulants also show increased
ACC activity during reward cues (Garavan et al. 2000)
and less amygdala and prefrontal cortex activations dur-
ing delay discounting (Hoffman et al. 2008), although
another study of intertemporal choice found less activa-
tion in methamphetamine users compared to controls in
the dorsal ACC (Monterosso et al. 2007). This pattern
of both hypo- and hyper-activations in various brain
regions is thought to reflect neurocognitive impairments
and compensatory cognitive processes, respectively (Crunelle
et al. 2012).

Anatomical imaging studies have found that chronic stim-
ulant use is associated with reduced gray matter in the ventro-
medial prefrontal cortex (vmPFC), insula, and temporal cortex
(Mackey and Paulus 2013). Reductions have also been detect-
ed in other frontal regions including anterior and posterior
cingulate as well as the amygdala (Alia-Klein et al. 2011;
Bartzokis et al. 2000; Daumann et al. 2011; Ersche et al.
2011; Ersche et al. 2012; Franklin et al. 2002; Makris et al.
2004; Matochik et al. 2003; Morales et al. 2012; Moreno-
Lopez et al. 2012; Nakama et al. 2011; Rando et al. 2013;
Sim et al. 2007; Thompson et al. 2004). These patterns of
structural abnormalities combine with functional work to sug-
gest a pattern of frontocorticol deficits in chronic methamphet-
amine users (London et al. 2015).

Several of the regions implicated in functional and anatom-
ical imaging studies of stimulant use, particularly the vmPFC,
amygdala, PCC, and ACC, are consistently engaged during
moral judgments in non-clinical populations. During moral
processing in the brain, event sequences are stored in the pre-
frontal cortex and then represented in the vmPFC.Meanwhile,
emotional experiences are represented in the limbic regions
such as the amygdala and PCC (Moll et al. 2005). The con-
nections between these regions enable moral decisions, with

the ACC playing an important role coordinating reinforce-
ment, affect, and executive action (Shackman et al. 2011).
Additionally, the PCC is engaged during evaluative behavior
such as theory of mind, self-reflection, and emotion integra-
tion during moral decision-making (Fletcher et al. 1995;
Johnson et al. 2006; Vogt et al. 1992). Thus, poor decision-
making, including antisocial behavior, in stimulant users may
be related to abnormalities in the neural network responsible
for evaluating and making decisions about moral situations.
Work with methamphetamine users has found evidence of
functional connectivity deficits between the frontal and
corticolimbic regions leading to risky decision-making
(Kohno et al. 2014) and impulsivity (Kohno et al. 2016).

Only two studies to date have directly examined how stim-
ulant users’ brains process morally salient stimuli (Caldwell
et al. 2015; Verdejo-Garcia et al. 2014). In one study, cocaine
users who were participating in an inpatient treatment pro-
gram, relative to non-cocaine users, showed lower task-
related activity in the dorsal ACC while evaluating moral di-
lemmas (Verdejo-Garcia et al. 2014). Additionally, in previous
work, we found that abstinent, incarcerated cocaine users,
relative to non-using incarcerated controls, had lower activa-
tion in the ACC and vmPFC during implicit moral processing
(Caldwell et al. 2015). Implicit moral processing triggers au-
tomatic moral processes but does not have moral task de-
mands (e.g., shows a picture of a murder scene and asks if
the scene is inside or outside). However, to our knowledge, no
study to date has investigated the neural correlates of explicit
(i.e., having moral task demands) moral judgment in incarcer-
ated methamphetamine abusers, despite the fact that many
addicts become incarcerated at some point in their lives and
75 % of inmates have substance abuse problems, according to
epidemiological studies (Peters et al. 1998).

Here, we examined moral processing in cocaine and
methamphetamine chronic users in a large incarcerated
sample, allowing us to assess the effects of chronic
stimulant use not confounded by acute use and com-
pared to a control group matched on incarceration and
background. We hypothesized that incarcerated individ-
uals with a history of chronic stimulant use, compared
to incarcerated individuals with no history of regular
stimulant use, would show reduced activation in the
ACC, PCC, amygdala, and vmPFC when making moral
judgments about morally controversial issues. These re-
gions have been found to be significantly engaged in
non-incarcerated, non-substance abusing individuals dur-
ing moral processing (Schaich Borg et al. 2011) and are
related to abnormal gray matter volume and function in
chronic substance users (see discussion above). We also
predicted that duration of stimulant use, quantified by
years of regular cocaine and methamphetamine use,
would be related to more pronounced abnormalities in
these regions.
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Methods

Participants

Participants were adult males incarcerated in NewMexico and
Wisconsin prisons (N = 211). Inclusion criteria were as fol-
lows: age between 18 and 65, IQ of 80 or above, at least 4th
grade English reading level, and no history of neurological
disorder or history of psychosis in self or first-degree relative.
Participants with a history of regular stimulant use (n = 131)
were compared to participants with no history of regular stim-
ulant use (n = 80). Characteristics of each group are provided
in Table 1.

All participants provided written, informed consent prior to
their inclusion in the study and were compensated at an hourly
rate comparable to pay rates for work within the facilities. All
procedures and materials were approved by the University of
New Mexico Institutional Review Board (IRB) and thus have
been performed in accordance with the ethical standards of the
Declaration of Helsinki.

Assessments

Substance use was assessed using a modified version of the
Addiction Severity Index (ASI-X; McLellan et al. 1992), in
which the participants were asked about characteristics of use
for a variety of substance classes, including age of first use and
years of regular use (defined as three or more times a week). If
a participant had any regular use of cocaine or methamphet-
amine in his lifetime, he was classified as a lifetime stimulant
user. This was also used to quantify lifetime years of regular
non-stimulant drug and alcohol use. Although methamphet-
amine and cocaine are distinct substances, both are stimulant
class and there is precedent for examining their use together
(i.e., Brodie et al. 2005; Clark et al. 2014; Dixon and Bejar
1989), as well as evidence that the substances have similar
trajectories (Hser et al. 2008), effects on the brain (van der
Plas et al. 2009), and outcomes (Rawson et al. 2000).

In addition to the ASI-X, we collected additional measures
to quantify possible confounding factors as well as to evaluate
for the exclusion criteria discussed above. Smoking was
assessed using the Fagerstrom Test for Nicotine Dependence
(Heatherton et al. 1991). IQ was estimated using the
Vocabulary and Matrix Reasoning subtests of the Adult
Intelligence Scale (WAIS; Ryan et al. 1999; Wechsler 1997).
Because stimulant use is likely to be comorbid with psychop-
athy (Hemphill et al. 1994; Walsh et al. 2007), psychopathy
and stimulant abuse show overlapping brain regions of de-
creased structure/function (Crunelle et al. 2012; Kiehl et al.
2006), and psychopathy is higher among incarcerated versus
non-incarcerated individuals (BJS 2004; NIDA 2014), psy-
chopathy was assessed in all study participants using the
Hare Psychopathy Checklist-Revised (PCL-R; Hare 2003).
The PCL-R is the most widely used assessment of psychopa-
thy in forensic populations, consisting of a semi-structured
interview on topics such as interpersonal style and criminal
history. The participants are scored on a scale of 0–40, where
higher scores indicate stronger psychopathic traits. Psychiatric
histories were assessed with the Structured Clinical Interview
for DSM-IV Disorders (SCID; First et al. 1997) both to eval-
uate psychotic disorders for exclusion purposes and to evalu-
ate other axis I disorders. All interviews were conducted by
trained research staff.

Moral task

The participantswere shownwords and phrases describingmoral
acts or concepts adapted from a task previously developed and
validated by Schaich Borg and colleagues (2011). Fifty stimuli
were classified as non-controversial negative (e.g., murder, slav-
ery), 50 were classified as non-controversial positive (e.g., char-
ity, kindness), and 50 were classified as controversial (e.g., ani-
mal testing, gun control). Controversial stimuli required more
processing than non-controversial stimuli; this was confirmed
in our study by an increased response time to the stimuli. The
participants were presented with a given stimulus and asked to

Table 1 Characteristics of
lifetime stimulant and non-
stimulant user correlations
between covariates in lifetime
regular stimulant users

Covariate Non-regular stimulant users Lifetime regular stimulant users

Mean SD Mean SD

Age 36.11 10.79 33.85 9.97

IQ 97.25 11.24 98.52 12.57

Years of regular stim use* 0.00 0.00 8.75 9.62

Years of regular non-stim use* 11.88 11.59 23.91 14.47

PCL-R total score 20.80 7.75 22.01 6.95

Fagerstrom symptoms 3.51 2.94 3.25 3.06

Age of first cocaine use − − 19.01 5.839

Age of first meth use − − 20.80 6.804

*Significant between-group difference according to an independent samples t test at a level of p < .001
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press one button to indicate they thought the word or phrase was
morally wrong and a different button to indicate that they thought
the stimuli was morally not wrong. After the button was pressed,
a black screen was shown jittered for 1 to 6 s. Three runs of the
task were administered, each including 50 stimuli evenly divided
among stimulus types.

MRI data acquisition

The participants were scanned using the Mind Research
Network’s 1.5T Siemens Avanto mobile MRI scanner sta-
tioned at correctional facilities. The scans were acquired using
an EPI gradient-echo pulse sequence (parameters: repetition
time (TR) 2000, echo time (TE) 39 ms, flip angle 75°, FOV
24 × 24 cm, 64 × 64 matrix, 4-mm slice thickness with a 1-
mm gap, 27 slices). The task was presented using E-Prime
software (Psychological Software Tools 2012). A T1-
weighted scan was collected (parameters: TR 2530, TE 1.64,
3.50, 5.36, 7.22 ms; inversion time = 1100 ms, flip angle 7°,
slice thickness = 1.3 mm, 256 × 256 matrix), but it was not
used in any of the functional MRI post-processing.

Image preprocessing and analyses

Imaging data were preprocessed with Statistical Parametric
Mapping software (SPM). Head motion was corrected using
the ArtRepair Toolbox in SPM to identify and remove severe
artifacts (Mazaika et al. 2009), defined as time points with
signal change greater than 4 % of the global mean signal, then
INRIAlign to estimate head motion using an algorithm that is
insensitive to eye movements and blood oxygenation level
dependent (BOLD) activity (Freire et al. 2002). We then spa-
tially normalized images to the Montreal Neurological
Institute (MNI) template and smoothed with an 8-mm full-
width at half-maximum Gaussian smoothing kernel. A high-
pass filter removed low-frequency drift below 1/128 Hz.

We modeled two conditions of interest at the single-subject
level using the general linear model (GLM). These conditions
were controversial and non-controversial (including both pos-
itive and negative stimuli). We examined the conditions time-
locked to participant response. At the group level, the condi-
tions of interest were compared using a one-sample t test
(controversial > non-controversial). The main effects of this
analysis replicated previous use of this task in healthy controls
(Schaich Borg et al. 2011).

We then used a two-sample t test to compare BOLD re-
sponses for this contrast between the lifetime stimulant use
group and non-stimulant use group. Additionally, we exam-
ined the impact of stimulant use duration on moral processing
by regressing total years of regular stimulant use in a separate
statistical analysis using only participants in the lifetime stim-
ulant use group. This stimulant use duration measure may in
part quantify stimulant use severity.

We did not use years of non-stimulant substance and alco-
hol use as a covariate in our primary group comparisons be-
cause it was significantly different between groups; this means
that including it as a covariate would remove variance from
the group difference, not the error variance (Miller and
Chapman 2001). In order to control for confounding variables
in the regression model only, we used years of non-stimulant
substance and alcohol use as a covariate in the regression of
hemodynamic response by stimulant use duration; we also
added age (significantly related to duration of stimulant use:
r = .272, p = .002, two-tailed Pearson, and PCL-R total score
to the model) but did not see substantive differences in the
results.

To test our hypotheses, a priori brain regions of interest
(ROIs) were examined including the ACC, PCC, amygdala,
and vmPFC. Anatomical masks of these regions were gener-
ated from Wake Forest University Pick Atlas in SPM
(Maldjian et al. 2004; Maldjian et al. 2003). A small volume
correction (SVC) was applied to determine the corrected p
values based on the size of each ROI using family-wise error
(FWE) rate correction for multiple comparisons. ROIs are
represented in Fig. 1. Additionally, a whole brain analysis
corrected using FWE at p < .05 was conducted to examine
areas outside our a priori regions of interest.

In order to understand the contribution of cocaine and meth-
amphetamine use to the overall stimulant use effects, we ran
additional analyses with the same contrast, covariates, and
ROIs. The analyses were as follows: (1) lifetime cocaine users
(n= 118) versus non-cocaine users (n= 93); (2) lifetimemetham-
phetamine users (n = 72) versus non-methamphetamine users
(n= 139); (3) duration of lifetime cocaine use (n = 118); and (4)
duration of lifetime methamphetamine use (n = 72).

Results

Lifetime stimulant users versus non-stimulant users

Stimulant users did not significantly differ from non-stimulant
users on behavioral task performance, including response
times and number of Bwrong^ vs. Bnot wrong^ responses for
any of the conditions of interest (i.e., controversial and non-
controversial stimuli; Table 2). These results did not change
when years of non-stimulant and alcohol use was included as
a covariate.

When making decisions about controversial moral phrases,
lifetime stimulant users showed less hemodynamic activity in
the right amygdala relative to non-stimulant users (Table 3;
x = 30, y = −3, z = −27, t = −3.13, k = 51, p = .026 FWE
corrected). This same cluster was significant at a trend level
in lifetime cocaine users compared to non-users (k = 49, t =
−2.80, p = .055 FWE corrected). No results in the whole brain
analysis survived correction for multiple comparisons.
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Fig 1 Regions of interests for the analyses looking at stimulant use analyses are represented using actual masks plotted as blobs on a canonical T1
template
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Duration of lifetime stimulant use

Duration of lifetime stimulant use was not significantly asso-
ciated with response times or number of wrong vs. not wrong
responses in any of the conditions of interest (i.e., controver-
sial and non-controversial stimuli; Table 2). These results did
not change when years of non-stimulant use was not included
as a covariate.

In the regression, years of stimulant use was inversely
related to hemodynamic response in the ACC (x = −15,
y = 21, z = 27, k = 29, t = −3.68, p = .042 FWE corrected;
Table 4). Years of cocaine use was also inversely related
to engagement in that region, although at a trend level
(x = −15, y = 18, z = 27, k = 24, t = −3.53, p = .061 FWE
corrected). Years of methamphetamine use was positively
associated with hemodynamic response in the vmPFC (x =
6, y = 63, z = 15, k = 72, t = 3.69, p = .049 FWE corrected).
No results in the whole brain analysis survived correction
for multiple comparisons. These results did not change
when years of non-stimulant use was included as a
covariate.

Discussion

Here, we investigated how stimulant use affects hemodynam-
ic activity related to moral processing in an ultra-high-risk
population. We found that duration of stimulant use was

inversely related to caudal ACC activity, driven by cocaine
use duration, while methamphetamine use duration was pos-
itively associated with vmPFC engagement. Additionally, reg-
ular stimulant users, relative to non-regular users, had
hypoactivity in the right amygdala, driven by cocaine use in
particular. These regions have essential roles in moral process-
ing and emotional regulation.

The amygdala functions as a center for affective informa-
tion during moral processing, interacting with goal-oriented
knowledge structures in the mPFC (Moll et al. 2005). Here,
we found abnormal responses within this system. An increase
in vmPFC activity and decrease in amygdala activity are a
typical pattern of hemodynamic response during emotional
down regulation (Cunningham et al. 2004; Johnstone et al.
2007; Urry et al. 2006). This may reflect a specific deficit in
the emotion regulation element of sociomoral processing;
whereas non-stimulant users use a balance of emotional and
cognitive resources to make moral decisions, stimulant users
may be overly reliant on cognitive systems and downregulate
emotional processes when arriving at a judgment.

An alternative explanation is that either the amygdala or the
ACC alone has less engagement in stimulant users, but reciprocal
connections between those regions account for the reduction in
hemodynamic response in the other. Rather than a deficit in
cognitive control, stimulant users may also find morally contro-
versial issues less salient or may have poor emotional insight
(Payer et al. 2011), eliciting a weaker amygdala response that
requires less cognitive override. Connectivity studies have found

Table 2 Table of group averages and regression statistics for behavioral task results

Non-regular
stimulant users

Lifetime regular
stimulant users

Regression with
years of stimulant use

Mean SD Mean SD R2

Controversial item response time 2608 553 2472 514 .000

Non-controversial item response time 2136 531 2037 458 .002

Number Bwrong^ button presses 70.73 16.64 70.56 18.04 .004

Number Bnot wrong^ button presses 72.29 16.40 70.90 18.03 .001

Table 3 Table of ROI analysis results for group comparison controversial > non-controversial

Lifetime stimulant
users > non-stimulant users

Lifetime cocaine
users > non-cocaine users

Lifetime methamphetamine
users > non-methamphetamine users

ROI x y z k T x Y z K T x y z k T

Right amygdala 30 −3 −27 51 −3.13* 30 −3 −27 49 −2.80 21 3 −21 63 −2.88*
Anterior cingulate cortex N.S. N.S. N.S.

Posterior cingulate cortex N.S. N.S. N.S.

Ventromedial prefrontal cortex N.S. N.S. N.S.

Results reported covarying for years of non-stimulant and alcohol use. Significance indicated for all tests as follows: p < .10, *p < .05, family-wise error
(FWE) corrected. N.S. indicates that no clusters were found to survive small volume correction at a trend level or higher
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that the amygdala and ACC are functionally connected during
emotion regulation (Banks et al. 2007), fear (Williams et al.
2006), and during resting state (Roy et al. 2009) as well as struc-
turally connected by projections from the amygdala (Johansen-
Berg et al. 2008; Kim et al. 2011a, b).

Another possible explanation is increased reliance on the
cognitive override process in the vmPFC, as posited by the
cognitive control theory of moral processing (Greene et al.
2004). However, this is not consistent with our ACC findings.
In this model, cognitive control processes subserved by the
ACC override emotional responses to promote rational (e.g.,
utilitarian) moral judgments. The increased engagement in the
vmPFC may still be related to cognitive control abnormality.
The vmPFC, specifically of prefrontal regions, plays a key
role in integrating emotions into decision-making during mor-
al judgment (Moll et al. 2005). Rather than requiring more
cognitive override of emotions in moral decision-making,
the increase in activity in this region may indicate that stimu-
lant users have increased difficulty in integrating emotions
into those moral judgments and thus have increased activity
in the vmPFC based on task demands. Our findings, as previ-
ously discussed, suggest less overall processing in both emo-
tional response and cognitive override processes rather than an
increase in cognitive processes.

The caudal ACC has been isolated as a region predictive of
recidivism in criminal offenders, above and beyond general
substance use (Aharoni et al. 2013). Specifically, individuals
with lower activity in this region during response inhibition
were twice as likely to reoffend. The current results may offer
a potential mechanism for this pattern; if cognitive control
during moral processing is deficient, it may incline an individ-
ual to commit moral violations often ending in rearrest.

The vmPFC and amygdala abnormalities have implications
for the continued development of moral standards and behav-
iors in individuals with stimulant use disorders. The amygdala
and vmPFC work together through stimulus reinforcement
learning to associate distress with moral transgressions (Blair
2007). The vmPFC, a region involved in goal-oriented deci-
sion-making, has afferent connections to the amygdala, a

region commonly implicated in fear conditioning (Barbas
et al. 2003). When communications between the vmPFC and
amygdala are abnormal during socioemotional processing, as
has been found here and in a previous study (Payer et al.
2008), affected individuals do not socialized to avoid commit-
ting moral transgressions. Amygdala dysfunction is also par-
ticularly relevant for drug use as the amygdala is thought to
play a role in drug addiction in terms of abnormal neurotrans-
mitter production (Koob 1999).

Stimulant users often demonstrate deficiencies in cognitive
control and corresponding neural hypoactivations; the vmPFC
results do not necessarily provide evidence against this. Given
that our chronic stimulant use participants display normal
moral judgment in the task, task demands may have required
that these individuals upregulate their processes for integrat-
ing emotion into decision-making. Individuals with lesions to
the vmPFC often have abnormal moral judgment and psycho-
pathic behavior (Ciaramelli et al. 2007; Koenigs et al. 2007;
Moretto et al. 2010; Thomas et al. 2011), since they cannot
upregulate, as well as amygdala hyper reactivity to negative
stimuli (Motzkin et al. 2015), possibly as a compensatory
process on the other side of the amygdala-vmPFC system. It
is important to note, however, that methamphetamine and co-
caine appear to be contributing separately to abnormalities in
these two connecting regions; although lesions to either region
have been sufficient to impair moral processing (Bechara and
Damasio 2005), this distinction may reflect compounding ef-
fects of poly-stimulant use.

These results are consistent with previous research in stim-
ulant users. Structural imaging studies of stimulant users have
reported decreased volumes in the ACC, vmPFC, and amyg-
dala (Franklin et al. 2002; Mackey and Paulus 2013; Makris
et al. 2004). Additionally, stimulant use is related to reward-
based decision-making abnormalities similar to patients with
vmPFC lesions (Bechara et al. 2001). No amygdala abnormal-
ities were observed in a study of in-treatment cocaine users in
moral compared to neutral dilemma judgments (Verdejo-
Garcia et al. 2014). This latter study included ten cocaine users
who were compared to a community control sample and thus

Table 4 Table of ROI analysis results for duration in controversial > non-controversial

Lifetime stimulant users Lifetime cocaine users Lifetime methamphetamine users

ROI x y z k T x Y z K T x y z k T

Right amygdala N.S. N.S. N.S.

Anterior cingulate cortex −15 21 27 29 −3.68* −15 18 27 24 −3.53 N.S.

Posterior cingulate cortex N.S. N.S. N.S.

Ventromedial prefrontal cortex 12 48 6 51 3.48 N.S. 6 63 15 72 3.69*

Results reported covarying for years of non-stimulant and alcohol use. Significance indicated for all tests as follows: p < .10, *p < .05, family-wise error
(FWE) corrected. N.S. indicates that no clusters were found to survive small volume correction at a trend level or higher
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may have been underpowered to reveal group differences in
brain responses; criminal cocaine users may also differ from
community users (e.g., in severity, comorbidities, or length of
use), which could explain discrepant results.

Our participants were chronic stimulant users in a semi-
controlled environment. This means their access to drugs, al-
though not non-existent, is significantly more limited than in
the community. We do not anticipate that the results would be
substantively different if our participants were using in the
community, given the literature finding that voluntarily absti-
nent stimulant users still have indications of structural and
functional brain abnormalities (Kim et al. 2006; Pace-Schott
et al. 2008). Moreover, by investigating stimulant users who
were largely abstinent, our results were not confounded by the
acute effects of heavy substance use. However, these results
may not generalize to individuals actively or inactively using
substances at a dependence level; a replication study in active
stimulant users is needed to verify the generalizability of our
findings to the stimulant using community as a whole. It is
also important to note that the results of this study cannot be
used to make strong causal claims regarding the influence of
stimulant use onmoral cognition. It is possible that individuals
prone to regular stimulant use exhibited the observed abnor-
malities in moral processing before they began using stimu-
lants. We did, however, see a change in vmPFC and ACC
engagement as a function of increasing duration of stimulant
use, a correlation that may indicate the impact of methamphet-
amine and cocaine use on the brain.

There were some limitations of this study. Many of our
participants (both stimulant users and non-stimulant users)
had comorbid substance abuse. Our stimulant and non-
stimulant groups did differ on levels of non-stimulant sub-
stance use; although our results were substantively the same
after covarying total years of non-stimulant substance abuse,
there may be differences in poly-drug users above and beyond
the duration of such use. It is worth noting that comorbid
substance use is common in stimulant users (Darke and Hall
1995; Huang et al. 2006). Thus, despite potential complicating
effects of poly-drug use, our sample of stimulant users is high-
ly representative of the stimulant using population. Another
potential limitation was that our measure of duration did not
account for the amount of the drugs used. Although previous
research indicates that the duration measure of stimulant use
can have meaningful correlates in the brain (i.e., Ersche et al.
2012, 2013; Paulus et al. 2002; Bolla et al. 2003), this may not
have adequately quantified severity of use.

In conclusion, regular stimulant users demonstrated abnor-
mal neural activity during moral processing in fronto-limbic
regions. Specifically, lifetime regular stimulant users had
hypoactivation in the amygdala, while duration of stimulant
use was related to decreased ACC engagement. These results
correspond to the fronto-limbic moral processing system, sug-
gesting that stimulant users may have impairment in regions in

this system. This is the first study to suggest impairments in
the neural systems of moral processing in both cocaine and
methamphetamine users. Although further research into the
connectivity of systems in stimulant use is needed, this pro-
vides promising initial understanding of fronto-limbic deficits
in stimulant users.
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