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ABSTRACT. Objective: Drug craving serves as the major motivator to
propagate drug use and is thought to elicit relapse in abstinent individu-
als. Although craving for methamphetamine has been investigated using
both laboratory and neuroimaging methodologies, the relationship be-
tween drug-induced craving and neural responses to methamphetamine
cues has yet to be explored. Therefore, the present study investigated
whether methamphetamine-induced craving responses in the labora-
tory were associated with neural response to methamphetamine cues.
Method: Non-treatment-seeking individuals with methamphetamine use
disorder (n = 15) completed two sessions, one in the laboratory where
they underwent a methamphetamine infusion, and one in the magnetic
resonance imaging scanner where they viewed methamphetamine cues.

Participants reported their craving for methamphetamine over the course
of the laboratory session. Analyses examined the association between
peak ratings of methamphetamine-induced craving and neural activation
to methamphetamine cues. Results: In individuals with a methamphet-
amine use disorder, methamphetamine-induced craving was positively
associated with neural methamphetamine cue reactivity in the precuneus,
putamen, and ventromedial prefrontal cortex (Z> 2.3, p <.05). Conclu-
sions: There is a shared neurobiology underlying cue- and drug-induced
craving in individuals with methamphetamine use disorder. Treatments
that disrupt this circuitry may decrease craving and help prevent relapse.
(/. Stud. Alcohol Drugs, 80, 245-251,2019)

RUG CRAVING, the subjective experience of wanting

a drug, is a core feature of substance use disorders.
Craving serves as the major motivator to propagate drug
use and is thought to elicit relapse in abstinent individu-
als (Robinson & Berridge, 1993; Sinha & Li, 2007; Weiss,
2005). Recently, the criteria for substance use disorder ac-
cording to the Diagnostic and Statistical Manual of Mental
Disorders, Fifth Edition (DSM-5; American Psychiatric
Association [APA], 2013), were revised to include craving
as a symptom, whereby craving is defined as a strong desire
or urge to use drugs (APA, 2013; Hasin et al., 2013). This
addition increases consistency between the DSM-5 and
the International Statistical Classification of Diseases and
Related Health Problems, 10th Revision (ICD-10; World
Health Organization, 1992), which includes craving in its
substance dependence criteria. Further, the addition of
the craving symptom to DSM-5 is supported by evidence
from behavioral, neuroimaging, pharmacology, and genet-
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ics studies, which highlight the importance of craving in
maintaining drug addiction (Olney et al., 2018; Robinson &
Berridge, 1993). Importantly for methamphetamine use dis-
order (MUD), craving is persistent, reported to last at least
5 weeks into abstinence (Galloway et al., 2009; Hartz et al.,
2001; Zorick et al., 2011), which renders methamphetamine
users particularly vulnerable to relapse during this period
of early recovery. Furthermore, thoughts and beliefs about
craving are predictive of relapse in methamphetamine users,
such that individuals who endorse more negative thoughts
and beliefs about craving are at an increased risk of relaps-
ing (Lee et al., 2010). Thus, reduction of craving has been
highlighted as a common goal in the treatment of substance
use disorders (Tiffany et al., 2012).

The craving state has been linked to mesolimbic and
glutamatergic neuroadaptations associated with chronic
drug use (Kalivas & Volkow, 2005). In individuals with
MUD, methamphetamine cue exposure is associated with
increased activity in mesocorticolimbic circuitry (Courtney
et al., 2016; Huang et al., 2018; Malcolm et al., 2016), and
self-reported levels of craving are positively correlated with
precuneus and medial prefrontal cortex activation during
exposure to methamphetamine cues (Courtney et al., 2016;
Huang et al., 2018). Although no studies have examined
neural response during methamphetamine administration in
a methamphetamine-using population, similar studies have
been conducted with other stimulant-using populations.
Cocaine infusions administered in cocaine-dependent indi-
viduals also result in increased mesocorticolimbic activation,
which positively correlates with subjective craving ratings
(Breiter et al., 1997; Risinger et al., 2005). Intriguingly,
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cue-induced craving can be non-invasively modulated by
modifying excitability in the prefrontal cortex through brain
stimulation techniques, further implicating this circuitry in
the processing of subjective craving (Li et al., 2013; Shah-
babaie et al., 2014).

In the laboratory, exposure to both visual and tactile
methamphetamine cues and intravenous (IV) methamphet-
amine induces craving responses in methamphetamine users
(Newton et al., 2005, 2008; Tolliver et al., 2010; Wang et
al., 2013). Methamphetamine craving induced by exposure
to audio-script and physical paraphernalia cues is positively
associated with ratings of subjective craving after an IV
methamphetamine challenge, which suggests that there
may be shared neurocircuitry underlying cue-induced and
drug-induced responses to methamphetamine (Roche et al.,
2017). However, the relationship between methamphetamine-
induced craving responses in the laboratory setting and
neural response to methamphetamine cues has yet to be
explored. Therefore, the primary objective of this secondary
analysis was to integrate human laboratory and neuroimag-
ing methodologies to assess if methamphetamine-induced
craving responses were associated with neural responses
to methamphetamine cues. We also sought to assess the
specificity of this association by evaluating the association
of the subjective responses to methamphetamine with neural
methamphetamine cue-reactivity.

Method

The study protocol and all procedures were approved by
the Institutional Review Board of the University of Cali-
fornia, Los Angeles. Detailed methodology of the general
screening and experimental procedures has been published
elsewhere (Courtney et al., 2016; Ray et al., 2015) and is
summarized here. Interested participants completed a tele-
phone screen and eligible participants were scheduled for an
in-person screening session, during which participants gave
informed consent. During the screen, participants completed
a psychiatric diagnostic interview and a battery of individual
difference measures, including demographic questionnaires
and drug use assessments. A physical examination was per-
formed to ensure medical eligibility.

Sixteen medically eligible, non—treatment-seeking indi-
viduals with current methamphetamine abuse or dependence
completed two, 5-day inpatient protocols investigating the
effects of a medication (naltrexone) on subjective response
to methamphetamine administration (Ray et al., 2015) and
on neural substrates of methamphetamine cue-reactivity
(Courtney et al., 2016). Data collected while participants
were under placebo were used for the present study (see
Supplemental Material for analyses from the naltrexone con-
dition). (Supplemental material appears as an online-only ad-
dendum to the article on the journal’s website.) Participants
were required to test negative on a urine drug test (except for

marijuana, which was allowed to be positive). Participants
were scanned on Day 3 of the 5-day inpatient protocol. On
Day 4, participants completed an IV methamphetamine
challenge.

Neuroimaging procedures

Neuroimaging data were acquired on a 3 Tesla Siemens
Trio scanner at the UCLA Staglin Center for Cognitive Neu-
roscience. Detailed neuroimaging parameters can be found in
Courtney et al. (2016). Smokers were offered time to smoke
a cigarette before the scan. Briefly, the protocol consisted of
a high-resolution, matched-bandwidth (MBW) scan and a
structural magnetization-prepared rapid-acquisition gradient
echo (MPRAGE) scan. This was followed by two runs of the
Methamphetamine Cues Task, which included four blocks
of methamphetamine cue pictures, consisting of pictures
of the drug, drug pipes, and drug use, and four blocks of
control cue pictures, consisting of matched neutral pictures,
presented pseudorandomly. Four pictures were presented
during each block for 5 seconds each, resulting in a total of
32 pictures for each condition. Participants were instructed
to press a button during each picture presentation to ensure
attention during the task.

One subject was excluded from all analyses because of
excessive motion during the functional magnetic resonance
imaging (fMRI; exceeding 3 mm translation), leaving a final
sample of 15 individuals who completed both neuroimaging
and the IV methamphetamine challenge. fMRI data process-
ing was carried out using FEAT (FMRI Expert Analysis
Tool) Version 6.00, part of FSL (FMRIB’s Software Library,
www.fmrib.ox.ac.uk/fsl). fMRI data were motion corrected,
brain extracted, smoothed at a FWHM Gaussian kernel of 5
mm, and high-pass filtered using a 100-second cutoff. Echo-
planar imaging images were first registered to the MBW,
then to the MPRAGE using affine transformations, and then
to standard Montreal Neurological Institute space.

Methamphetamine administration procedures

Participants completed an IV methamphetamine chal-
lenge consisting of an infusion of 30-mg methamphetamine,
which was administered in two 15-mg doses, separated by
30 minutes (Ray et al., 2015). IV administration was used to
provide increased dosing precision and to reduce intersub-
ject variability in subjective responses to methamphetamine.
Assessments of subjective responses to methamphetamine
were collected at 5, 10, 15, 20, 30, 60, 90, and 120 min-
utes after the second 15-mg dose. Subjective response was
measured using the Drug Effects Questionnaire, an 11-item
questionnaire that captures subjective drug effects (Morean
et al., 2013). Participants were asked to rate their current
feelings on a Likert scale ranging from 0 (none at all) to
10 (a lof) to questions such as, “How much do you crave
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more of the drug right now?” (later referred to as “crav-
ing”), “How high are you?” (later referred to as “high”),
and “How bad are the drug effects you are feeling now?”
(later referred to as “bad”). The primary subjective response
of interest was craving, collected at the peak response to
methamphetamine, averaged across subjects and baseline
corrected. This is consistent with previous work demon-
strating a sharp peak response to methamphetamine, typi-
cally around 15 minutes after infusion (Harris et al., 2003).
Subjective responses of “high” and “bad” were included to
evaluate the specificity of effects to craving, as informed by
our previous work demonstrating that these dimensions of
subjective response were relatively insensitive to metham-
phetamine craving (Roche et al., 2017). These subjective
responses were also selected because we hypothesized that
they would not be strongly intercorrelated, allowing for
the evaluation of different components of the subjective
response to methamphetamine.

Statistical analysis

Whole-brain statistical analysis was performed in FSL.
The primary contrast of interest, the Methamphetamine Cue
> Control Cue contrast, was defined in the first-level models.
The second-level model combined the contrast images across
the two runs, within subjects. The third-level model com-
bined the contrast images between subjects. The subjective
response correlational analyses (“craving,” “high,” “bad”)
were conducted within a single analysis on the Methamphet-
amine Cue > Control Cue contrast images. Age, sex, and
smoking status were included as covariates of no interest.
Z-statistic images were thresholded using a cluster threshold
of Z> 2.3 and a (corrected) cluster significance threshold of
p = .05 (Worsley, 2001).

Results

Fifteen individuals (80% male; Mage =36.6 [SD = 8.82];
Miears of education = 13-07 [SD = 3.70]; ethnicity = 4 White,
4 African American, 6 Latino, 1 Asian) completed the IV
methamphetamine challenge and neuroimaging protocol, and
provided usable subjective data for analysis. All participants
met DSM-IV (dependence/abuse: 13/2) and DSM-5 criteria
for current MUD (mild/moderate/severe: 5/4/6). Partici-
pants had used methamphetamine for an average of 10.33
years (SD = 8.39; range: 1-31) and were abstinent for an
average of 9.58 days (SD = 6.58 days; range: 1-19) before
the inpatient visit. Fourteen individuals reported smoking
methamphetamine as their primary route of administration;
one individual reported snorting as his/her primary route
of administration. Ten individuals (66.67%) were current
smokers. Smoking participants smoked their last cigarette
on average 7.73 hours (SD = 21.42 hours; range: 10-4,320
minutes, Mdn = 32.5 minutes) before the scan.

Subjective response to methamphetamine

Participants’ average ‘“craving” rating was 3.53 (SD =
3.52, range: 0—10); the average rating of “high” was 5.8 (SD
= 3.53, range: 0-10); and average rating of “bad” was 0.53
(SD = 1.81, range: 0-7; all scores corrected for baseline rat-
ings). As we hypothesized, responses of “craving,” “high,”
and “bad” were not correlated with each other (all rs < .19,
ps > .51).

fMRI results

Consistent with previous studies evaluating neural meth-
amphetamine cue-reactivity (Courtney et al., 2016; Malcolm
et al., 2016), the Methamphetamine Cue > Control Cue
contrast activated a widespread set of regions, including
mesocorticolimbic regions, such as the ventral and dorsal
striatum, and ventromedial prefrontal cortex (vimPFC). Ad-
ditional areas showing higher activation to methamphetamine
cues include the precuneus, insula, anterior and posterior
cingulate, and occipital lobe (all Zs > 2.3, p <.05).

To test the primary hypothesis that methamphetamine-
induced craving is associated with neural methamphetamine
cue-reactivity, we examined the correlation between peak
ratings of craving with in-scanner cue-reactivity. Baseline-
corrected peak ratings of craving were found to positively
correlate with neural methamphetamine cue reactivity in
several regions, including the precuneus, vmPFC, and the
putamen (Figure 1, Table 1). There were no significant nega-
tive associations between craving ratings and neural cue-
reactivity. There were also no significant positive or negative
associations between “high” or “bad” responses and neural
cue reactivity.

Discussion

This study examined whether methamphetamine-
induced craving responses in the laboratory were associ-
ated with neural response to methamphetamine cues. The
results suggest that methamphetamine-induced craving is
positively correlated with patterns of brain activation during
methamphetamine cue-exposure. Specifically, craving for
methamphetamine was positively correlated with activation
in the precuneus, as well as in mesocorticolimbic circuitry,
including the vmPFC and the putamen. These findings were
specific to subjective responses of craving, as subjective
responses of “high” and “bad” to methamphetamine were
not significantly associated with neural response to metham-
phetamine cues.

The precuneus has emerged as a key substrate of neural
cue-reactivity across classes of drugs (Courtney & Ray,
2014; Courtney et al., 2014). Positive associations between
cue-elicited ratings of craving and precuneus activation to
drug cues have been reported in methamphetamine (Court-
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FiGure 1. Brain activation to Methamphetamine Cue > Control Cue contrast that positively correlated with peak craving during
intravenous (IV) methamphetamine challenge (see Table 1 for full list of regions). Z-statistic maps are whole-brain cluster corrected,
Z>2.3, p=.05. Coordinates are in Montreal Neurological Institute space. Brain is displayed in radiological convention (L = R).
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TaBLe 1. Locations of brain activation where methamphetamine-induced craving positively
correlates with the Methamphetamine Cue > Control Cue contrast (whole-brain cluster corrected

atZ>2.3, p<.05)

Methamphetamine Cue > Control Cue
Positive correlation with craving

Hemi-
Brain regions (peak) sphere  Voxels Max. Z X y z
Precuneus L/R 2,513 3.87 4 -52 44
Angular gyrus R 2,001 3.77 62 -56 18
Middle frontal gyrus R 1,606 3.51 28 42 38
Angular gyrus L 1,066 3.35 -60 -56 24
Temporal pole L 976 3.19 -48 12 -32
Superior frontal gyrus L 643 3.68 -20 -10 64
Frontal pole L 601 343 -30 54 -14
vmPFC R 466 3.39 4 58 -6
Putamen L 305 2.98 -20 -14 6
Postcentral gyrus L 293 3.09 -28 -28 64

Notes: Max. = maximum; L = left; R = right; vmPFC = ventromedial prefrontal cortex.

ney et al., 2016), alcohol (Park et al., 2007), and nicotine
users (Brody et al., 2007). We extended this work by iden-
tifying a similar relationship between methamphetamine-in-
duced craving and precuneus activation to methamphetamine
cues. The precuneus has dense projections to both cortical
and subcortical regions and is thought to play a role in the
integration of external and self-generated information, in-
cluding self-related episodic memory retrieval and mental
imagery strategies (Cavanna & Trimble, 2006), processes
that are likely to be involved in the subjective experience of
craving.

Methamphetamine-induced craving was also associated
with activation in the putamen and vmPFC, which are part of
the mesocorticolimbic reward circuit. Previous studies have
reported associations between dorsal striatal (i.e., putamen)
activation and craving in stimulant-using populations. In
cocaine-dependent individuals undergoing a self-paced 1V
infusion of cocaine, activation of the putamen is positively
correlated with subjective ratings of cocaine craving (Ris-
inger et al., 2005). Further, positron emission tomography
studies have shown that in cocaine-dependent individuals,
dorsal striatal dopamine is released during the presentation
of cocaine cues, and the magnitude of dopamine released is
correlated with self-reported craving (Volkow et al., 2006;
Wong et al., 2006), suggesting that dopamine is involved
in the conditioned responses that trigger craving, particu-
larly in regions implicated in habit learning (Volkow et al.,
2009). Activation of the vmPFC has also been previously
implicated in craving in stimulant users. In methamphet-
amine users, medial prefrontal cortex (mPFC) activity to
methamphetamine cues is positively associated with craving
and frequency of drug use (Huang et al., 2018). Further, in-
creased activation of the mPFC has been reported in a subset
of cocaine users who report stimulant drug-induced craving
(Volkow et al., 1999). Intriguingly, drug cue reactivity in
frontal-striatal circuits (containing the vmPFC and putamen)
can be attenuated through continuous theta burst stimulation

to the vmPFC (Kearney-Ramos et al., 2018), which suggests
that noninvasive brain stimulation may be a viable treatment
to target craving circuitry and reduce relapse risk.

There were no significant associations with metham-
phetamine-induced subjective responses of “high” or “bad”
with neural methamphetamine cue-reactivity, suggesting
that these effects were specific to the construct of craving.
Of note, participants were required to be abstinent from
substances (including methamphetamine) before the fMRI
session, verified by a negative urine drug screen. In smoking
populations, nicotine-deprived individuals (i.e., short-term
abstinent individuals) demonstrate more prefrontal activa-
tion to smoking cues and report higher craving urges than
nondeprived smokers (Wilson & Sayette, 2015). Therefore,
the participants’ state of acute abstinence may have increased
their sensitivity toward craving during methamphetamine
cue-exposure, which shares neurobiological substrates with
drug-induced craving. Furthermore, the majority of partici-
pants in this study were current smokers and may have been
experiencing nicotine withdrawal, which may have contrib-
uted to heightened prefrontal activation. However, most of
these individuals smoked within an hour before scan (80%).
Therefore, it is unlikely that these individuals were experi-
encing high levels of nicotine withdrawal.

It should also be noted that the average baseline-corrected
levels of drug-induced craving were mild, perhaps because
participants were no longer deprived of the drug. Baseline-
corrected ratings of craving spanned the entire assessment
range, from O to 10, indicating considerable variability in
the participants’ response to IV methamphetamine. The route
of administration may be responsible for some of this vari-
ability, as none of the participants reported IV use as their
primary route of administration. Therefore, IV administra-
tion, although providing methodological advantages, may
have reduced subjective responses and potentially weak-
ened the associations between craving ratings and neural
cue-reactivity.
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This preliminary study has several limitations that should
be considered when interpreting the results. First, this study
has a small sample size of 15. Second, this study lacks a
control group, which limits our ability to draw conclusions
about how craving neurobiology is altered in individuals
with MUD. Third, both neuroimaging and laboratory ses-
sions occurred while participants were given a placebo medi-
cation, as part of a larger medication study. Therefore, it is
possible that self-report and neural signals may be modulated
by participants’ expectations of medication effects. Future
research should validate these findings in a larger sample,
without the potential impact from medication interactions.
Fourth, subjective responses were induced by an IV meth-
amphetamine administration, which differed from the partici-
pants’ primary route of administration. The cues in the fMRI
task included pictures of methamphetamine paraphernalia
used for smoking as well as IV use. Future research should
pair the route of methamphetamine challenge administra-
tion and methamphetamine cue images. Finally, we did not
control for menstrual phase in female participants. There is
some evidence for a role in gonadal hormones in metham-
phetamine administration in animal models (Kucerova et al.,
2009). Therefore, the female methamphetamine users may
have had different subjective responses or cue-reactivity
depending on their menstrual phase. However, as there were
only three female participants in this study, it is unlikely that
this would have a large impact on our findings.

In conclusion, this study provides preliminary evidence
for shared neurobiology underlying cue-induced and drug-
induced craving in individuals with methamphetamine use
disorder. This finding indicates that craving is a transdiag-
nostic phenotype that can be assessed using multiple meth-
odologies, including through experimental manipulations of
intravenous drug infusion and through cue-exposure during
neuroimaging.
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