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Abstract

Stimulant use disorders are associated with deficits in striatal dopamine receptor availability, 

abnormalities in mesocorticolimbic resting-state functional connectivity (RSFC), and impulsivity. 

In methamphetamine-dependent research participants, impulsivity is correlated negatively with 

striatal D2-type receptor availability, and mesocorticolimbic RSFC is stronger than in controls. 

The extent to which these features of methamphetamine dependence are interrelated, however, is 

unknown. This question was addressed in two studies. In Study 1, 19 methamphetamine-

dependent and 26 healthy control subjects underwent [18F]fallypride positron emission 

tomography to measure ventral striatal dopamine D2-type receptor availability, indexed by binding 

potential (BPND), and functional magnetic resonance imaging (fMRI) to assess mesocorticolimbic 

RSFC, using a midbrain seed. In Study 2, an independent sample of 20 methamphetamine-

dependent and 18 control subjects completed the Barratt Impulsiveness Scale in addition to fMRI. 

Study 1 showed a significant group by ventral striatal BPND interaction effect on RSFC, reflecting 

a negative relationship between ventral striatal BPND and RSFC between midbrain and striatum, 

orbitofrontal cortex, and insula in methamphetamine-dependent participants but a positive 
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relationship in the control group. In Study 2, an interaction of group with RSFC on impulsivity 

was observed. Methamphetamine-dependent participants users exhibited a positive relationship of 

midbrain RSFC to the left ventral striatum with cognitive impulsivity, whereas a negative 

relationship was observed in healthy controls. The results indicate that ventral striatal D2-type 

receptor signaling may affect system-level activity within the mesocorticolimbic system, providing 

a functional link that may help explain high impulsivity in methamphetamine-dependent 

individuals.

Keywords

resting state functional connectivity; D2 dopamine receptors; mesocorticolimbic system; drug 
abuse; methamphetamine; midbrain; striatum

Introduction

Chronic stimulant exposure can produce profound and long-lasting changes in the brain, 

affecting dopaminergic markers and associated brain function and behavior (1-4). Low 

striatal D2-type receptor availability is associated with impulsivity and enhanced escalation 

of cocaine self-administration in rats (5), and can predict failure of behavioral treatment in 

stimulant users (6, 7). D2-type receptor deficits also may contribute to the behavioral 

phenotypes that accompany addiction, as evidenced by negative association of striatal D2-

type receptor availability with impulsivity (2) and temporal discounting of rewards (8) in 

methamphetamine-dependent subjects. Thus, dysfunction in dopamine signaling may 

promote the initiation as well as the maintenance of addiction.

Stimulant-induced impairments in reward-driven behavior are associated with aberrant 

signaling within the mesocorticolimbic dopamine system in animals (9, 10). Consistent with 

these findings is the observation that methamphetamine-dependent subjects have stronger 

resting-state functional connectivity (RSFC) of the midbrain to terminal field regions of the 

mesocorticolimbic system than control subjects (4). Midbrain RSFC also is related to 

impairments in prefrontal cortical function during reward-related, risky decision-making in 

methamphetamine-dependent individuals (4).

Stimulant-induced dopaminergic neurotransmission produces neuroplastic changes in the 

ventral striatum, including alterations in glutamatergic transmission (11), synaptic plasticity, 

and dendritic spine morphology (11-16). Such neural adaptations and associated 

reorganization of dopaminergic brain networks are thought to underlie deficits in inhibitory 

control and impulsivity linked with addiction (17). Accordingly, dopamine D2-type receptor 

deficits in the ventral striatum may contribute to abnormal signaling within the mesocortical 

system and impulsive behavior in methamphetamine-dependent individuals.

The goal of this study was to investigate the potential links between ventral striatal 

dopamine D2-type receptor availability, intrinsic midbrain activity, and measures of 

impulsivity in methamphetamine-dependent subjects. In one study, the relationship between 

ventral striatal dopamine D2-type receptor availability and midbrain RSFC was examined in 

methamphetamine-dependent and healthy control subjects. On the basis of findings that 

Kohno et al. Page 2

Mol Psychiatry. Author manuscript; available in PMC 2016 August 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



methamphetamine-dependent subjects exhibit lower D2-type receptor availability 

throughout the striatum (2) and greater RSFC between midbrain and striatum than healthy 

controls (4), it was expected that methamphetamine-dependent participants would exhibit a 

negative relationship between ventral striatal D2-type receptor availability and RSFC of 

midbrain to striatum. In the second study, the relationship of midbrain RSFC to self-reported 

impulsivity was evaluated. As impulsivity is negatively related to ventral striatal D2-type 

receptor availability in methamphetamine-dependent subjects (2), it was hypothesized that 

the strength of RSFC between the midbrain and the ventral striatum would be positively 

related to impulsivity in methamphetamine-dependent subjects studied here.

Methods

Eighty-two participants (44 healthy control and 39 methamphetamine-dependent subjects) 

received a complete explanation of the procedures to be used, and provided written informed 

consent, as approved by the UCLA Institutional Review Board. Methamphetamine 

dependence was determined by the Structured Clinical Inventory for DSM-IV-TR (18) or the 

Mini-International Neuropsychiatric Interview (MINI) (19). In Study 1, 26 healthy control 

subjects and 19 methamphetamine-dependent subjects took part in positron emission 

tomography (PET) as well as resting-state fMRI. The healthy controls completed the 

imaging procedures as part of a large range of assessments while participating in the UCLA 

Consortium for Neuropsychiatric Phenomics (CNP; www.phenomics.ucla.edu) (20). In 

Study 2, an independent sample of 18 healthy controls and 20 methamphetamine-dependent 

subjects took part in resting-state fMRI and provided self-report measures of impulsivity. 

Exclusion criteria, determined by physical examination, medical history, and laboratory 

blood tests, were systemic, neurological, cardiovascular, or pulmonary disease, or head 

trauma with loss of consciousness. Current Axis-I diagnoses other than nicotine dependence 

(any group) and methamphetamine dependence (methamphetamine user groups) were also 

exclusionary.

Measure of impulsivity: Barratt Impulsiveness Scale

Self-report data were collected using the Barratt Impulsiveness Scale (BIS-11) (21). A 2-

factor model was implemented to determine scores for cognitive and behavioral impulsivity, 

on the basis of a psychometric evaluation of the measure (22). According to the model, 

cognitive impulsivity reflects difficulties in attentional control, concentration, careful and 

deliberate thinking, and planning; whereas behavioral impulsivity reflects impulsive action, 

racing thoughts, and frequent changes in employment and residences.

fMRI acquisition

Functional magnetic resonance imaging (fMRI) was performed on a 3-T Siemens Trio MRI 

system, with 152 resting-state T2*-weighted, echoplanar images (EPI) acquired (slice 

thickness = 4 mm; 34 slices; TR = 2 s; TE = 30 ms; flip angle = 90°; matrix = 64 × 64; fov = 

200 mm). Resting-state images were acquired for 5 min, while participants viewed a black 

screen. High-resolution, T2-weighted, matched-bandwidth (MBW) and T1-weighted 

magnetization-prepared rapid-acquisition gradient echo (MPRAGE) scans were also 
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acquired. The orientation for these scans was oblique axial to maximize brain coverage and 

to optimize signal from ventromedial PFC.

PET imaging acquisition

Dopamine D2-type (D2 and D3) receptor availability, measured as binding potential (BPND), 

was assessed using [18F]fallypride, a radioligand with high affinity for dopamine D2-type 

receptors (23). PET scanning was performed on a Philips Gemini Tru Flight PET/CT 

tomograph in 3D mode (Philips Electronics NV, Netherlands) (resolution = 5.0 mm × 4.8 

mm, full width at half maximum (FWHM)). Images of 90 slices were obtained with a 

2×2×2-mm3 voxel size. A CT-transmission scan was performed to obtain data for measured 

attenuation correction. Dynamic emission data were acquired after bolus injection of the 

radiotracer (~5 mCi ± 10%), specific activity ≥ 1 Ci/μmol) in two scanning blocks of 80-min 

each, as 1-min frames. To reduce discomfort and radiation exposure to the bladder wall, 

participants were allowed a short break between scanning blocks to void. Data were 

reconstructed using the 3D row action maximum likelihood algorithm (3D-RAMLA). 

Scatter and random corrections were applied.

Resting-state fMRI image processing

Image analysis was performed using FSL 5.0.2.1 (www.fmrib.ox.ac.uk/fsl). The images 

were realigned to compensate for motion (24), and high-pass temporal filtering (100 s) was 

applied. Data were skull-stripped and spatially smoothed (5-mm FWHM Gaussian kernel). 

Images were further pre-processed to include additional nuisance regressors: average signal 

of cerebrospinal fluid and white-matter, and two metrics of motion-related artifact, 

specifically frame-wise displacement and a combination of the temporal derivative of the 

time series and root-mean-squared variance over all voxels (25). Global signal regression 

was not applied. The EPI images were registered to the MBW image, then to the high-

resolution MPRAGE image, and finally into standard Montreal Neurological Institute space, 

using a 12-parameter affine transformation and nonlinear registration using FMRIB's 

nonlinear image registration tool (FNIRT) (26). A 9-mm spherical midbrain ROI was created 

at the coordinates (MNI: x = 0, y = −15, z = 9) from a study examining differences in 

midbrain RSFC between methamphetamine users and controls (4). The mean time series 

across all voxels within the midbrain seed from pre-processed images were used as 

covariates in separate whole-brain, voxelwise resting-state correlation analyses.

PET image processing

Reconstructed [18F]fallypride PET data (2 blocks; 1-min × 80-frames) were averaged into 16 

frames, each consisting of the average of 10-min of dynamic data. PET images were 

corrected for motion (24), then co-registered to the corresponding structural MRI (27). 

Volumes of interest (VOI) for the dorsal and ventral striatum were anatomically-defined 

using the FSL software package (28). The cerebellum VOI was drawn manually, as a 

bilateral region in MNI-152 space and transformed into native space for each participant's 

MRI scan.

VOI-based time-activity data were then extracted from PET images and imported into 

PMOD (PMOD 3.1, Zurich) for kinetic modeling. Time-activity curves were fit using the 
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simplified reference tissue model (SRTM) (29). The cerebellum was selected as the 

reference region because it has a negligible concentration of D2-type receptors (30). A 

volume-weighted average of k2′, estimated from high-activity regions (caudate and 

putamen), was computed. Time-activity curves were refit using SRTM2 (31) applying the 

computed k2′ values to the VOIs. BPND, which is an index of receptor availability, was 

then calculated as BPND = R1*k2′/k2a – 1, where R1 = K1/K1′ is the ratio of tracer-

delivery parameters from plasma to tissues in the target region and reference region, and k2a 

is the single-compartment rate constant for transfer from the target-region tissue 

compartment to plasma.

Analysis of the relationship between midbrain RSFC and dopamine D2-type receptor BPND

A test of group differences in the association between midbrain RSFC and ventral striatal 

BPND (group × BPND interaction) was conducted with a whole-brain voxelwise analyses of 

midbrain RSFC. Ventral striatal BPND (left and right regions combined) was used as a 

covariate of interest. Post-hoc analyses were conducted to test the strength and direction of 

the relationship between midbrain RSFC and ventral striatal BPND for each group. For 

within- and between-group mixed-effects analyses, all whole-brain fMRI statistics were 

corrected for multiple comparisons by using cluster-correction with voxel height threshold 

of Z > 2.3 and cluster significance of P < 0.05. Because there are age- and sex-related effects 

on brain function and striatal dopamine receptor availability (32-35), all analyses included 

age, which was mean centered and sex as covariates of no interest.

Analysis of the relationship between midbrain to ventral striatum RSFC and impulsivity

Following the observation of a significant group × ventral striatal BPND interaction with 

midbrain RSFC to left (but not right) ventral striatum, an anatomically-defined VOI using 

the Harvard-Oxford subcortical atlas was created for the left ventral striatum. The VOI of 

the left ventral striatum was used to extract average parameter estimates (β-values) from the 

midbrain RSFC contrast maps, which corresponds to the strength of functional connectivity 

with the midbrain. A general linear model was used to examine the relationship between 

connectivity values and self-report impulsivity using SPSS version 21. Connectivity values 

were entered as an independent variable in ANCOVA, which included and tested the main 

effects of age, sex, and group and the interaction between group and RSFC on impulsivity 

measures. The outcome measures of BIS cognitive and behavioral impulsivity scores were 

analyzed separately.

Results

Participant characteristics

Study 1 included 26 healthy controls (14 men, 12 women, 29.00 ± 8.45 years old) and 19 

methamphetamine users (10 men, 9 women, 31.69 ± 8.71 years old). On average, individuals 

in the Methamphetamine Group used methamphetamine for 12.32 ± 6.74 years and on 26.0 

± 6.25 days in the 30 days preceding study entry. The Methamphetamine and Control 

Groups did not significantly differ in age, sex or the frequency of alcohol use (p's > 0.05), 

but they did differ in the frequency of marijuana use (t = 3.95, p = 0.003) (Table 1). Because 

methamphetamine-dependent individuals were more likely to be tobacco cigarette smokers 
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(Chi-Square = 42.99, p < 0.001), the relationships between cigarette use and ventral striatal 

BPND, midbrain RSFC, and self-report impulsivity were examined. There were no 

significant relationships between the outcome measures and smoking status, cigarettes per 

day and the number of days of cigarette use in the 30 days preceding study entry.

Study 2 included an independent sample of 18 healthy controls (13 men, 5 women, 38.94 

± 9.63 years old) and 20 methamphetamine-dependent subjects (13 men, 7 women, 37.00 

± 9.64 years old). The Methamphetamine and Control Groups did not significantly differ in 

age, sex, or frequency of alcohol, marijuana, or cigarette use in the 30 days preceding study 

entry. On average, individuals in the Methamphetamine Group used methamphetamine for 

6.82 ± 4.91 years and on 22.39 ± 7.37 days in the 30 days preceding study entry (Table 1). 

The two Methamphetamine groups did not differ significantly in sex distribution, smoking 

status, or frequency of methamphetamine or alcohol use, but they did differ in age (p = 0.04) 

and frequency of marijuana use (p = 0.03).

RSFC and relationship to ventral striatal BPND

Methamphetamine-dependent subjects had lower ventral striatal BPND than controls (t = 

2.862, df = 43, p = 0.006), and Levene's test indicated that there was equal variance between 

the groups (F=.05, p = 0.824). Relative to healthy controls, methamphetamine-dependent 

subjects exhibited stronger RSFC between the midbrain and caudate, putamen, insula and 

medial prefrontal cortex (p < 0.05, whole-brain corrected). There was a significant group by 

ventral striatal BPND interaction on RSFC between midbrain and orbital frontal cortex, 

putamen, ventral striatum, caudate, and insula (p < 0.05, whole-brain corrected) (Fig. 1). 

Results remained significant after age and sex were removed as nuisance covariates. Post 

hoc analyses showed that the interaction was driven by a significant negative relationship 

between ventral striatal BPND and midbrain RSFC to orbital frontal cortex, putamen, ventral 

striatum, caudate and insula in the Methamphetamine Group with no significant relationship 

in the Control Group (p < 0.05, whole-brain corrected).

Relationship between midbrain RSFC with left ventral striatum and impulsivity

As in a prior report (36), which included 15 of the 20 participants in study 2, the 

Methamphetamine group exhibited stronger midbrain RSFC with striatum, amygdala, 

hippocampus and medial orbital frontal cortex than the Control Group. The groups differed 

significantly in cognitive impulsivity (t = 2.331, df = 44, p = 0.012) and behavioral 

impulsivity (t = 1.71, df = 44, p = 0.04), with methamphetamine users reporting greater 

impulsivity than controls. There was a main effect of midbrain RSFC to left ventral striatum 

on cognitive impulsivity (t = − 2.79, p = 0.009). The relationship between cognitive 

impulsivity and RSFC between midbrain and left nucleus ventral striatum differed by group 

(t = 2.55 p = 0.016), with the Methamphetamine Group showing a positive relationship (r = .

272, p = 0.10) and the Control Group showing a negative relationship (r = −.588, p = 0.017) 

(Fig. 2). There was no main effect of RSFC between midbrain and left ventral striatum on 

behavioral impulsivity (t = 5.44, p = 0.176) and no interaction between group and RSFC 

between midbrain and ventral striatum (t = −1.629, p = 0.113). Levene's test for equality of 

variance showed no significant group differences in variance in measures of cognitive 

impulsivity (F=.002, p = 0.965), behavioral impulsivity (F= 2.582, p= 0.117), or in RSFC 
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between midbrain and ventral striatum (F= .753, p= 0.391). The results were not affected by 

removing age and sex as nuisance covariates.

Discussion

This study provides support for the hypothesis that dopaminergic transmission is a common 

neurobiological factor influencing addiction and impulsivity (37). The results extend 

findings of heightened mesocorticolimbic RSFC (4) and an inverse relationship between 

striatal D2-type receptor availability and impulsivity in methamphetamine-dependent 

individuals (2). Observations that intrinsic mesocorticolimbic signaling, as indicated by the 

strength of midbrain RSFC with dopaminergic terminal field areas, is negatively related to 

ventral striatal D2-type receptor availability and positively related to impulsivity in 

methamphetamine-dependent subjects, suggests that striatal D2-type receptor signaling is 

linked to impulsivity by functional interaction of the midbrain with the ventral striatum.

Although striatal D2-type receptor deficits have been observed in studies of various 

addictions (37), their influence on network connectivity has not been examined. Connections 

between the midbrain ventral tegmental area and the nucleus accumbens contribute to 

facilitation of appetitive behaviors in addiction (13). Dopamine release in the nucleus 

accumbens activates a subset of medium spiny neurons that have reciprocal GABAergic 

inhibitory projections with the midbrain ventral tegmental area (38). Low ventral striatal D2-

type receptor availability coupled with reduced dopamine release relative to healthy controls 

(7, 39), may attenuate the GABAergic inhibitory feedback that regulates dopamine neuronal 

activity (40), resulting in stronger RSFC of the midbrain with its terminal fields. This is a 

plausible explanation of how ventral striatal D2-type receptor signaling may upregulate 

midbrain activity in methamphetamine-dependent individuals.

Notably, pharmacological manipulations that augment dopaminergic function can alter 

RSFC within the mesocorticolimbic system. For example, methylphenidate administration, 

which would augment striatal dopaminergic activity, increases connectivity in corticolimbic 

and corticocortical circuits but reduces connectivity between the ventral striatum and 

putamen in cocaine users (41). In healthy control subjects, connectivity between the 

midbrain and default mode network is greater in participants receiving L-dopa than those 

receiving placebo or haloperidol (42). Another study shows that amphetamine-induced 

striatal dopamine release was positively associated with connectivity within the cortico-

striatal-thalamic network in control subjects and in recreational amphetamine users (average 

of 40 occasions of use), but striatal D2-type BPND was not associated with changes in 

striatal RSFC in either group (43). These results are consistent with the lack of correlation 

between striatal BPND and RSFC in healthy controls reported here. However, the absence of 

a relationship in recreational amphetamine users despite the negative association of striatal 

D2-type BPND with mesocorticolimbic RSFC in methamphetamine-dependent individuals 

may reflect a difference between occasional and prolonged stimulant abuse.

Signaling through dopamine D2-type receptors, especially in the striatum, has been 

identified as a key factor in impulsive behavior (37). In this regard, both low D2-type 

receptor availability in the ventral striatum (44, 45) and lesions to the nucleus accumbens 
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core increase impulsive choices in rodents (46). Moreover, local administration of 

aripiprazole, a D2/3 partial agonist, in the nucleus accumbens, reduces impulsive behavior 

(Besson et al, 2010). Similarly, self-reports of impulsivity are negatively related to ventral 

striatal dopamine D2-type of receptor availability in human methamphetamine users (2) and 

positively related to RSFC between the ventral striatum and prefrontal cortex in cocaine 

users (47). We extend these previous studies by suggesting that ventral striatal D2-type 

receptor availability contributes to the signaling between the midbrain and ventral striatum 

and this signaling is associated with self-reports of impulsivity.

This study focused on behavioral and cognitive dimensions of impulsivity (22). Behavioral 

impulsivity refers to impulsive action or the failure to suppress prepotent responses, whereas 

cognitive impulsivity reflects impulsive choices or decisions (48). Although 

methamphetamine-dependent individuals show deficits in motor response inhibition (49-51) 

and greater behavioral impulsivity as measured by self-report in this study, 

methamphetamine-dependent and control groups did not differ in how behavioral 

impulsivity is related to midbrain RSFC with the ventral striatum. This negative finding is in 

line with reports that provide limited evidence for involvement of the ventral striatum in 

response inhibition (see review (52)). Perhaps it is relevant that motor-response inhibition, as 

measured in the Stop Signal Task, is associated with dorsal but not ventral striatal D2-type 

receptor availability (53, 54).

Cognitive impulsivity is measured using tasks that require mental control, the ability to shift 

mental set, self-monitoring, or reasoning (48). Performance on tasks that tap into cognitive 

impulsivity, such as risky decision-making tasks, has been linked to ventral striatal function. 

For example, ventral striatal activation increases during the selection of high-reward but 

risky options on the Wheel of Fortune Task (55) and the Risk Taking Task (56). The group 

difference in the relationship between the midbrain RSFC with ventral striatum and 

cognitive impulsivity observed here is in line with previous observations of greater ventral 

striatal activity during risky decision-making in methamphetamine-dependent individuals 

relative to controls (4) and the negative relationship between ventral striatal D2-type 

receptor availability and task performance in healthy controls (57).

Although abnormalities in midbrain RSFC associated with addiction have been observed 

before (4), and a contribution of low striatal D2-type receptor availability to impulsivity has 

been suggested (37), this study provides a potential mechanism by which these addiction-

related phenotypes are linked. These data suggest that chronic methamphetamine use leads 

to cognitive impulsivity, at least in part, by augmenting connectivity of mesocorticolimbic 

structures, presumably due to stimulant-induced loss of striatal D2-type receptors. The firing 

of dopaminergic neurons codes for the magnitude and probability of the incentive-value of a 

stimulus (58), and signaling through the mesolimbic system promotes motivated drug-

seeking behavior (59, 60). Stronger connectivity between the midbrain and ventral striatum 

in methamphetamine-dependent individuals, therefore, may promote bias toward rewarding 

stimuli, thereby enhancing impulsive drug use.

This report has some limitations. The fact that all of the healthy control subjects in Study 1 

were nonsmokers precludes the possibility to control for smoking status. However, 
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consistent with our findings, methamphetamine-dependent individuals in studies that did 

control for smoking status exhibited lower receptor availability (2) and higher midbrain 

RSFC (4) than controls. Moreover, there were no significant relationships between cigarette-

use variables with brain and impulsivity measures in this study. Still, because smoking 

affects D2-type receptor BPND (61, 62) and RSFC of executive control networks (63), 

future research will be needed to separate the effects of smoking from those of 

methamphetamine on the association between striatal D2-type receptor BPND and midbrain 

RSFC. Also because the entry criteria for this study excluded individuals with dependence 

on substances other than methamphetamine for the Methamphetamine group and nicotine 

for both groups, our sample may not be representative of methamphetamine-dependent 

individuals and limits the generalizability of findings. However, years of methamphetamine 

use was positively related to ventral striatal BPND and negatively related to cognitive 

impulsivity. Although it would be tempting to speculate that the link between ventral striatal 

D2-type receptor and cognitive impulsivity is mediated by midbrain RSFC, lack of overlap 

in all measures across all subjects precluded a formal test of mediation. Moreover, the 

results presented here are based on correlations, which may be affected by factors that were 

not considered. One such factor is striatal volume, which is positively correlated with striatal 

D2-type receptor availability in methamphetamine-dependent individuals (64). In addition, 

non-dopaminergic neurotransmission may affect the relationships under study. For example, 

GABAergic projections from the ventral striatum to midbrain may affect dopaminergic 

signaling and the strength of connectivity between these regions. Finally, there are 

limitations associated with the use of [18F]fallypride as a radiotracer. Although 

[18F]fallypride has high affinity for dopamine D2-type receptors (65), it does not distinguish 

between D2 and D3 receptor subtypes, and does not resolve binding to receptors in different 

compartments, such as pre- vs. post- synaptic receptors on different cellular elements in a 

region. Despite these limitations, the results presented go beyond previous observations of 

low D2-type receptor availability and heightened mesocorticolimbic RSFC in 

methamphetamine dependence to advance a more comprehensive approach in understanding 

the neural substrates of impulsivity in addiction.
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Figure 1. Relationship between Midbrain RSFC and Ventral Striatal BPND
A. Brain regions where the relationship between resting-state connectivity with the midbrain 

seed and ventral striatal BPND varied by group. Connectivity maps show a group by ventral 

striatal BPND interaction on RSFC of Midbrain with ventral and dorsal striatum, caudate, 

orbital frontal cortex, and insula (p < 0.05, whole-brain corrected). Sequential slices from Z 

of 27 to Z of 33 are shown. B. Scatter plots show the relationship between midbrain RSFC 

and ventral striatal receptor availability in the two groups (• HC and ○ MA).
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Figure 2. Relationship between Midbrain and Ventral Striatal RSFC and Self-report Cognitive 
Impulsivity Scores
Scatter plots show the relationship between self-report cognitive impulsivity on the Barratt 

Impulsiveness Scale and RSFC of midbrain with the left ventral striatum in the two groups (• 

HC and ○ MA). Slopes of the two plots differ significantly (group by RSFC interaction on 

cognitive impulsivity: p = 0.016). The RSFC measure was associated with DA receptor 

availability in an independent sample.
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Table 1

Characteristics of Research Participants

Study 1 (PET and RSFC) Study 2 (RSFC and BIS-11)

Control Group (n=26) Methamphetamine Group (n=19) Control Group (n=18) Methamphetamine Group (n=20)

Age (years)
b 29.0 ± 8.45 30.95 ± 8.17 38.9 ± 9.63 37.0 ± 9.64

Sex (female/male) 12/14 9/10 5/13 7/13

Alcohol Use

    Days used (in past 
30)

5.39 ± 6.70 5.37 ± 7.88 3.50 ± 5.43 3.45 ± 6.89

Marijuana Use

    Days used (in past 

30)
ab

0.08 ± 0.27 10.11 ± 13 0.11 ± 0.47 2.70 ± 7.26

Tobacco Use (# 

smokers)
a

0 19 5 18

    Days smoked (in 
past 30)

0 21.2 ± 2.54 13.9 ± 14.95 18.5 ± 12.50

Methamphetamine Use

    Days used (in past 
last 30)

26.0 ± 6.25 22.4 ± 7.37

    Years of heavy use 12.3 ± 6.74 6.82 ± 4.91

Data shown are means ± SEM, where appropriate.

a
Significant differences between the groups by Student's t-test (p = 0.003).

b
Significant differences between the methamphetamine groups by Student's t-test (p= 0.04 and p = 0.03).
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Table 2

Brain regions that exhibited differences between groups in the relationship between midbrain RSFC and 

ventral striatal BPND

Brain region x y z Z statistic

Group by Ventral Striatal BPND Interaction on Midbrain RSFC

Lateral OFC/Inferior frontal gyrs (L) −42 36 -8 4.26

Ventral Striatum (L) -6 14 -6 3.96

Middle OFC/Subcallosal Cortex (L) -16 16 -16 3.93

Middle OFC/Subcallosal Cortex (R) 12 20 -14 3.92

Putamen (R) 18 12 -10 2.97

Insula (L) -28 22 -12 2.95

Caudate (L) -12 22 0 2.47

Z-statistic maps were thresholded using cluster-corrected statistics with a height-threshold of Z > 2.3 and cluster-forming threshold of p < 0.05.

x, y, z reflect coordinates for peak voxel or for other local maxima in MNI space.

Regions are presented in order of the Z-statistic.

L or R refers to left or right hemisphere.
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