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A B S T R A C T

Background: Long-term use of MA has been associated with cognitive dysfunction in several domains.
Neuroimaging studies have also reported structural, metabolic, and functional changes in MA users. However, no
systematic review has been conducted on those studies in MA users that combined neuroimaging and cognitive
tasks.
Methods: This article systematically reviews correlation between brain imaging measures and cognitive per-
formance in subjects with current and previous history of MA use. Findings are categorized based on cognitive
domain.
Results: MA users performed more poorly than controls in all cognitive domains (psychomotor, working
memory, attention, cognitive control, and decision- making) and a positive correlation has been repeatedly
observed between performance and brain measures (regional volume/density, blood flow, glucose metabolism,
FA value, NAA level, and activation) in MA users. Performance in cognitive control was consistently reported to
show relationship with brain measures in the PFC and ACC, while decision- making consistently showed cor-
relation with brain measures in the PFC, ACC, and striatum.
Conclusions: There is solid evidence for brain- behavior relationship in cognitive functioning in MA users,
particularly in cognitive control and decision-making. More research with correlation analysis between brain-
behavior and MA use parameters is strongly encouraged.

1. Introduction

Amphetamines, a group of stimulants that includes amphetamine
and methamphetamine (MA), are the second most abused worldwide
after cannabis (United Nations Office on Drugs and Crime, 2017a).
Global prevalence for amphetamines in 2015 was estimated to be 0.8%.
In some parts of the world, the numbers are higher; prevalence in North
America was 2.0% and in Oceania was 1.9%. The global market for
amphetamines was dominated by MA, which accounted for 72% of the
global seizures of amphetamines (United Nations Office on Drugs and
Crime, 2017b).

Chronic MA abuse has been associated with an impaired cognitive
function in several domains: attention, memory, and executive function
(Kalechstein et al., 2003; Rendell et al., 2009; Simon et al., 2000).
However, as the studies in MA individuals were cross-sectional, it is not
possible to conclude that the cognitive deficits were MA-related. Animal

studies have provided some evidence for the cognitive decline as the
result of repeated MA administration; memory deficits have been ob-
served in rodents (Kamei et al., 2006; Mizoguchi et al., 2011; Nagai
et al., 2007; Noda et al., 2010) and impaired inhibitory control has been
observed in monkeys (Groman et al., 2012). Study in twins also re-
ported that amphetamine users had poorer performance on attention
and psychomotor functions than their non-using twins (Toomey et al.,
2003). Interestingly, one study has reported that, despite the higher
rates of impairment in the MA group relative to controls in learning,
psychomotor, and attention domains, impaired and normal MA subjects
were comparable in all MA use parameters, such as age of first use,
years of use, amount of use, and length of abstinence, suggesting the
potential contribution of other factors, e.g., genetics (Cherner et al.,
2010; Dean et al., 2013). Taken together, these findings support the
notion that MA abuse causes cognitive decline, at least in some in-
dividuals (Dean et al., 2013).
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Neuroimaging techniques have been used to study brain structure,
metabolism, and function in MA users. Some regions have been re-
ported to show significant differences between MA and control groups:
cortical gray matter (GM), such as the prefrontal cortex (PFC) and the
anterior cingulate cortex (ACC); subcortical GM, such as the striatum;
and the frontal white matter (WM). In early studies using Positron
Emission Tomography (PET), lower dopamine transporters (McCann
et al., 1998; Sekine et al., 2001; Volkow et al., 2001c) and dopamine
receptor availability (Lee et al., 2009; Volkow et al., 2001a), as well as
lower serotonin transporter density (Sekine et al., 2006) have been
observed in the striatal region in groups of MA subjects. Studies using
Magnetic Resonance Imaging (MRI) have reported larger striatal vo-
lume (Jernigan et al., 2005) and smaller cortical volume in MA groups
(Morales et al., 2012; Nakama et al., 2011). Meanwhile, studies using
Magnetic Resonance Spectroscopy (MRS) in MA individuals have ob-
served lower N-acetylaspartate (NAA) level, a proposed marker for
neuronal integrity (Moffett et al., 2007; Sullivan et al., 2001), in the
frontal WM and the ACC (Ernst et al., 2000; Nordahl et al., 2002;
Sailasuta et al., 2010). Diffusion Tensor Imaging (DTI) studies have
reported lower restricted diffusion or fractional anisotropy (FA) in
frontal WM of MA groups (Alicata et al., 2009; Tobias et al., 2010).
Lower restricted diffusion or higher apparent diffusion may indicate
impaired WM integrity. Lastly, studies using Functional Magnetic Re-
sonance Imaging (fMRI) have reported lower activation in the PFC and
the ACC in groups of MA users during attention (Nestor et al., 2011)
and decision-making tasks (Paulus et al., 2003; Stewart et al., 2014).
Attenuated activation may reflect reduced resources to process in-
formation and may result in performance deficits.

Several articles have reviewed brain alterations and cognitive
function in MA users. Salo and Fassbender (2012) reviewed neuroi-
maging studies (PET, MRI, MRS, DTI, and fMRI) conducted in long-term
MA users and discussed relevant cognitive findings from MA and con-
trol groups. Another review by Jan et al. (2012a) focused on structural
and functional imaging studies (PET, MRI, and fMRI) in MA abusers and
the effect of abstinence on the brain measures. Hart et al. (2012) re-
viewed the findings from studies that assessed acute and long-term
effects of MA use on cognitive functions and discussed relevant neu-
roimaging data (PET, MRI, DTI, and fMRI). While these reviews dis-
cussed neuroimaging and/or cognitive findings from MA subjects and
controls, currently no review has been published on the relationship
between cognitive function and brain measures in MA subjects. This
review aims to fill the gap and systematically clarify the link between
cognitive performance and brain measures, such as regional volume,
glucose metabolism, NAA levels, FA values, and activation, in in-
dividuals with a history of MA or amphetamine abuse. In this review,
we identify relevant studies using different imaging modalities such as
PET, MRI, DTI, MRS, and fMRI. We believe that investigating the brain-
behavior correlation will assist in understanding the neural mechanisms
underlying cognitive impairment in MA individuals, providing data
were available from different stages of MA abuse (e.g., recreational use,
dependent use, early abstinence, and protracted abstinence). In addi-
tion, understanding the relationship between brain measures and cog-
nitive function in MA users may help in identifying potential targets for
MA abuse prevention and treatment. As the affected regions in drug
addiction overlap with the regions involved in cognitive function, such
as memory, cognitive control, and decision-making (Koob and Volkow,
2016; Schoenbaum et al., 2006), targeting these neurobiological cir-
cuits may help preventing transition from occasional to compulsive
drug use, and may have clinical implications for preventing relapse
(Hester et al., 2010; Suckling and Nestor, 2017; Verdejo-García et al.,
2006).

2. Material and methods

2.1. Data source

Relevant articles were collected from three databases: Ovid, Scopus,
and Web of Science between 1980 and January 2017. The search
strategy was designed to retrieve as many studies as possible that were
conducted using neuroimaging techniques and evaluated cognitive
function in participants who were users or past users of MA. The search
was performed using three groups of keywords: (1) terms related to
cognitive function; (2) methamphetamine or amphetamine; and (3)
terms related to neuroimaging (Fig. 1). Search strategies were defined
specifically for each database; some terms were truncated, and some
were found using subject headings. Terms in each group of keywords
were combined with “OR”, and the search was run by combining the
three groups at once with “AND”. The articles found from each database
were screened by abstract and/or title. The results were combined and
duplicates were removed. Full-text articles were then assessed for
eligibility based on inclusion criteria.

2.2. Inclusion/Exclusion criteria

Studies were considered for potential inclusion if they met all the
following criteria: (1) were original research; (2) were published in
English; (3) studied MA or amphetamine effects on the human brain;
(4) used a neuroimaging technique that could be applied globally to
examine brain structure, function, or metabolism, along with a task to
assess cognitive function; (5) MA or amphetamine was the primary drug
of abuse; and (6) reported correlation analyses between cognitive

Studies included in review

(29 articles)

Fig. 1. Screening Flow Diagram.
Note:
TITLE-ABS-KEY=Title, Abstract, Keywords
TS=Topic
ar= article

S. Sabrini et al. Drug and Alcohol Dependence 194 (2019) 75–87

76



performance and brain imaging. Studies were excluded if they met any
of the following criteria: (1) were reviews or case studies; (2) exposure
to MA or amphetamine was prenatal; (3) MA or amphetamine use was
comorbid with other diseases or neurological disorders (e.g., HIV,
psychosis); (4) the task used did not have an objective measure for
cognitive deficit (e.g., prediction task); and (5) correlations with task-
specified cognitive performance were not clearly presented (e.g., scores
from Stroop task and Wisconsin card sorting task are averaged for ex-
ecutive function).

2.3. Data extraction and analysis

One researcher (SS) extracted the characteristics from the identified
studies using an extraction table. The researcher discussed any dis-
crepancies with another researcher (LC) when necessary. Key categories
were then identified based on cognitive functions, and data were pre-
sented in tables according to those categories.

3. Results

Twenty-nine studies met the inclusion criteria: 28 studies of MA
users and 1 study of polydrug users (Koester et al., 2013). Two studies
were performed in active-users (Jan et al., 2012b; Kim et al., 2016),
while the rest were carried out with abstinent subjects (n=27). The
neuroimaging techniques used in these studies were PET (n=6), MRI
(n=6), perfusion MRI (n=1), DTI (n= 3), MRS (n=3), and fMRI
(n=10). The included studies were assessed and grouped by cognitive
domain: psychomotor function (n=3); working memory (n=4); at-
tention (n=9); cognitive flexibility (n=5); inhibitory control (n= 2);
cognitive impulsivity (n= 4); and risky decision-making (n=4).

3.1. Demographic characteristics

Demographic characteristics of the participants are presented in
Table 1. All studies recruited non-users as comparison subjects, except
for one study that did not have a control group (Gowin et al., 2014a).
Most studies recruited males and females, and two studies recruited
only male subjects (I. S. Kim et al., 2009a, b). The average age of
participants in most studies was within the range of 30–39 years
(n=26). MA/amphetamine subjects had fewer years of education than
controls, although not always significant. One-fourth of the studies
(n=7) did not report education level. Only half of the studies (n= 15)
reported handedness, of which two excluded left-handedness (Berman
et al., 2008; I. S. Kim et al., 2009a). The percentage of smokers was
higher in MA/amphetamine groups than in control groups, except for
one study, which recruited smokers for controls (Monterosso et al.,
2007). Half of the studies (n=13) did not report cigarette smoking.
The majority of the studies were conducted in Caucasian countries
(n=22) and the rest were conducted in Asian countries.

3.2. Psychomotor function

Three studies identified in this review (2 PET and 1 MRI) assessed
psychomotor function in abstinent MA subjects (Table 2). The psy-
chomotor tasks used were the grooved pegboard task and the timed gait
test (Table 9).

The MA group was not significantly different from the control group
in psychomotor task performance (Chang et al., 2005). However, per-
formance in MA subjects was positively correlated with regional vo-
lume and metabolism. Volkow et al. (2001b) reported a correlation
between performance on the grooved pegboard task and glucose me-
tabolism in the parietal cortex (higher in the MA group than in con-
trols). In the following study by Wang et al. (2004), a positive corre-
lation was observed between change in performance on the timed gait
test and metabolic change in the thalamus after protracted abstinence
(11–17 months). In an MRI study, Chang et al. (2005) also observed a

correlation between performance on the non-dominant grooved peg-
board task and the volumes of putamen and globus pallidus (larger in
the MA group than in controls).

3.3. Working memory

Four studies (1 perfusion MRI, 1 PET, and 2 MRI) assessed working
memory in abstinent MA users (Table 3). The memory tasks used were
the one-back cued response task, the sequential number tasks (one-back
task, two-back task, and one-increment task), the one card learning
task, the Rey auditory verbal learning task (RAVLT), the repeated
memory test, the international shopping list task, and task performance,
failed to observe any correlation be task (Table 9).

MA subjects performed significantly more poorly than controls on
the memory tasks (Chang et al., 2002). A positive correlation was ob-
served between performance and brain measures (regional blood flow,
metabolism, and volume), except in one study (Du et al., 2015). Chang
et al. (2002) observed a correlation between performance on the one-
back cued response task and regional cerebral blood flow (rCBF) in the
right lateral parietal cortex (lower in the MA group than in controls).
Wang et al. (2004) reported a correlation between performance on the
RAVLT (delayed recall) and increased metabolism in the thalamus after
protracted abstinence (≥ 9 months). Thompson et al. (2004) also ob-
served a correlation between performance on the repeated memory test
(word-recall) and hippocampal volume (smaller in the MA group than
in controls).

3.4. Attention

Nine studies (3 PET, 3 MRS, 1 DTI, and 2 fMRI) assessed attention in
MA individuals (Table 4). The attention tasks used were the symbol
digit modalities task, the auditory continuous performance task (CPT),
and the Stroop task (Table 9). One study was carried out with active
adolescent MA users (Kim et al., 2016), while the rest were conducted
in abstinent adults. Three pairs of studies had overlapping subjects:
studies by Berman et al. (2008) and London et al. (2005); studies by
Salo et al. (2011) and Salo et al. (2007); and studies by Salo et al.
(2009b) and Salo et al. (2013).

MA groups showed poorer performance than control groups on the
CPT and Stroop tasks (Kim et al., 2016; London et al., 2005; Salo et al.,
2013, 2009a, 2009b, 2007), and the performance was positively asso-
ciated with regional metabolism, volume, NAA level, and FA value. In
one PET study, a correlation was observed between performance on the
symbol digit modalities task and increased thalamic metabolism after
protracted abstinence (Wang et al., 2004). In another PET study, a
correlation was observed between performance on the CPT and glucose
metabolism in the ACC (lower in the MA group than in controls), left
insula, and left hippocampus (London et al., 2005). Three MRS studies
observed a correlation between performance in the Stroop task and
NAA level in the ACC (lower in the MA group than in controls) (Kim
et al., 2016; Salo et al., 2011, 2007). And one study using DTI observed
a correlation between Stroop performance and FA value in the genu of
the corpus callosum (CC) (Salo et al., 2009a).

Two studies have reported a negative association between perfor-
mance and regional metabolism or activation. Berman et al. (2008)
observed a correlation between change in performance on the CPT and
increased parietal metabolism after four weeks of prolonged abstinence,
which was due to a decline in performance after retest. Meanwhile, Salo
et al. (2013) reported a correlation between Stroop performance on
conflict – conflict sequence (relative to non-conflict – conflict sequence)
and PFC activation in the MA group; whereas a trend for positive cor-
relation was observed in controls. It was observed that, while controls
showed improvement in reaction time (RT) on conflict trials when
preceded by conflict trials and increased PFC activation, MA subjects
showed no advantage and reduced PFC activation.
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Table 1
Subjects Demographic Characteristics.

Study Included Sample Size
(M/F)

Age
(year)

Education
(year)

Handedness
(right-handed)

Cigarette Smokers Major Ethnicity

Volkow et al.
2001

MA: 6/9
HC: 15/6

MA: 32 ± 7
HC: 31 ± 8

NA NA NA NA
(country: USA)

Chang et al.
2002

MA: 10/10
HC: 10/10

MA: 32.5 ± 1.4
HC: 35.0 ± 1.7

MA: 12.4 ± 1.5
HC: 13.2 ± 2.8

NA NA NA
(country: USA)

Thompson et al.
2004

MA: 15/7
HC: 10/11

MA: 35.3 ± 1.7
HC: 31.9 ± 1.5

MA: 12.8 ± 0.4
HC: 15.2 ± 0.5

MA: 77.3%
HC: 76.2%

MA: 68.2%
HC: 9.5%

Caucasian Non-
Hispanic
MA: 59.1%
HC: 66.7%

Wang et al.
2004

MA: 4/9
HC: 4/7

MA: 29 ± 3 (n=5),
36 ± 3 (n= 8)
HC: 31 ± 7

NA NA NA NA
(country: USA)

Chang et al.
2005

MA: 24/26
HC: 24/26

MA: 32.1 ± 7.1
HC: 31.7 ± 7.4

MA: 12.5 ± 1.4 (n= 44)
HC: 14.3 ± 1.1 (n= 28)

NA NA NA
(country: USA)

Kim et al.
2005

MA: 28/7
HC: 15/6

MA: 35.5 ± 6.4
HC: 33.2 ± 6.4

MA: 10.0 ± 2.1
HC: 15.3 ± 1.4

MA: 82.9%
HC: 85.7%

MA: 60.0%
HC: 28.6%

NA
(country: South
Korea)

London et al.
2005

MA: 11/17
HC: 10/16

MA: 34.7 ± 1.9
HC: 33.3 ± 2.0

MA: 12.8 ± 0.5
HC: 14.6 ± 0.5

MA: 82.4%
HC: 75.0%

MA: 82.4%
HC: 0%

Caucasian Non-
Hispanic
MA: 52.9%
HC: 68.8%

Kim et al.
2006

MA: 27/2
HC: 15/5

MA: 36.5 ± 5.5
HC: 33.2 ± 6.5

MA: 10.7 ± 1.6
HC: 15.1 ± 1.7

MA: 89.7%
HC: 85.0%

MA: 75.9%
HC: 35.0%

NA
(country: South
Korea)

Chung et al.
2007

MA: 23/9
HC: 20/10

MA: 36.0 ± 6.7 (M),
29.0 ± 7.2 (F)
HC: 33.3 ± 6.6 (M),
28.7 ± 6.0 (F)

NA MA: 95.7% (M),
77.8% (F)
HC: 90.0% (M),
90.0% (F)

MA: 78.3% (M),
77.8% (F)
HC: 45.0% (M),
30.0% (F)

NA
(country: South
Korea)

Monterosso et al.
2007

MA: 8/4
HC: 12/5

MA: 33.8 ± 8.1
HC: 29.7 ± 7.2

NA NA MA: 75.0%
HC: 94.1%

Caucasian Non-
Hispanic
MA: 66.7%
HC: 50.0%

Salo et al.
2007

MA: 13/23
HC: 8/8

MA: 36.9 ± 1.6
HC: 32.2 ± 1.8

MA: 13.2 ± 0.2
HC: 14.4 ± 0.4

MA: 91.7%
HC: 81.3%

MA: 83.3%
HC: 32.0%

Caucasian Non-
Hispanic
MA: 80.6%
HC: 50.0%

Berman et al.
2008

MA: 8/1
HC: 6/1

MA: 32.9 ± 7.2
HC: 33.1 ± 7.2

MA: 13.2 ± 2.1
HC: 15.0 ± 2.1

100% MA: 88.9%
HC: 0%

Caucasian Non-
Hispanic
MA: 44.4%
HC: 71.4%

Hoffman et al.
2008

MA: 13/6
HC: 12/5

MA: 34.8 ± 10.0
HC: 36.7 ± 9.9

NA MA: 89%
HC: 88%

MA: 75%
HC: 25%

Caucasian
MA: 85%
HC: 100%

Leland et al.
2008

MA: 17/2
HC: 16/3

MA: 40.4 ± 9.9
HC: 40.3 ± 8.1

MA: 13.4 ± 1.2
HC: 14.0 ± 1.6

MA: 89%
HC: 89%

NA Caucasian
MA: 63%
HC: 53%

Y.T. Kim et al.
2009

MA: 24/0
HC: 21/0

MA: 37.7 ± 5.5
HC: 39.1 ± 3.3

MA: 10.5 ± 2.2
HC: 12.4 ± 2.2

MA: 95.8%
HC: 90.5%

NA NA
(country: South
Korea)

I.S. Kim et al.
2009

MA: 11/0
HC: 13/0

MA: 34.4 ± 2.9
HC: 35.5 ± 2.1

NA 100% NA NA
(country: South
Korea)

Salo et al.
2009a

MA: 13/24
HC: 9/8

MA: 36.3 ± 8.7
HC: 32.2 ± 7.5

MA: 13.2 ± 1.4
HC: 14.5 ± 1.7

MA: 92%
HC: 76%

MA: 81%
HC: 24%

Caucasian Non-
Hispanic
MA: 81%
HC: 47%

Salo et al.
2009b

MA: 5/7
HC: 8/8

MA: 35.7 ± 7.7
HC: 30.2 ± 8.9

MA: 12.3 ± 1.4
HC: 15.0 ± 1.2

NA NA NA
(country: USA)

Schwartz et al.
2010

MA: 31/30
HC: 22/22

MA: 33.4 ± 8.4
HC: 34.1 ± 10.7

MA: 11.6 ± 0.7
HC: 15.7 ± 2.5

NA MA: 88.5%
HC: 38.6%

NA
(country: USA)

Salo et al.
2011

MA: 14/37
HC: 13/9

MA: 38.2 ± 8.2
HC: 39.5 ± 10.3

MA: 12.9 ± 1.5
HC: 14.3 ± 2.2

MA: 90.2%
HC: 95.5%

MA: 76.5%
HC: 36.4%

NA
(country: USA)

Jan et al.
2012

MA: 12/5
HC: 13/7

MA: 35.1 ± 6.6
HC: 30.9 ± 8.2

NA NA MA: 82.4%
HC: 0%

NA
(country: New
Zealand)

Koester et al.
2013

AMP: 22/11
HC: 9/6

AMP: 25.6 ± 6.0 (n= 15),
22.9 ± 4.1 (n= 18)
HC: 26.5 ± 4.2

AMP: 14.5 ± 2.0 (n= 15),
15.1 ± 2.5 (n= 18)
HC: 17.5 ± 2.8

NA NA NA
(country: Germany)

Salo et al.
2013

MA: 15/15
HC: 17/13

MA: 35.5 ± 7.9
HC: 29.0 ± 7.7

MA: 12.5 ± 1.6
HC: 15.2 ± 1.3

NA NA NA
(country: USA)

Gowin et al.
2014b

MA: 53/15
HC: 26/14

MA: 38.2 ± 10.5
HC: 35.6 ± 11.5

MA: 13.0 ± 1.6
HC: 14.9 ± 1.7

NA NA Caucasian Non-
Hispanic
MA: 60.3%
HC: 60.0%

(continued on next page)
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3.5. Cognitive flexibility

Five studies (2 PET, 1 MRI, and 2 DTI) assessed cognitive flexibility
in abstinent MA subjects (Table 5) using the Wisconsin card sorting task
(WCST) (Table 9). All of these studies were conducted in South Korea.
Three studies had partially overlapping subjects (Chung et al., 2007;
Kim et al., 2006, 2005).

Poorer performance was observed in the MA group relative to the
control group in all five studies. In addition, a positive correlation was
observed between WCST performance and brain measures, except in
one study (Y. T. Kim et al., 2009b). In the three studies with over-
lapping subjects, performance was correlated with glucose metabolism
and FA value in the right frontal WM (lower in the MA group than in
controls) (Chung et al., 2007; Kim et al., 2005), as well as with GM
density in the right PFC (lower in the MA group than in controls) (Kim
et al., 2006). Y. T. Kim et al. (2009b) did not observe any correlation
between performance and glucose metabolism in the left inferior frontal
WM (lower in the MA group than in controls), while I.S. Kim et al.,
(2009a) observed a correlation between performance and FA value in
the genu of the CC (lower in the MA group than in controls).

One study compared two groups of MA subjects in short-term (< 6

months) and protracted abstinence (≥ 6 months) (Kim et al., 2006).
Subjects in short-term abstinence showed lower GM density in the PFC
and had worse performance than those in protracted abstinence.
However, when compared to controls, subjects in protracted abstinence
still showed lower PFC density and performed more poorly.

3.6. Inhibitory control

Two studies (1 fMRI and 1 MRI) assessed inhibitory control in MA
users (Table 6) using the Go/No-Go task (Table 9). One study was
conducted in abstinent subjects (Leland et al., 2008) and the other
study was conducted in active-users (Jan et al., 2012b).

Abstinent MA subjects made more errors on the task but performed
comparably to controls on the trials preceded by cues (Leland et al.,
2008). In addition, MA subjects activated the ventral ACC in response to
the predictive cues and this activation was positively associated with
performance. In another study, Jan et al. (2012b) also observed a po-
sitive correlation between performance and GM density in the right
putamen (higher in the MA group than in controls).

Table 1 (continued)

Study Included Sample Size
(M/F)

Age
(year)

Education
(year)

Handedness
(right-handed)

Cigarette Smokers Major Ethnicity

Gowin et al.
2014a

Abstinent: 34/11
Relapsed: 14/4

Abstinent: 38.8 ± 11.1
Relapsed: 37.4 ± 9.2

Abstinent: 12.8 ± 1.7
Relapsed: 13.3 ± 1.5

NA NA Caucasian Non-
Hispanic
Abstinent: 53.3%
Relapsed: 66.7%

Kohno et al.
2014

MA: 12/13
HC: 16/11

MA: 35.7 ± 1.6
HC: 33.9 ± 2.3

MA: 13.0 ± 0.4
HC: 13.6 ± 0.4

NA MA: 80.0%
HC: 59.3%

NA
(country: USA)

Du et al.
2015

MA: 20/10
HC: 19/10

MA: 34.0 ± 4.9 (M),
30.3 ± 8.7 (F)
HC: 33.4 ± 6.5 (M),
32.0 ± 8.2 (F)

MA: 9.5 ± 1.9 (M),
10.4 ± 2.2 (F)
HC: 11.1 ± 2.4 (M),
13.0 ± 2.6 (F)

NA NA NA
(country: China)

Kim et al.
2016

MA: 35/9
HC: 41/12

MA: 18.1 ± 1.3
HC: 17.9 ± 1.2

MA: 10.8 ± 1.7
HC: 11.4 ± 1.1

MA: 86.4%
HC: 83.0%

MA: 77.3%
HC: 18.9%

Asian
100%

Bischoff-Grethe et al.
2017

MA: 17/0
HC: 20/3

MA: 38.0 ± 8.7
HC: 38.0 ± 11.9

MA: 12.1 ± 2.0
HC: 14.4 ± 2.2

MA: 94%
HC: 96%

MA: 43%
HC: 14%

Caucasian Non-
Hispanic
MA: 59%
HC: 70%

Abbreviations: AMP amphetamine group; F female; HC control group; M male; MA methamphetamine group; NA not available.

Table 2
Study of Psychomotor Function in MA Users.

Author, Year, Country MA Subjects Neuroimaging Technique and Findings Task and Findings

Volkow et al.
(2001a,2001b,2001c), USA

• MA dependent

• n=15 (f= 9)

• age: 32 ± 7

• abstinence: 2 weeks-5 months
(n= 12), 11-35 months (n= 3)

PET

• parietal cortex, CMRglc: MA > control

• thalamus, caudate, and putamen, CMRglc:
MA < control

Grooved Pegboard

• [performance in MA] x [CMRglc in
parietal cortex]: positive correlation

Wang et al. (2004), USA • MA dependent

• tested short-term & protracted
abstinence: n=5 (f= 3),
protracted only: n= 8 (f= 6)

• age: 29 ± 3 (tested twice),
36 ± 3 (protracted only)

• abstinence: 3 ± 1.6 months
(short-term, n=5), 14 ± 2
months (protracted, n= 5),
17 ± 10 months (protracted,
n= 8)

PET

• thalamus, CMRglc:
short-term < protracted= control

• striatum, CMRglc:
short-term=protracted < control

Timed Gait

• [change in performance after
protracted abstinence] x [change in
CMRglc in thalamus after protracted
abstinence]: positive correlation

Chang et al. (2005), USA • MA dependent

• n=50 (f= 26)

• age: 32.1 ± 7.1

• abstinence: 4.0 ± 6.2 months (1
week-36 months)

MRI

• globus pallidus and putamen, volume:
MA > control

• [volumes of globus pallidus and putamen] x
[cumulative MA use]: negative correlation

Grooved Pegboard

• performance: MA=control

• [performance on non-dominant hand
in MA] x [volumes of globus pallidus
and putamen]: positive correlation

Abbreviations: CMRglc= cerebral metabolic rate of glucose consumption; f= female; MA=methamphetamine; MRI=Magnetic Resonance Imaging; n= number
of subjects; PET=Positron Emission Tomography.
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3.7. Cognitive impulsivity

Four studies (3 fMRI and 1 MRI) assessed impulsivity in abstinent
MA individuals (Table 7). Three studies used the delay discounting task
(DDT), and the other study used the Iowa gambling task (IGT)
(Table 9).

MA groups discounted more heavily on the DDT (Hoffman et al.,
2008; Monterosso et al., 2007; Schwartz et al., 2010) and had lower
scores on the IGT relative to the control group (Bischoff-Grethe et al.,
2017). A negative correlation was observed between impulsivity and
regional activation or GM density. Monterosso et al. (2007) observed
that delay discounting across subjects was associated with activation in
the left PFC on the “hard choice > no choice” contrast (lower in the
MA group than in controls). Schwartz et al. (2010) also observed a
negative correlation between impulsivity and GM density in the left
PFC (lower in the MA group than in controls).

Meanwhile, a positive correlation was also observed between im-
pulsivity and brain measures. Hoffman et al. (2008) observed a corre-
lation between delay discounting in MA subjects and differential acti-
vation in the PFC on the “hard task – control task” contrast (lower in the
MA group than in controls). The MRI study by Schwartz et al. (2010)
also reported a positive correlation between impulsivity and GM den-
sity in the putamen-ventral striatum. In another study, Bischoff-Grethe
et al. (2017) found that, within the MA group, higher impulsivity
(lower IGT score) was associated with activation in the ventral striatum
(VS) in response to loss outcomes. In addition, MA subjects exhibited
greater activation in the caudate on loss outcomes relative to gain
outcomes, whereas controls did not show differential activation be-
tween the two outcomes.

3.8. Risky decision-making

Four studies in this review, all using fMRI, assessed risky decision-
making in abstinent MA/amphetamine subjects (Table 8). The tasks
used were the decision-making task (DMT), the balloon analog risk task
(BART), and the risky gains task (RGT) (Table 9). One study was con-
ducted in polydrug (amphetamine and ecstasy) users (Koester et al.,
2013), and one study recruited only MA subjects (no controls) (Gowin
et al., 2014a).

MA/amphetamine users made more risky decisions (Gowin et al.,
2014b; Koester et al., 2013) and earned less money than controls
(Kohno et al., 2014). In two studies, Gowin et al., (2014a, 2014b) re-
ported a negative correlation between the frequency of risky decisions
in MA subjects and activation in the rostral ACC and anterior insula.
The other two studies did not observe any correlation between beha-
vioral performance and regional activation in MA/amphetamine users
(Koester et al., 2013; Kohno et al., 2014). However, both studies ob-
served lower activation in the lateral PFC associated with high gain
risky decisions in the MA/amphetamine group relative to the control
group. In addition, higher activation in the VS was observed in MA
group as a function of risk-taking, relative to controls (Kohno et al.,
2014).

One study compared the behavior and regional activation between
MA subjects who maintained abstinence and those who relapsed in the
following year (Gowin et al., 2014a). No behavioral difference was
observed between groups, but relapsed subjects showed less or no ac-
tivation in the anterior insula on the “risky decisions > safe decisions”
contrast, relative to non-relapsed subjects. In addition, there was a
negative correlation between differential activation in the right insula
and probability of relapse.

Table 3
Study of Memory in MA Users.

Author, Year,
Country

MA Subjects Neuroimaging Technique and Findings Task and Findings

Chang et al.
(2002), USA

• MA dependent

• n=20 (f= 10)

• age: 32.5 ± 1.4

• abstinence: 8.0 ± 2.2 (0.5-36) months

pMRI

• left occipital and right posterior parietal lobe, rCBF:
MA > control

• bilateral putamen/insular cortex and right lateral
parietal lobe, rCBF: MA < control

• right occipital cortex, rCBF: female MA > female
control, male MA < male control

• [rCBF in any region] x [MA use]: no correlation

One-Back Cued Response, n-Back, and One-
Increment Tasks

• performance (one-back cued response, one-
back, two-back, and one-increment tasks):
MA < control

• [performance on one-back cued response in
MA] x [rCBF in right lateral parietal cortex]:
positive correlation

• [performance on any task] x [MA use]: no
correlation

Wang et al.
(2004), USA

• MA dependent

• tested short-term & protracted
abstinence: n= 5 (f= 3), protracted
only: n= 8 (f= 6)

• age: 29 ± 3 (tested twice), 36 ± 3
(protracted only)

• abstinence: 3 ± 1.6 months (short-
term, n= 5), 14 ± 2 months
(protracted, n= 5), 17 ± 10 months
(protracted, n= 8)

PET

• thalamus, CMRglc:
short-term < protracted= control

• striatum, CMRglc: short-term=protracted < control

Rey Auditory Verbal Learning Task

• [change in performance on delayed recall after
protracted abstinence] x [change in CMRglc in
thalamus after protracted abstinence]: positive
correlation

Thompson et al.
(2004), USA

• MA dependent

• n=22 (f= 7)

• age: 35.3 ± 1.7

• abstinence: 6.6 ± 5.2 days

MRI

• right cingulate gyrus, GMD: MA < control

• hippocampus, volume: MA < control

• WM near hippocampus: MA > control

Repeated Memory Test

• [performance on word-recall in MA] x
[hippocampal volume]: positive correlation

Du et al. (2015),
China

• MA dependent

• n=30 (f= 10)

• age: 34.0 ± 4.9 (m), 30.3 ± 8.7 (f)

• abstinence: 6.4 ± 1.0 months (m),
3.8 ± 0.8 months (f)

MRI

• right hippocampus, volume: female MA < female
control (NS)

• [hippocampal volume] x [MA use]: no correlation

Two-Back, One Card Learning, International
Shopping List, Continuous Paired Association
Learning, and Groton Maze Learning

• [performance on any task in MA] x
[hippocampal volume]: no correlation

Abbreviations: CMRglc= cerebral metabolic rate of glucose consumption; f= female; GMD=gray matter density; m=male; MA=methamphetamine;
MRI=Magnetic Resonance Imaging; n=number of subjects; NS=not significant; PET=Positron Emission Tomography; pMRI=perfusion Magnetic Resonance
Imaging; rCBF= regional cerebral blood flow; WM=white matter.
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4. Discussion

The main finding of this review is that there is a strong indication of
the relationship between brain imaging measures and cognitive per-
formance in MA users. In all cognitive domains, MA subjects showed
poorer performance than controls. Qualitative comparisons across

different imaging modalities showed that in the majority of cases,
poorer performance was associated with deficits in the brain measures,
such as lower metabolism, GM density, FA, NAA, and activation. In this
discussion, deficits in cognitive control and neural correlates of im-
pulsivity have been identified as the core issues. In addition, the dis-
parities of findings and limitations of the review will be discussed.

Table 4
Study of Attention in MA Users.

Author, Year,
Country

MA Subjects Neuroimaging Technique and Findings Task and Findings

Wang et al. (2004),
USA

• MA dependent

• tested short-term & protracted:
n= 5 (f= 3), protracted only: n= 8
(f= 6)

• age: 29 ± 3 (tested twice), 36 ± 3
(protracted only)

• abstinence: 3 ± 1.6 months (short-
term, n=5), 14 ± 2 months
(protracted, n=5), 17 ± 10
months (protracted, n= 8)

PET

• thalamus, CMRglc:
short-term < protracted= control

• striatum, CMRglc: short-term=protracted < control

Symbol Digit Modalities

• [change in performance after protracted
abstinence] x [change in CMRglc in thalamus
after protracted abstinence]: positive correlation

London et al.
(2005), USA

• MA dependent

• n=17 (f= 6)

• age: 34.7 ± 1.9

• abstinence: 4-7 days

PET

• right PCC, CMRglc: MA > control

• left ACC, CMRglc: MA < control

Auditory CPT

• performance: MA < control

• [performance] x [CMRglc in ACC]: positive
correlation in MA; negative correlation in control

• [performance] x [CMRglc in left insula]: positive
correlation in MA; no correlation in control

• [performance] x [CMRglc in left hippocampus]:
positive correlation

Salo et al. (2007),
USA

• MA dependent

• n=36 (f= 23)

• age: 36.9 ± 1.6

• abstinence: 19.9 ± 5.4 months

MRS

• ACC, Cho/NAA: MA > control

• ACC, NAA/Cr: MA < control

Stroop Task

• performance: MA < control

• [performance in MA] x [NAA/Cr level in ACC]:
positive correlation

Berman et al.
(2008), USA

• MA dependent

• n=9 (f= 1)

• age: 32.9 ± 7.2

• abstinence: 5-9 days, with additional
4 weeks

PET

• parietal cortex, CMRglc: retest > first test (MA
group)

Auditory CPT

• performance (MA): retest < first test (NS)

• performance (control): retest > first test (NS)

• [change in performance in MA] x [change in
CMRglc in parietal cortex]: negative correlation

Salo et al. (2009a),
USA

• MA dependent

• n=37 (f= 24)

• age: 36.3 ± 8.7

• abstinence: 21.0 ± 31.9 months (3
weeks-10 years)

DTI

• genu of CC, FA: MA < control (NS)

• CC, ADC: MA= control

Stroop Task

• performance: MA < control

• [performance in MA] x [FA value in genu of CC]:
positive correlation

Salo et al. (2009b),
USA

• MA dependent

• n=12 (f= 7)

• age: 35.7 ± 7.7

• abstinence: 4.1 ± 2.8 (2-12)
months

fMRI

• right MFG, activation: MA < control [conflict –
conflict vs non-conflict – conflict)

Stroop Task

• performance (MA): conflict –
conflict < non-conflict – conflict

• performance (control): conflict –
conflict > non-conflict – conflict

• [performance between trials in MA] x [PFC
activation]: no correlation

Salo et al. (2011),
USA

• MA dependent

• n=51 (f= 37)

• age: 38.2 ± 8.2

• abstinence: 25.1 ± 31.0 months

MRS

• ACC, NAA/Cr: MA < control

• ACC, Cho/NAA: MA=control

Spatial Stroop Task

• performance: MA= control

• [performance in MA] x [NAA/Cr level in ACC]:
positive correlation

Salo et al. (2013),
USA

• MA dependent

• n=30 (f= 15)

• age: 35.5 ± 7.9

• abstinence: 13.7 ± 15.4 (2-60)
months

fMRI

• PFC, activation: MA < control [conflict – conflict vs
non-conflict – conflict)

Stroop Task

• performance (MA): conflict –
conflict < non-conflict – conflict

• performance (control): conflict –
conflict > non-conflict – conflict

• [performance between trials in MA] x [PFC
activation]: negative correlation

Kim et al. (2016),
South Korea

• MA dependent (active users,
adolescent)

• n=44 (f= 9)

• age: 18.1 ± 1.3

MRS

• ACC, NAA: MA < control

• ACC, Cr and Cho: MA=control

• ACC, Cr: early onset MA subjects (< 15 years old) <
late onset MA subjects (≥ 15 years old)

• [NAA level in ACC] x [age of first MA use]: positive
correlation

• [NAA level in ACC] x [cumulative MA use]: no
correlation

Stroop Task

• performance: MA < control (NS)

• [performance in MA] x [NAA level in ACC]:
positive correlation

• [performance in MA] x [cumulative MA use]: no
correlation

Abbreviations: ACC=anterior cingulate cortex; ADC= apparent diffusion coefficient; CC= corpus callosum; Cho= choline; CMRglc= cerebral metabolic rate of
glucose consumption; CPT= continuous performance task; Cr= creatine; DTI=Diffusion Tensor Imaging; f= female; FA= fractional anisotropy;
fMRI= functional Magnetic Resonance Imaging; MA=methamphetamine; MFG=middle frontal gyrus; MRI=Magnetic Resonance Imaging; MRS=Magnetic
Resonance Spectroscopy; n= number of subjects; NAA = N-acetylaspartate; NS=not significant; PCC=posterior cingulate cortex; PET=Positron Emission
Tomography; PFC=prefrontal cortex; RT= reaction time.
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4.1. Cognitive control deficits in MA dependence

Cognitive control or executive function is the ability to pursue goal-
directed behavior (Cohen, 2017). Cognitive control in this review has
been studied using the auditory CPT, Stroop task, WCST, and Go/No-Go
tasks. The ACC has been most consistently observed to show group
difference on these tasks. Lower metabolism (London et al., 2005) and
NAA levels (Kim et al., 2016; Salo et al., 2011, 2007) in the ACC have
been associated with poorer performance on the auditory CPT and the
Stroop task, while ACC activation has been associated with better
performance in the Go/No-Go task (Leland et al., 2008). Meanwhile,
studies using the WCST have reported prefrontal deficits (lower glucose
metabolism, GM density, and FA) in MA subjects, and these deficits
were associated with poorer performance on the task (Chung et al.,
2007; Kim et al., 2006, 2005).

Both the PFC and ACC are engaged in cognitive control and have
been proposed to be connected through dopamine projections that run
from the ACC to the PFC (Botvinick et al., 2001; MacDonald et al.,
2000). The ACC detects the occurrence of conflict, while the PFC is
responsible for maintaining goal-directed behavior (Botvinick et al.,
2001). PFC activation in the absence of ACC activation has been

observed in the tasks that require maintenance and manipulation of
information in working memory (MacDonald et al., 2000), e.g., the
WCST. On the other hand, the ACC has been found more active than the
PFC in the tasks that require divided attention (MacDonald et al.,
2000), such as the Stroop task and the Go/No-Go task. In a more dif-
ficult task, however, it becomes impossible to dissociate the roles of the
PFC and ACC as there is a demand for more resources to process the
information.

4.2. The neural correlates of impulsivity in MA subjects

Despite using different tasks, studies of decision-making in this re-
view have consistently provided evidence for impulsive behavior in MA
subjects. Studies using the DDT and the IGT have reported higher rates
of delay discounting in MA groups (a higher tendency to choose a
smaller-immediate reward over a larger-delayed reward) relative to
controls (Bischoff-Grethe et al., 2017; Hoffman et al., 2008; Monterosso
et al., 2007; Schwartz et al., 2010). Delay discounting has been asso-
ciated with lower activation (Monterosso et al., 2007) in the PFC, but
higher activation in the striatum (Bischoff-Grethe et al., 2017). The MA
group exhibited similar PFC activation during “hard” and “easy” trials

Table 5
Study of Cognitive Flexibility in MA Users.

Author, Year, Country MA Subjects Neuroimaging Technique and Findings Task and Findings

Kim et al. (2005), South
Korea

• MA dependent (route: IV)

• n=35 (f= 7)

• age: 35.5 ± 6.4

• abstinence: 19.1 ± 27.2 months (at
least 4 weeks)

PET

• right superior frontal WM, CMRglc:
MA < control

• right superior frontal WM, CMRglc: female
MA= female control

Wisconsin Card Sorting Task

• performance: male MA < male control

• performance: female MA= female control

• [performance in MA] x [CMRglc in right
frontal WM]: positive correlation

Kim et al. (2006), South
Korea

• MA dependent (route: IV)

• protracted: n=18 (f= 2), short-term:
n= 11 (m)

• age: 36.5 ± 5.5

• abstinence: 30.6 ± 39.2 months
(protracted), 2.6 ± 1.6 months
(short-term)

MRI

• right MFG, GMD: short abstinence < protracted
abstinence < control)

Wisconsin Card Sorting Task

• performance: control > protracted
abstinence > short abstinence

• [performance in MA] x [GMD in right MFG]:
positive correlation

Chung et al. (2007),
South Korea

• MA dependent (route: IV)

• n=32 (f= 9)

• age: 36.0 ± 6.7 (m), 29.0 ± 7.2 (f)

• abstinence: 24.3 ± 37.5 months (m),
43.1 ± 65.9 months (f)

DTI

• frontal WM, FA: MA < control

• frontal WM, FA: female MA= female control

Wisconsin Card Sorting Task

• performance: male MA < male control

• performance: female MA= female control

• [performance in MA] x [FA value in right
frontal WM]: positive correlation

Y.T. Kim et al. (2009b),
South Korea

• MA dependent

• n=24 (m)

• age: 37.7 ± 5.5

• abstinence: 20.5 ± 8.3 days (at least
1 week)

PET

• left inferior frontal WM, CMRglc: MA < control

• [CMRglc in inferior frontal WM] x [cumulative
MA use]: negative correlation

Wisconsin Card Sorting Task

• performance: MA < control

• [performance in MA] x [CMRglc in left
inferior frontal WM]: no correlation

I.S. Kim et al. (2009a),
South Korea

• MA dependent (route: IV)

• n=11 (m)

• age: 34.4 ± 2.9

• abstinence: 18 ± 7 days

DTI

• genu of CC, FA: MA < control
Wisconsin Card Sorting Task

• performance: MA < control

• [performance in MA] x [FA value in genu of
CC]: positive correlation

Abbreviations: CC= corpus callosum; CMRglc= cerebral metabolic rate of glucose consumption; DTI=Diffusion Tensor Imaging; f= female; FA= fractional
anisotropy; GMD=gray matter density; IV= intravenous; m=male; MA=methamphetamine; MFG=middle frontal gyrus; MRI=Magnetic Resonance Imaging;
n= number of subjects; PET=Positron Emission Tomography; WM=white matter.

Table 6
Study of Inhibitory Control in MA Users.

Author, Year, Country MA Subjects Neuroimaging Technique and Findings Task and Findings

Leland et al., (2008), USA • MA dependent

• n=19 (f= 2)

• age: 40.4 ± 9.9

• abstinence: 33.9 ± 5.9 (25-
50) days

fMRI

• ventral ACC, activation: MA > control
(predictive cue vs no cue)

Go/No-Go Task

• performance (MA): cue > no cue

• performance (control): cue=no cue

• [performance in MA] x [activation in ventral
ACC]: positive correlation

Jan et al. (2012a, 2012b), New
Zealand

• MA dependent (active users)

• n=17 (f= 5)

• age: 35.1 ± 6.6

MRI

• right putamen, GMD: MA > control

• [volume of putamen] x [MA use]: no
correlation

Go/No-Go Task

• [performance in MA] x [volume of right
putamen]: positive correlation

Abbreviations: ACC=anterior cingulate cortex; f = female; fMRI= functional Magnetic Resonance Imaging; GMD=gray matter density; MA=methamphetamine;
MRI=Magnetic Resonance Imaging; n=number of subjects.
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(Monterosso et al., 2007), and during “hard” and “control” tasks
(Hoffman et al., 2008), suggesting an inefficiency in cortical processing
that may contribute to delay discounting. In addition, MA subjects
showed a lower striatal response on loss anticipation, but higher on loss
outcome, suggesting an impaired ability to evaluate future risks and
benefits (Bischoff-Grethe et al., 2017).

Meanwhile, studies using tasks to assess risky decision-making
(DMT and BART) have also suggested higher impulsivity in the MA
group. When choosing experimental gamble, experienced users ex-
hibited lower PFC activation when the reward was high but higher
parietal activation when the probability was high, suggesting that they
were more attracted by the availability of reward rather than the

Table 7
Study of Cognitive Impulsivity in MA Users.

Author, Year, Country MA Subjects Neuroimaging Technique and Findings Task and Findings

Monterosso et al. (2007),
USA

• MA dependent

• n=12 (f= 4)

• age: 33.8 ± 8.1

• abstinence: 5-7 days

fMRI

• left dlPFC, activation: MA < control
(hard choice vs easy choice)

Delay Discounting Task

• delay discounting: MA > control

• [delay discounting] x [activation in left vlPFC on
hard choice]: negative correlation

Hoffman et al. (2008),
USA

• MA dependent

• n=19 (f= 6)

• age: 34.8 ± 10.0

• abstinence: 48 ± 17 days (at least 2
weeks and not more than 8 weeks)

fMRI

• ACC and SFG, activation: MA < control
(hard task vs control task)

Delay Discounting Task

• delay discounting: MA > control

• [delay discounting] x [activation in SFG, PPC, and
amygdala on hard task]: positive correlation

Schwartz et al., (2010),
USA

• MA dependent

• n=61 (f= 30)

• age: 33.4 ± 8.4

• abstinence: 63.7 ± 32.7 days (at least 2
weeks and not more than 160 days)

MRI

• bilateral insula and left MFG, GMD:
MA < control

• [GMD in amygdala] x [abstinence]:
positive correlation

• [GMD in right MFG] x [abstinence]:
negative correlation

Delay Discounting Task

• delay discounting: MA > control

• [delay discounting] x [GMD in PCC and putamen-
VS]: positive correlation

• [delay discounting] x [GMD in left SFG]: negative
correlation

Bischoff-Grethe et al.,
2017, USA

• MA dependent (route: smoking)

• n=18 (m)

• age: 38.0 ± 8.7

• abstinence: 173 ± 160 (9-539) days

fMRI

• VS and posterior caudate, activation:
MA < control (loss anticipation)

• caudate, activation: MA > control (loss
outcome vs gain outcome)

Iowa Gambling Task

• performance: MA < control

• [performance in MA] x [activation in VS on loss
outcome]: negative correlation

Abbreviations: ACC= anterior cingulate cortex; dlPFC=dorsolateral prefrontal cortex; f= female; fMRI= functional Magnetic Resonance Imaging; GMD=gray
matter density; m=male; MA=methamphetamine; MFG=middle frontal gyrus; MRI=Magnetic Resonance Imaging; n= number of subjects; PCC=posterior
cingulate cortex; PPC=posterior parietal cortex; SFG= superior frontal gyrus; vlPFC=ventrolateral prefrontal cortex; VS= ventral striatum.

Table 8
Study of Risky Decision-Making in MA Users.

Author, Year, Country MA Subjects Neuroimaging Technique and Findings Task and Findings

Koester et al. (2013),
Germany

• amphetamine & MDMA users

• low exposure: n= 18 (f= 6),
experienced: n= 15 (f= 5)

• age: 22.9 ± 4.1 (low exposure),
25.6 ± 6.0 (experienced)

• abstinence: 380.5 ± 804.0 days
(low exposure), 22.6 ± 28.1 days
(experienced)

fMRI

• lateral frontal cortex, activation:
experienced < low exposure= control
(high reward)

• right parietal lobe, activation:
experienced= low exposure > control
(high chance)

Decision-Making Task

• risky decision: experienced= low exposure > control

• money earned: experienced= low exposure= control

• [performance] x [activation] x [drug use]: no
correlation

Kohno et al., (2014),
USA

• MA dependent

• n=25 (f= 13)

• age: 35.7 ± 1.6

• abstinence: 4-7 days (n= 11) and
5.8 ± 1.8 days (n=14)

fMRI

• VS, activation: MA > control (by risky
decision)

• right dlPFC, activation: MA < control (by
risky decision)

Balloon Analogue Risk Task

• money earned: MA < control

• [money earned] x [activation-by-risky-decision in
anterior insula and right caudate]: negative correlation
in control, no correlation in MA

Gowin et al., (2014b),
USA

• MA dependent

• n=68 (f= 15)

• age: 38.2 ± 10.5

• abstinence: 34.0 ± 3.4 (15-207)
days

fMRI

• left posterior insula, activation:
MA > control

• rostral ACC, activation: MA < control

• right mid-insula, activation: MA > control
(risky decision vs safe decision)

• left dorsal ACC, activation: MA < control
(safe decision vs risky decision)

• [activation in mid-insula] x [years of MA
use]: positive correlation

• [activation in right rostral ACC] x
[cumulative MA use]: positive correlation

Risky Gains Task

• risky decision (post-loss): MA > control

• [frequency of risky decision in MA] x [activation in right
mid-insula]: positive correlation

• [frequency of risky-decision in MA] x [activation in right
rostral ACC]: negative correlation

Gowin et al. (2014a),
USA

• MA dependent

• abstinent: n= 45 (f= 11), relapsed:
n=18 (f= 4)

• age: 38.8 ± 11.1 (abstinent),
37.4 ± 9.2 (relapsed)

• abstinence: 34.0 ± 3.4 (15-207)
days

fMRI

• anterior insula, activation:
relapsed < abstinent (risky decision vs safe
decision)

• [activation in right insula on risky decision]
x [relapse probability]: negative correlation

Risky Gains Task

• risky decision: relapsed= abstinent

• [frequency of risky decision] x [activation in anterior
insula]: negative correlation

Abbreviations: ACC=anterior cingulate cortex; dlPFC=dorsolateral prefrontal cortex; f = female; fMRI= functional Magnetic Resonance Imaging;
MA=methamphetamine; MDMA=3,4-methylenedioxymethamphetamine (ecstasy); n= number of subjects; VS= ventral striatum.
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magnitude of reward (Koester et al., 2013). Similarly, another study
observed a decreased sensitivity (change in activity as a function of
risk-taking) of the dorsolateral PFC and increased sensitivity of VS in
MA group (Kohno et al., 2014). MA subjects also took fewer risks and
earned less money than controls. The authors argued that the activation
of dorsolateral PFC was responsible for the selection of large, long-term

reward despite incurring small immediate losses, while the activation of
VS led to the selection of short-term reward, hence resulting in the
lower risk-taking observed in MA subjects.

Dopamine has long been thought to play a significant role in im-
pulsivity. It has been proposed that reward-directed behavior is regu-
lated by the balance between cortical and striatal dopamine levels, as

Table 9
Tasks Performed.

Task Description Cognitive Domain

Grooved Pegboard Subjects are asked to insert pegs in small holes angled in different directions. Performance is measured by RT. Psychomotor
Timed Gait Subjects are asked to walk in a straight line for a defined distance. Performance is measured by RT. Psychomotor
One-Back Cued Response Task Subject are asked to respond whenever ‘X’ follows ‘A’. Performance is measured by RT and accuracy. Working Memory
One-Back Task Subject are asked to respond when two targets in sequence are identical. Performance is measured by RT and

accuracy.
Working Memory

Two Back Task Subject are asked to respond when the current target is the same as the target that appeared two back in the
sequence. Performance is measured by RT and accuracy.

Working Memory

One-Increment Task Subject are asked to respond when two numbers are in ascending sequence. Performance is measured by RT and
accuracy.

Working Memory

One Card Learning A card is presented face up in the center of the screen. Subjects must decide whether they have seen the card
before. Performance is measured by accuracy.

Working Memory

Rey Auditory Verbal Learning Task
(RAVLT)

Subjects are required to learn and recall lists of unrelated words immediately, after a time delay, and after a
distractor. Performance is measured by accuracy.

Working Memory

Repeated Memory Test The task presents words and drawings for 1 second each. Subjects are asked to perform unrelated tasks to distract
them, and then they will be tested for recall and recognition. Performance is measured by accuracy.

Working Memory

International Shopping List Subjects are asked to read a shopping list and to remember as many items as they can. Performance is measured
by accuracy.

Working Memory

Continuous Paired Association
Learning

A picture is presented in the centre of the screen surrounded by several pictures, one of them matches the picture
in the centre. Next, all the surrounding pictures are covered, showing only the central picture. Subjects must tap
on the location where the picture previously appeared. Performance is measured by accuracy.

Working Memory

Groton Maze Learning A 10×10 grid of tiles is presented on the screen. A 28-step pathway is hidden among these tiles. A blue tile
indicates the start and a tile with red circles indicates the finish. Subjects must move one step at a time from the
start toward the end by touching a tile next to their current location. A green checkmark appears if the correct
move is made, and a red cross is revealed if the move is incorrect. Once completed, they are returned to the start
location to repeat the test and must try to remember the pathway they have just completed. Performance is
measured by accuracy.

Working Memory

Symbol Digit Modalities Subjects are asked to identify the number associated with each one of the symbols arranged randomly in a row.
Performance is measured by accuracy.

Attention

Auditory
Continuous
Performance Task
(CPT)

The task presents tones every 2 seconds, and subjects are required to respond to the target tones (high pitch) that
are presented within a
sequence of distracting tones (lower pitch). Performance is measured by RT and accuracy

Attention

Stroop Task
(Word)

In each trial, task displays a word (name of a colour), tinted with the colour of the word itself (congruent/non-
confict), or with a different colour (incongruent/conflict). The conflict occurs when the colour does not match
the word; naming a colour takes longer than reading a word. Performance is measured by the Stroop effect (RT
from incongruent trials – RT from congruent trials) or the Stroop interference (RT from incongruent trials – RT
from neutral trials). The higher the Stroop effect or the Stroop interference, the poorer the performance is.

Attention

Spatial Stroop Task In each trial, task displays a word (UP or DOWN), located at the top or bottom of the screen. The conflict occurs
when the word does not match the position (i.e., UP located at the bottom of the screen). Performance measures
are identical to the word Stroop task.

Attention

Wisconsin Card Sorting Task
(WCST)

The task requires subjects to sort the cards based on colour or shape or number. Subjects are not informed on
how to sort the card, but they will get feedback whether it is right or wrong. The rule keeps changing after n
number of trials. Performance is measured by accuracy.

Cognitive Flexibility

Go/No-Go Task Subjects are instructed to press the button (‘go’) when they see some stimuli, and not to press (‘no go’) when they
see a different stimulus. Performance is measured by RT and accuracy.

Inhibitory Control

Iowa Gambling Task
(IGT)

Subjects are presented with four decks of cards. Unbeknown to subjects, two decks are the “good” decks,
associated with small rewards and low penalties (overall net gain); whereas the other two decks are the “bad”
decks, associated with large rewards and high penalties (overall net loss). Performance is measured by net score
(number of “good” cards – number of “bad” cards).

Decision-Making
(Impulsivity)

Delay Discounting Task
(DDT)

In each trial, subjects are given two choices of hypothetical rewards. One offers a smaller reward in a short delay,
and the other one offers a larger reward with a longer delay. Performance is measured from k value, where a
higher value is associated with a higher impulsivity.

Decision-Making
(Impulsivity)

Decision-Making Task
(DMT)

Subjects are presented with two choices of gamble depicted in histogram, showing the probability ratio of
winning ¢X0 or losing ¢Y0 amount of money. One histogram is the control gamble, offering a small amount of
money (¢10) with equal chances (50:50) of winning and losing. The other histogram is the experimental gamble,
offering a higher amount of money (¢20 or ¢80) with low chance (25:75) or high chance (75:25) of winning.
Performance is measured by frequency of experimental gamble and money earned.

Decision-Making
(Risk-Taking)

Balloon Analogue Risk Task
(BART)

Subjects are given two choices: to pump the balloon or to cash out. With each pump, subject may gain more
money ($0.25), or may also gain nothing if the balloon explodes. Performance is measured by number of pumps
and money earned.

Decision-Making
(Risk-Taking)

Risky Gains Task
(RGT)

In each trial, the points are presented in an ascending order (20 – 40 – 80). The task consists of +20, +40, and
+80 unpunished trials, and -40 and -80 punished trials, presented in randomized order. Subjects may either
respond to take the points on display, or wait for the higher points to appear with the risk of losing more points.
For example, on -80 punished trial, subjects can earn the points if they respond to 40, but once 80 is on display,
they will lose 80 points. Performance is measured by frequency of risk-taking.

Decision-Making
(Risk-Taking)

Abbreviations: RT= reaction time.
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PFC dopamine promotes cognitive stability, while striatal dopamine
promotes cognitive flexibility (Cools, 2008). Increasing dopamine level
in the PFC has been reported to reduce impulsivity in healthy subjects
performing the DDT (Kayser et al., 2012). On the contrary, greater
striatal dopamine transporter availability was associated with higher
impulsivity in healthy individuals (Costa et al., 2013). In addition,
impulsivity in MA-dependent subjects seems to be mediated by dopa-
mine D2 receptors (autoreceptors), which regulate the release and up-
take of dopamine (Ford, 2014; Kohno et al., 2016). Lower dopamine D2
receptor availability in the striatum has been observed in MA users and
has been associated with higher impulsivity (Kohno et al., 2016; Lee
et al., 2009; Volkow et al., 2001a).

4.3. Disparities and absence of findings

Five studies in this review reported no correlation between brain
measures and behavioral performance. The absence of a brain-behavior
correlation may simply mean there is no correlation between the region
of interest and the behavior studied. One study failed to find a corre-
lation between number of errors on the WCST and glucose metabolism
in the left frontal WM (the region of significant group difference) (Y. T.
Kim et al., 2009b), while it has been reported to be associated with the
right frontal WM (Kim et al., 2005). Another possible reason is the small
sample size. Salo et al., (2009b) failed to observe a significant corre-
lation between RT on the Stroop task and PFC activation. However,
with a larger sample size (including subjects from the previous study), a
negative correlation was observed in the subsequent study (Salo et al.,
2013). Poor task design can also contribute to the lack of correlation.
Koester et al. (2013), who also did not find a correlation between
neuronal activation and behavioral performance in their study, argued
that “the paradigm at hand was potentially not specific enough in a way that
the gap between risky choices and safe choices was too big”. Appropriate
identification of an objective behavioral measure is also critical. For
example, money earned and regional activation may not reflect a brain-
behavior relationship (Kohno et al., 2014). Lastly, segmentation tech-
niques may also play a significant role. Using an automatic extraction
method, one study failed to observe a correlation between hippocampal
volume and memory performance (Du et al., 2015). However, an early
study using a manual tracing technique has observed a group difference
in hippocampal volume as well as a positive correlation with perfor-
mance on memory task (Thompson et al., 2004).

In most studies, a positive association was observed between task
performance and brain measure. However, four studies have reported
the opposite, where increased metabolism and activation were asso-
ciated with poorer performance. One study observed a negative corre-
lation between change in glucose metabolism and change in perfor-
mance after retest (one week versus four weeks later) (Berman et al.,
2008). The correlation emerged from a decline in performance, ac-
companied by increased metabolism in the parietal cortex, which may
be attributed to reactive gliosis that occurred after the first week of
abstinence. One study observed a negative correlation between RT
adjustment between trials on the Stroop task and PFC activation in MA
group, with a trend for positive correlation in control group (Salo et al.,
2013). The authors suggested that, while control subjects activated the
PFC in response to RT adjustments, MA subjects failed to activate the
PFC in order to sustain adaptive trial-to-trial RT adjustments. The other
two studies reported regional activation associated with poorer per-
formance on impulsivity task (higher impulsivity) (Bischoff-Grethe
et al., 2017; Hoffman et al., 2008). The latter cases are commonly ob-
served in functional imaging, where one task can activate several re-
gions (task-positive network) and deactivate other regions (task-nega-
tive network) (Cabeza and Nyberg, 2000; Fox et al., 2005).

Lastly, not all studies observed differences between MA and control
groups in both brain measure and behavioral performance. Comparable
performance between groups has been observed with significant group
differences in brain measures. On one hand, normal performance in MA

group may be a result of compensatory responses of the brain (striatal
enlargement) to maintain function (Chang et al., 2005; Jan et al.,
2012b). On the other hand, the task may be too easy (spatial Stroop
task) (Salo et al., 2011) or lack the sensitivity to detect a behavioral
difference between two similar groups (relapsed versus non-relapsed
subjects) (Gowin et al., 2014a). Interestingly, one study has reported a
group difference in performance but not in the brain measure (Salo
et al., 2009a). In this case, it appears that the region of interest (CC)
might not best represent the cognitive function measured by the task
(Stroop task).

4.4. Limitations of the review

The current article summarized brain-behavior correlations from
different imaging modalities which measured different properties. This
review was not designed to directly compare the regions of interest
between studies, and hence readers are advised to treat the imaging
results as relevant data rather than the main findings.

Second, the effect of comorbid cigarette smoking, which is highly
prevalent in MA subjects, cannot be ruled out as a potential confounder.
Nicotine withdrawal during scanning may lead to confounding results,
and to avoid this, some studies allowed subjects to smoke on the day of
scanning (Hoffman et al., 2008; Kim et al., 2005; London et al., 2005).
Chronic cigarette smoking may also partially contribute to GM deficits
observed in the PFC, ACC, and caudate (Brody et al., 2004; Fritz et al.,
2014; Morales et al., 2012). To account for this, some studies used
smoking status as a covariate, while others did post-hoc analysis on
smoker versus non-smoker MA subjects. However, half of the studies
did not report smoking status, and none of the studies provided the
duration of abstinence from nicotine.

Third, multiple studies with overlapping samples may lead to po-
tential bias. Findings across studies may seem consistent when, in fact,
were attributed to the same subjects, only scanned for different mea-
sures. For example, the right frontal WM was found to correlate posi-
tively with WCST performance in two studies with partially overlapping
subjects, one using DTI and the other one using MRI (Chung et al.,
2007; Kim et al., 2005). Multiple studies from the same authors may
also be subject to bias, as they often focused on specific regions of in-
terest based on findings from their previous studies.

Finally, despite our objective to review brain-behavior relationship
in individuals with MA use history, we did not take into consideration
the correlation with MA use parameters, e.g., cumulative dose, years of
use, length of abstinence, etc. In fact, only three studies actually ob-
served significant correlations between brain measures and MA use, as
well as between brain measure and performance (Chang et al., 2005;
Gowin et al., 2014b; Schwartz et al., 2010). Two-thirds of the studies
did not report regression analyses between MA use parameters and
brain measures or performance. And several studies, despite reporting
significant correlations between brain measures and task performance,
failed to observe any correlation between brain measure and MA use
parameters (Chang et al., 2002; Jan et al., 2012b; Kim et al., 2016).
Therefore, caution is advised when interpreting the findings in this
review as MA-related.

5. Conclusions

Recent studies have provided some evidence for altered cognitive
function in MA users in several domains, notably in cognitive control
and decision-making. Consistent correlations have also been observed
between performance on these functions and brain measures in some
regions, particularly in the ACC, PFC, and striatum. Future research that
investigates the relationship between the brain-behavior data and MA
use parameters is essential to identify regions that are more vulnerable
to the neurotoxic effects of MA and, at the same time, rule out the
findings unrelated to MA use, and is, therefore, strongly encouraged.
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