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Methamphetamine (MA) is one of the most commonly abused illicit substances worldwide. Among other problems, abuse of the drug

has been associated with reduced cognitive function across several domains. However, much of the literature has not attempted to

differentiate cognitive difficulties caused by MA abuse from preexisting cognitive difficulties that are likely caused by other factors. Here,

we address this question, evaluating evidence for a priori hypotheses pertaining to six lines of research: (a) animal studies; (b) cross-

sectional human studies; (c) a twin study; (d) studies of changes in cognition with abstinence from MA; (e) studies of changes in brain

structure and function with abstinence from MA; and (f) studies of the relationship between the severity of MA abuse and the extent of

cognitive deficits observed. Overall the findings were mixed, with some support for a causal relationship between MA abuse and

cognitive decline, and other findings suggesting that there is no relationship. The preponderance of the data, however, does support the

possibility that MA abuse causes cognitive decline, of unknown duration, in at least some users of the drug. When averaged across

individuals, this decline is likely to be mild in early-to-middle adulthood. However, moderator variables are likely to contribute to the

presence and/or severity of cognitive decline exhibited by a given individual.
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INTRODUCTION

Methamphetamine (MA) abuse and dependence are major
public health problems (Rawson and Condon, 2007), with
amphetamines being second only to marijuana in preva-
lence of worldwide illicit drug use (United Nations Office on
Drugs and Crime (UNODC, 2011)). Although the initiation
of MA use in the United States has declined slightly since
2002 (SAMHSA, 2009), treatment admissions for MA has
more than doubled between 1998 and 2007 (SAMHSA,
2009). Moreover, despite increases in treatment utilization,
once dependence on MA has developed, cessation of use
often proves difficult. Relapse rates following psychosocial
and pharmacological treatments are high (Baker et al, 2005;
Elkashef et al, 2008; Rawson et al, 2004; Shoptaw et al, 2008;
Zorick et al, 2011), and for those who seek treatment,
multiple treatment attempts are often the norm rather than
the exception (Anglin et al, 1997; Hillhouse et al, 2007).
In addition to psychiatric and societal problems asso-

ciated with MA abuse, a growing body of research has

investigated whether MA abuse is associated with cognitive
deficits. A meta-analysis of 17 cross-sectional studies found
that humans who had abused MA exhibited significantly
lower cognitive scores than control participants who did not
abuse drugs (Scott et al, 2007). The effects were largest
for measures of learning (d¼ � 0.66), executive functions
(d¼ � 0.63), memory (d¼ � 0.59), and processing speed
(d¼ � 0.52), although the majority of cognitive domains
significantly differed between the groups. Cross-sectional
studies, however, cannot differentiate cognitive weaknesses
that may predate MA abuse from those that result from it.
Notably, longitudinal studies have shown that childhood
deficits in executive function can predict drug abuse in
adolescence (Tarter et al, 2003, 2004), suggesting that
at least some of the cognitive weaknesses noted in
MA-dependent participants may be premorbid. In
addition, much of the cross-sectional research available
have employed flawed designs, without appropriately
matching test cases and controls on potentially important
variables, such as estimates of premorbid intelligence,
education, and other drug and alcohol abuse. These and
other limitations provoked a conclusion that the evidence
for cognitive deficits in MA-dependent individuals is
weak (Hart et al, 2011; however, see Payer et al (2012) for
commentary).
Despite the important implications of potential

MA-induced cognitive decline for public health and for
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the health of MA users in particular, a critical review of the
evidence for a causal relationship between MA abuse and
cognitive function has been lacking. This manuscript is a
response to this gap in the literature. As causal experimental
designs involving random assignment to chronic MA or
placebo administration are ethically prohibitive in humans,
the evidence provided by this review is inherently indirect
and inferential. Evidence in this review is presented
with respect to the following six hypotheses, with support
for the hypotheses suggesting that MA does cause cognitive
decline:

(1) Animals exposed to MA will show cognitive decline,
particularly when administered dosing regimens that
mimic patterns of human MA abuse.

(2) Individuals who abuse MA will have worse cognitive
performance than well-matched individuals who do not
abuse MA.

(3) Twins who abuse MA will have lower cognitive
performance than their twin pairs who do not abuse
MA.

(4) Individuals who abuse MA will show improvements in
cognition with sustained abstinence.

(5) MA abuse will be associated with changes in the human
brain. Ideally, these brain changes will be associated
with cognitive changes.

(6) Cognitive deficits in MA-abusing individuals will be
dose-related.

ANIMALS EXPOSED TO MA WILL SHOW COGNITIVE
DECLINE, PARTICULARLY WHEN ADMINISTERED
DOSING REGIMENS THAT MIMIC PATTERNS OF
HUMAN MA ABUSE

In MA-dependent humans, MA intake typically ranges
between 0.5 to 1.4 g per day (Hoffman et al, 2006; Kim et al,
2006; King et al, 2010; Simon et al, 2002), with daily intake
most likely being restricted by the financial cost of MA and/
or the physiological/psychological consequences of use (eg,
hyperactivity, psychosis). Assuming that an average adult
weighs B80 kg (Ogden et al, 2004), this equates to an intake
of 6–17.5mg/kg per day, although purity of the source and
method of administration can affect the precise amount of
MA ingested. Rodents that are allowed to self-administer
infusions of MA also approach this range of consumption,
with daily intake of MA exceeding 6mg/kg after only 21
days of access (Parsegian et al, 2011; Reichel et al, 2011;
Rogers et al, 2008). As MA-dependent adults typically use
the drug between 1 and 5 times a day (McKetin et al, 2008;
Simon et al, 2002), we estimate that most doses of MA range
between 0.60 to 3.5mg/kg per dose, although tolerant
injecting users can exceed 4mg/kg per dose, with maximum
reported doses exceeding 12mg/kg per injection (Buffum
and Shulgin, 2001; Kramer et al, 1967). As rats and other
animals metabolize MA more readily than humans
(Caldwell et al, 1972), it is unclear whether equivalent mg/
kg doses are physiologically identical between humans and
animals. Nonetheless, in this review, we pay special
attention to animals that have been given doses of MA that
are within the range of probable human consumption (eg,
o3mg/kg per dose).

When assessed at least 1 week after MA administration,
rats and mice that are administered large, binge doses of
MA (X4mg/kg per dose, often multiple times per day)
exhibit deficits in several cognitive domains, including
object recognition memory (Belcher et al, 2005; Siegel et al,
2010), odor recognition memory (O’Dell et al, 2011), spatial
learning (Acevedo et al, 2007; Vorhees et al, 2009),
sequential learning (Chapman et al, 2001; Daberkow et al,
2005), path integration learning (Herring et al, 2008),
working memory (Mizoguchi et al, 2011), effort discounting
(similar to delay discounting) (Kosheleff et al, 2012), and
reversal learning (Izquierdo et al, 2010).
Similar to effects observed in humans, acute administra-

tion of moderate doses of MA (p2mg/kg) to animals can
improve cognitive performance, such as measures of
reversal learning (Kulig and Calhoun, 1972), working
memory (Shoblock et al, 2003), and the preference for
larger, delayed rewards over smaller, immediate rewards
(Richards et al, 1999). However, chronic, rather than acute,
administration of moderate doses (p2mg/kg daily) can
impair cognitive performance, including measures of
working memory (Lee et al, 2011; Nagai et al, 2007) and
object recognition memory (Arai et al, 2009; Ito et al, 2007;
Noda et al, 2010). In fact, administering mice 1mg/kg of
MA daily for 7 days produces reliable deficits in object
recognition memory even when assessed at least 1 week
after drug cessation (Kamei et al, 2006; Lu et al, 2010;
Mizoguchi et al, 2011).
Although the previous studies document that cognitive

decline can occur as a result of chronic administration of
moderate doses of MA to naive animals, this pattern of drug
administration does not mirror the pattern of use typical of
humans, in which MA use can escalate over time in dosage
and frequency (Sommers et al, 2006). For example, Segal
et al (2003) have shown that an escalating dosing regimen of
MA to rats (eg, starting at 0.1mg/kg and increasing to 4mg/
kg over 14 days) can produce tolerance to subsequent binge
doses of MA, such that behavioral and biological deficits
produced by binge doses are attenuated. Using this
paradigm, a few studies have found that deficits in object
recognition memory (Belcher et al, 2008; Clark et al, 2007)
and working memory (Simoes et al, 2007) caused by a binge
dose in rats are largely prevented by an escalating dose
beforehand. However, a recent study of vervet monkeys
administered an escalating dose of MA (starting at 0.1mg/
kg and escalating to 4mg/kg per day over a 31-day period)
found that the monkeys developed selective deficits in the
ability to inhibit responding to a previously rewarded
stimulus (Groman et al, 2012). These deficits improved with
abstinence, suggesting that recovery may occur with the
cessation of MA administration.
In addition to escalating their dosing over time, humans

self-administer MA, rather than being administered the
drug involuntarily. To mimic this behavior, several studies
have modeled escalating dosing in which MA is self-
administered to rats who receive infusions after a voluntary
lever press, typically using 0.02mg/50 ml of MA per infusion.
To escalate dosing over time, rats are first allowed limited
access to infusions (eg, 1 h a day) for the first 5–7 days of
administration, followed by more extensive access to
infusions (eg, 6 h a day) for another 14–21 days. In this
regimen, rats increase their administration over time,
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typically receiving 1mg/kg of MA per day for the first
few days, but exceeding 6mg/kg per day by the end
of the treatment. Using this paradigm, it has been shown
that rats develop deficits in attentional set-shifting,
when assessed 1 day after MA administration (Parsegian
et al, 2011). When assessed at least 1 week after MA
administration, rats exhibit deficits in object recognition
memory (Reichel et al, 2011; Rogers et al, 2008)
and sustained visual attention and inhibitory control
(Dalley et al, 2007). Other measures of spatial reconfigura-
tion memory and some indices of attention (eg, intradi-
mensional shift) were not significantly affected by MA
administration in these studies.

Conclusion

Chronic administration of MA doses that are likely to be
within the range of human consumption produce cognitive
deficits in naive animals. Although evidence suggests that
the use of escalating doses of MA can prevent the cognitive
deficits otherwise incurred by moderate to high doses of
MA, several studies nonetheless find that self-administered
and experimenter-administered escalating doses can cause
cognitive deficits in both monkeys and rats (Dalley et al,
2007; Groman et al, 2012; Parsegian et al, 2011; Reichel et al,
2011; Rogers et al, 2008).

INDIVIDUALS WHO ABUSE MA WILL HAVE WORSE
COGNITIVE PERFORMANCE THAN WELL-MATCHED
INDIVIDUALS WHO DO NOT ABUSE MA

As literature comparing the cognitive performance of MA-
dependent humans and healthy control participants is
frequently plagued by poor research design, in which the
groups are not comparable on extraneous variables (Hart
et al, 2011), here we review only those studies that
compared cognition in MA-dependent and control partici-
pants and minimally controlled for age, gender, education,
and estimates of IQ, typically assessed by measures of
reading/pronunciation. This review is also limited to studies
that obtained a psychiatric diagnosis of MA dependence
(typically with the Structured Clinical Interview for the DSM
(First et al, 1996)), and attempted to exclude comorbid
psychiatric and medical conditions, including current
dependence on drugs other than MA. Finally, we included
only studies in which abstinence from drugs at the time of
cognitive testing was confirmed by urinalysis.
Seven studies that compared the cognitive performance of

MA-dependent and healthy control participants met these
criteria (Table 1). Of these studies, only one small study
(Leland et al, 2008) did not detect significant differences in
cognitive performance between the groups. The other six
studies (Gonzalez et al, 2004; Henry et al, 2009, 2010;
Kalechstein et al, 2003; Rendell et al, 2009; Woods et al,
2005) found that MA-dependent participants performed
worse on some cognitive tests than healthy control
participants, including a study of real-world functional
ability (eg, measures of financial function, communication,
transportation, medication management, etc.) (Henry et al,
2010). In these studies, the MA-dependent and control
groups typically only differed on a subset of the tests

administered. As similarly found in the meta-analysis
conducted by Scott et al (2007), verbal learning and
memory represented a fairly consistent area of weakness
for the MA-dependent participants.
In addition to studies that have matched the MA and

control participants on key demographic variables, several
studies have statistically controlled for demographic differ-
ences between the groups. Of these eight studies (see
Table 1), five found that the MA-dependent participants
performed worse than the control participants on a subset
of the cognitive tests administered (Hoffman et al, 2006;
Kim et al, 2006; Rippeth et al, 2004; Salo et al, 2007, 2009).
The other three studies did not find significant differences
between the groups on multiple cognitive tests (Chang et al,
2005; King et al, 2010; Simon et al, 2010), although two of
these studies used Bonferroni correction for statistical
significance, and this method may be overly conservative
when dependent variables are interrcorrelated (Miller,
1981), as is the case with performance on most cognitive
tests (Warner et al, 1987).

Conclusion

In reviewing the cognitive data from reasonably well-
matched groups of MA-dependent and healthy control
participants, the majority of studies have found that MA-
dependent individuals have lower scores than control
subjects on at least some cognitive tests, although some
studies are exceptions with entirely nonsignificant differ-
ences (Chang et al, 2005; King et al, 2010; Leland et al, 2008;
Simon et al, 2010). Of note, we found no well-matched
studies in which the MA-dependent participants performed
significantly better than control subjects on any cognitive
test, which might be expected if the differences between the
groups were purely an artifact of Type I statistical error. The
evidence therefore suggests that at least some MA-dependent
individuals do have lower cognitive function than would be
expected from their demographic characteristics.
None of the studies available provided scatter plots of

their cognitive data so that the overlap in performance
between MA-dependent and control subjects could be
observed. However, on average, the difference in perfor-
mance between MA-dependent and control participants
tends to be mild, as most significant differences between the
groups are within (and often lower than) 1 SD of
performance (based on the standard deviations for the
groups reported in the studies). Assuming that the distribu-
tions of the scores are approximately normal, we suspect
that it is common for the MA-dependent and control groups
to exhibit a fair degree of overlap in cognitive performance.
Deficits found in MA-dependent participants in cross-

sectional studies may still reflect factors that predisposed
participants to drug abuse rather than resulting from the
abuse, and it is impossible in cross-sectional studies to
control for all potential confounds. For example, although
almost all of the studies reviewed excluded current
dependence on drugs other than MA (with the notable
exception of nicotine), polysubstance abuse is extremely
common in MA-abusing individuals. As such, when
considered in isolation, the cross-sectional evidence for
MA-induced cognitive decline is limited.
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Table 1 Studies Comparing the Cognitive Performance of MA-dependent and Healthy Control Participants in which the Effect of Age,
Gender, Education, and Estimated IQ was Controlled

Study Sample size Groups
comparablea

Statistically
controlled

Groups unmatched
or unknownb

Full cog
battery?

Control4MAc No significant
differencesc

Kalechstein et al
(2003)

MA¼ 27
Control¼ 18

Age
Gender
Education
Estimated IQ
Ethnicity
Depression score

NA Current or former other
drug abuse (but not
dependence)
Cig. smoking

Yes Attention/speed
Learning and memory
Fluency

Visuospatial
Working memory
Shifting/inhibition

Rendell et al
(2009)

MA¼ 20
Control¼ 20

Age
Gender
Education
Estimated IQ
English level
Negative affect
Sleep

NA Current or former other
drug abuse (but not
dependence)
Cig. smoking
Ethnicity

Partial Executive function
Learning and memory
Attention
Prospective memory

NA

Henry et al (2009) MA¼ 12
Control¼ 12

Age
Gender
Education
Estimated IQ
Negative affect

NA Current or former other
drug abuse (but not
dependence)
Cig. smoking
Ethnicity

Partial Affect recognition
Theory of mind
Sentence completion
Verbal learning

Phonemic fluency
Delayed recall

Woods et al
(2005)

MA¼ 87
Control¼ 71

Age
Gender
Education
Estimated IQ
Ethnicity
Axis I conditions

NA Former other drug
abuse/dependence
Cig. smoking
Hepatitis C
Depression score

No Verbal learning and
recall indices

Serial clustering
Recognition memory

Gonzalez et al
(2004)

MA¼ 53
Control¼ 41

Age
Gender
Education
Estimated IQ
Ethnicity
Academic problems

NA Former other drug
abuse/dependence
Cig. smoking

Yes Global cognition
Learning and recall
(non-marijuana
abusers only)

MA participants who
abused marijuana did
not differ from
controls on any
cognitive domain

Leland et al (2008) MA¼ 19
Control¼ 19

Age
Gender
Education
Estimated IQ
Ethnicity

NA Current other drug
dependence?
Cig. smoking

No NA Go/No-Go indices

Henry et al (2010) MA¼ 15
Control¼ 15

Age
Gender
Education
Estimated IQ
Ethnicity

NA Former other drug
abuse
ADHD
Cig. smoking
Psychotic sxs (not
meeting DSM-IV
diagnostic criteria)

No Comprehension
Financial skill
Communication
Transportation
Medication
management

Household skills

Hoffman et al
(2006)

MA¼ 41
Control¼ 41

Age
Gender
Estimated IQ

Education Former other drug
abuse/dependence?
Cig. smoking
Negative affect
Parkinsonian sxs

Yes Verbal memory and
recall
Stroop reading

Visuospatial
Visual memory
Attention/speed
(most)
Motor speed
Executive function

Kim et al (2006) MA¼ 29
Control¼ 20

Age
Gender
Full scale IQ
SES
Social drinking

Education
Cig. smoking

Ethnicity
HIV status

No Wisconsin card
Sorting indices

Trailmaking test
Stroop test

Chang et al (2005) MA¼ 44
Control¼ 28

Age
Gender
Education
Estimated IQ

Education Current or former other
drug abuse (but not
dependence)
Cig. smoking
Ethnicity

Yes NA All cognitive tests after
Bonferroni correction

Simon et al (2010) MA¼ 27
Control¼ 28

Age
Gender
Estimated IQ
Ethnicity
ADHD score
Mother’s education

Education Former other drug
abuse/dependence
Marijuana abuse
Cig. smoking

Yes NA Attention/speed
Working memory
Learning and memory
Executive function
Global cognition

Rippeth et al
(2004)

MA¼ 47
Control¼ 60

Age
Education
Ethnicity
ADHD sxs

Gender
Estimated IQ
Depression sxs

Former other drug
abuse/dependence
Cig. smoking
Academic problems

Yes Global cognition Probably several
cognitive domains, but
none tested with
covariates

Salo et al (2007) MA¼ 36
Control¼ 16

Age
Gender
Education
Ethnicity
Parental education

Education
Estimated IQ

Current other drug
abuse (except alcohol)
Former other drug
abuse/dependence
Cig. smoking

No Stroop interference Stroop facilitation
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TWINS WHO ABUSE MA WILL HAVE LOWER
COGNITIVE PERFORMANCE THAN THEIR TWIN
PAIRS WHO DO NOT ABUSE MA

As genetically related individuals tend to have similar
cognitive abilities (Bouchard, 1998; Winterer and Goldman,
2003) and are often raised together, twins who are
discordant for MA abuse provide a valuable quasi-experi-
mental design to control for extraneous confounds. Only
one study has investigated the performance of twins who
were discordant for MA abuse (Toomey et al, 2003;
although Ersche et al, 2012 also compared siblings who
were discordant for stimulant dependence on an inhibitory
control measure, the vast majority of these participants
abused cocaine, not MA). Toomey et al (2003) examined the
neuropsychological performance of 50 male twin pairs from
the Vietnam Era Twin Registry (31 monozygotic; 19
dizygotic), in which only one of the members had a history
of heavy stimulant use. Heavy stimulant use was defined as
weekly stimulant use for at least 1 year (the non-abusing
twin never used stimulants weekly), but no participant
endorsed use of stimulants or marijuana in the year before
testing. Of those who abused stimulants, most (80%) had
abused amphetamines (nine in combination with cocaine),
while the rest primarily abused cocaine. The twin pairs were
generally well-matched, and did not significantly differ in
education, learning problems in school, history of head
injury, Axis I lifetime diagnoses, alcohol use, cigarette use,
marijuana dependence, or Full Scale IQ assessed by the
Revised Wechsler Adult Intelligence Scale (WAIS-R; both
group means¼ 103).
The results revealed that the twins who abused stimulants

had significantly worse performance than their non-abusing
counterparts on two timed tests of attention (Cancellation
and Trailmaking Part A) and two tests of psychomotor
speed/dexterity (Finger Taping and Grooved Pegboard;
po0.05). However, the stimulant-abusing twins performed
significantly better than non-abusers on one test of
sustained attention (Continuous Performance Test: number
correct, omissions, and sensitivity). None of the variables
from the other nine tests examined significantly differed

between the groups, including tests of executive function,
nonverbal reasoning, reading, visual memory, or verbal
memory.

Conclusion

The only relevant twin study available found that stimulant-
abusing twins performed worse than non-abusing twins on
a few cognitive measures, although this pattern was
reversed on one test in which the stimulant-abusers
performed better than the non-abusers. However, this study
did not administer urinalyses to ensure that participants
were drug free at the time of testing, which is important
considering that acute MA can improve baseline perfor-
mance (Hart et al, 2008; Mahoney et al, 2011). Further, it is
unclear whether the weekly use of MA examined in this
study constitutes either dependence or abuse as defined by
the DSM-IV. The results here suggest that weekly stimulant
use may be associated with a few cognitive weaknesses, but
not global cognitive decline.

HUMANS WHO ABUSE MA WILL SHOW
IMPROVEMENTS IN COGNITION WITH SUSTAINED
ABSTINENCE

It is possible that any decline in cognitive function that is
caused by MA abuse is permanent and irreversible. If MA
abuse causes irreversible cognitive decline, the absence of a
relationship between cognition and sustained abstinence
from MA would have no bearing on the causal relationship
between MA abuse and cognitive function. Nonetheless,
improvement in the cognition of MA-abusing individuals
with sustained abstinence would provide indirect evidence
that MA abuse suppressed the normal state of cognitive
function.
A few studies have found that MA-dependent individuals

performed better on cognitive tests when tested in early
abstinence and again in later abstinence (Jaffe et al, 2005;
Volkow et al, 2001; Wang et al, 2004). However, these
studies did not include a control group that was retested at

Table 1 (Continued)

Study Sample size Groups
comparablea

Statistically
controlled

Groups unmatched
or unknownb

Full cog
battery?

Control4MAc No significant
differencesc

Salo et al (2009) MA¼ 65
Control¼ 33

Age (subset)
Gender

Education
Estimated IQ

Current other drug
abuse (except alcohol)
Former other drug
abuse/dependence
Cig. smoking
Ethnicity

No Stroop interference
(recently abstinent
MA subjects only)

Stroop interference
(long-term abstinent
MA subjects only)

King et al (2010) MA¼ 54
Control¼ 74

Age
Education
Marijuana use
Alcohol use

Gender
Estimated IQ
Cig. smoking

Current other drug
abuse/dependence (but
alcohol and marijuana
use were comparable)
Ethnicity

Yes NA All cognitive tests after
Bonferroni correction
(adolescent MA
abusers)

Abbreviations: ADHD, attention deficit hyperactivity disorder; cig., cigarette; cog, cognitive; control4MA, healthy control participants performed significantly better
than MA-dependent participants; MA, methamphetamine; SES, socioeconomic status; sxs, symptoms.
aThe MA and control groups were considered comparable if they were not significantly different on a given characteristic.
bThe MA and control groups could be conceivably unmatched on numerous characteristics; we include here only those considered most salient.
cWhere available, we use statistics that were adjusted for multiple comparisons to determine if a particular cognitive test significantly differed between the groups.
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comparable intervals, making it impossible to determine
whether the improvements in test scores were an artifact of
previous test exposure. Improvement associated with
previous test exposure is common and can be evident for
more than a year after the first testing session (Basso et al,
1999; Beglinger et al, 2005; Dikmen et al, 1999).
Three cross-sectional studies have compared the cogni-

tive performance of MA-abusing participants who were
abstinent for varying lengths of time. Using the Stroop Task,
Salo et al (2009) compared the performance of MA-
dependent participants who had been briefly abstinent
(from 3 weeks to 6 months) to MA-dependent participants
who had been abstinent for at least 1 year. The two groups
of MA participants did not differ in age, gender, education,
or premorbid IQ. Results showed that participants who
were briefly abstinent performed significantly worse on the
Stroop Task than participants who were abstinent for at
least a year.
Kim et al (2006) administered three neuropsychological

tests (Wisconsin Card Sorting, Stroop Test, and Trailmak-
ing Test) to MA-dependent participants who were abstinent
for a period of less than 6 months, and compared their
performance to MA-dependent participants who were
abstinent for more than 6 months. The groups did not
differ significantly in age, gender, socioeconomic status,
education, alcohol use, cigarette smoking, or duration of
MA use. The participants who were abstinent for longer
than 6 months performed significantly better on the
Wisconsin Card Sorting Test (WCST) than those who were
abstinent for less than 6 months. Stroop and Trailmaking
performance did not differ significantly between the groups.
Structural MRI scans were also obtained in this study, and
the MA-dependent subjects with longer abstinence had
larger gray-matter volumes in the right middle frontal gyrus
(rMFG) than those with shorter abstinence. In addition,
total and perseverative errors on the WCST were negatively
correlated with gray-matter volume in the rMFG.
Simon et al (2004) administered a neuropsychological

battery to treatment-seeking MA-abusing participants who
were continuously abstinent during treatment for an
unknown duration, and compared their performance to
two other groups of MA-abusers: (1) MA-abusers who had
relapsed during treatment, but were abstinent at least 4
weeks before cognitive testing; and (2) MA-abusers who had
not stopped using MA during treatment and were positive
for MA at each treatment session. Results revealed that the
group that continued to use MA during testing performed
significantly better than the relapse and abstinence groups
on tests of memory. This result may be due to the acute
effects of MA on performance. In addition, alternate test
forms were used in this research, and it is not clear that the
research groups were comparable with respect to the test
forms administered.
Only two longitudinal studies have compared the

neuropsychological performance of MA-dependent indivi-
duals across a period of sustained abstinence to that of
healthy control subjects who were tested at comparable
intervals. Simon et al (2010) administered a neuropsycho-
logical battery to MA-dependent participants at 4–9 days of
abstinence and again after 1 month of sustained abstinence.
A control group was tested at a comparable interval. On
retesting, the MA-dependent group did not improve

significantly more than the control group in any cognitive
domain; they did improve 0.14 standard deviations more
than the control group on the overall cognitive battery, but
this difference did not approach statistical significance
(p¼ 0.33).
Iudicello et al (2010) assessed MA-dependent and healthy

control subjects on a neuropsychological battery twice—
once at baseline, and again approximately 1 year later. Some
of the MA-dependent participants remained abstinent over
that year (n¼ 25), and some relapsed (n¼ 58), but were
clean of MA when tested. Results showed that the abstinent
and non-abstinent MA groups did not change significantly
more than the control group on the cognitive battery at
retesting. However, post-hoc analyses revealed a trend
(p¼ 0.06) for abstinent MA-dependent participants who
were impaired at baseline to improve more at retesting than
relapsing MA participants and healthy controls (whether
impaired at baseline or not impaired). However, some of the
subgroups tested were very small (eg, n¼ 6).

Conclusion

The evidence for cognitive improvement associated with
abstinence from MA use in MA-dependent individuals is
mixed. Two of three cross-sectional studies of abstinence
suggest that some cognitive functions (eg, executive
functioning) do improve with abstinence. However, the only
longitudinal study with a strong experimental design that
assessed 1 year of abstinence (Iudicello et al, 2010) found
that only a certain subset of MA-dependent individuals
(those impaired at baseline) improve with abstinence,
whereas other MA-dependent individuals do not improve.

MA ABUSE WILL BE ASSOCIATED WITH CHANGES
IN THE HUMAN BRAIN

As the structure and function of the brain influence
cognitive performance (see Lezak et al (2004)), changes in
the brain associated with MA abuse may imply that
cognitive changes occur as well, with the best evidence
provided by studies that concurrently assess both brain
structure/function and cognitive performance. In animals,
in addition to cognitive decline produced by chronic
moderate (p2mg/kg daily) or escalating doses of MA,
concomitant alterations have been observed in D2-like
dopamine receptor and dopamine transporter binding
(DAT) (Groman et al, 2012), tissue levels of dopamine
and serotonin (Lu et al, 2010), NMDA receptor binding (Lee
et al, 2011), glutamate receptor (mGluR5) expression
(Reichel et al, 2011), pyramidal neuron cell firing
(Parsegian et al, 2011), and novelty-induced hyperpho-
sphorylation of extracellular signal-related kinase 1/2 (Ito
et al, 2007; Kamei et al, 2006; Nagai et al, 2007). In humans,
cross-sectional studies likewise show differences in the
brain structure and function between MA-dependent and
healthy control participants (for reviews, see Berman et al
(2008); Chang et al (2007); Salo and Fassbender (2012)).
However, in humans, it is possible that some or all of these
differences could be premorbid in nature. Thus, we focus
our review here on changes in the brain that have been
observed in longitudinal studies, as these changes have a
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higher likelihood of reflecting a consequence rather than
simply a correlate of MA abuse. At present, all longitudinal
studies of the brain have been conducted during
abstinence from MA abuse, rather than during active use.
Nonetheless, changes that occur in the brain during
abstinence are likely to reflect compensatory responses to
effects of MA abuse.
Using positron emission tomography (PET) and radi-

olabeled [11C]d-threo-methylphenidate, Volkow et al (2001)
examined changes in the dopamine transporter (DAT) in the
striata of five MA-dependent participants who were eval-
uated once after 6 or fewer months of abstinence, and again
after X9 months of abstinence. After protracted abstinence,
DAT availability increased significantly in the caudate
nucleus (þ 19%) and the putamen (þ 16%); and these
increases were strongly correlated with the duration of
abstinence (r¼ 0.92). Neuropsychological tests were admi-
nistered at both time points. Improvement in neuro-
psychological performance and increases in DAT availa-
bility showed positive trend relationships on two tests
(timed gait and delayed recall, po0.18), but none of these
relationships reached significance. Although there were no
controls for repeated measurement in this study, the
increases in DAT availability are unlikely to be simply an
artifact of repeat testing (see Meyer et al, 2002; Nurmi et al,
2000).
In another study of DAT availability in the striatum using

single-proton emission computed tomography (SPECT)
with Tc-99m TRODAT (Chou et al, 2007), five MA-
dependent participants were assessed at baseline (while
positive for MA in urinalysis) and again after 2 weeks of
abstinence. A control group (n¼ 7) was also retested after a
1-week delay period. Although the groups were not
statistically compared in a within-subjects manner, striatal
DAT availability increased in the MA participants from 5 to
38% (average of 20%) with abstinence, while the control
participants changed from � 14 to 13% with retesting. The
WCST was also administered at both test sessions, and
improvement on this test was correlated with the change in
DAT availability. However, the control group was not used
to calculate practice effects with repeated measurement, so
it is unclear whether the correlation between DAT and
WCST pertains to improvement in cognitive function over
time, ability to benefit from previous test exposure, or both.
In addition, the fact that participants were positive for MA
during the first SPECT assessment significantly complicates
the interpretation of DAT changes.
Wang et al (2004) measured cerebral glucose metabolism

using [18F]fluorodeoxyglucose and PET in five MA-depen-
dent participants who were tested when they were abstinent
for o6 months, and again after 41 year of abstinence.
Although there were no changes in absolute regional glucose
metabolism, relative metabolism (regional brain values
normalized to global values) significantly increased with
prolonged abstinence in the thalamus (þ 12%), but not in
the striatum or occipital cortex. When compared with
neuropsychological performance also measured at both time
points, the change in thalamic metabolism was positively
correlated with improvement on tests of timed gait,
processing speed, and delayed recall (but not immediate
recall or grooved pegboard). However, no procedures were
used to control for practice effects on retesting.

In another study of cerebral glucose metabolism using
[18F]fluorodeoxyglucose and PET, 10 MA-dependent parti-
cipants were assessed after 5–9 days of abstinence, and
again after 4 weeks of sustained abstinence (Berman et al,
2007). Twelve healthy control subjects were tested at
comparable times. Compared with the control subjects,
the MA participants had significantly greater increases in
global glucose metabolism across testing sessions, with the
largest increases in the bilateral parietal lobes, orbitofrontal
cortex, insula, and cingulate gyrus. The authors also
administered a test of auditory vigilance during both
timeframes. The MA participants tended to have slower
reaction times after a month of abstinence, while the control
subjects were faster at retest. However, the group by
reaction time interaction was not significant (p¼ 0.53).
When reaction time was related to cerebral metabolic rate
for glucose (CMRglc), reaction time slowing for MA
subjects was significantly correlated with increased CMRglc
in the left and right parietal lobes. In contrast, there was no
relationship between reaction time and CMRglc in the
control subjects.
In another study from the same laboratory, cerebral gray-

matter volume of 12 MA-dependent participants was
measured when they were abstinent for 4–7 days, and again
after1 month of sustained abstinence (Morales et al, 2012).
Twelve control subjects were also assessed at similar
timeframes. Compared with the control participants, the
MA participants showed significant increases in gray matter
in the temporal gyrus, right angular gyrus, right insula, left
precuneus, left inferior frontal gyrus, and left occipital
pole (with decreased gray matter in the cerebellum).
At the same statistical threshold, the control subjects did
not show any significant changes in gray matter with
retesting (see Figure 1). Repeat neuropsychological testing
was not available for these participants.

Conclusion

Longitudinal studies of abstinence show convincing
changes in the neurochemical markers (ie, DAT, glucose
metabolism) and gray-matter structure of MA-dependent
subjects compared with control subjects who were tested at
similar intervals. Although three of four studies that
included cognitive data found relationships between
changes in the brain and changes in cognitive performance,
it is unclear whether the changes in cognitive performance
reflect practice effects from repeated testing, longitudinal
changes in cognitive function, or both. However, these
findings do suggest that changes in the brain during
abstinence may be linked with individual differences in
cognition.

COGNITIVE DEFICITS IN MA-ABUSING
INDIVIDUALS WILL BE DOSE-RELATED

If MA abuse causes cognitive decline in humans, individuals
who are exposed to higher amounts of MA might exhibit
greater cognitive deficits than those exposed to lower
amounts of MA. Although an imprecise measure of
cumulative dose, several studies have obtained self-reported
duration of MA use (in years, months or days) as a proxy
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for cumulative MA exposure. One study found that years of
MA use was associated with worse performance on the
Stroop Task in MA-dependent adults (Salo et al, 2009).
However, the vast majority of studies correlating duration
of MA use with cognitive performance in MA-abusing
participants (Chang et al, 2002; Henry et al, 2010; Hoffman
et al, 2006; Iudicello et al, 2011; Johanson et al, 2006;
Monterosso et al, 2005; Salo et al, 2005, 2011; Simon et al,
2000; Woods et al, 2005), including a meta-analysis which
included MA-abusing participants from 17 different studies
(Scott et al, 2007), found nonsignificant results. In addition,
in the study of twins who had used stimulants weekly
(Toomey et al, 2003), better performance on a few tests of
dexterity and memory was correlated with greater total days
of stimulant use.
Some studies have used self-reported frequency of MA

use as an estimate of MA exposure. Simon et al (2000)
found that MA abusers using more frequently (both in
terms of days per week and times per day) performed worse
than those using less frequently on tests of memory,
abstract reasoning, and executive functioning. Another
study (Henry et al, 2010) found that a functional measure
of financial abilities was negatively related to the number of
times MA-dependent participants used per month. How-
ever, in this same study, the six other functional abilities
measured were unrelated to frequency of use. Likewise,
Rippeth et al (2004) found no relationship between global
cognition and daily vs less than daily MA use, and Price et al
(2011) found that recent frequency of MA use was
associated with better performance on the Grooved Peg-
board Test by male MA-dependent individuals, but worse
performance by females. Similar mixed findings have been
observed for measures of addiction severity, with one study
finding that increased severity of amphetamine addiction
was associated with worse memory and attention (McKetin

and Mattick, 1998), while another study found no relation-
ship between cognition and addiction severity (Hoffman
et al, 2006).
Perhaps the best measure of exposure to MA consists of

reports of the total dosage consumed, either recently or
estimated across the lifespan. Two studies found that the
amount of recent MA use (grams per day or per week) was
associated with worse motor response inhibition
(Monterosso et al, 2005) and nonverbal reasoning (King
et al, 2010) in MA-dependent or -abusing individuals (King
and colleagues also found a negative relationship between
executive functioning and ‘lifetime METH use’, but it is
unclear how this was measured). In contrast, several other
studies have not found a relationship between multiple
cognitive measures and recent amount of MA consumed
(Hoffman et al, 2006; Rippeth et al, 2004) or estimates of
total lifetime quantity consumed (Chang et al, 2002;
Cherner et al, 2010a; Henry et al, 2010; Iudicello et al,
2011; Woods et al, 2005).
All of the aforementioned studies evaluated relationships

between parameters of MA use (often several parameters
simultaneously) and cognitive function in post-hoc analyses,
following up primary analyses that typically compared MA-
abusing to healthy control subjects. To our knowledge, only
one study has examined the relationship between para-
meters of MA use and cognitive function in a primary
analysis. In that study (Cherner et al, 2010b), parameters of
MA use for MA-dependent participants who were cogni-
tively impaired (at least mild impairment in two or more
cognitive domains based on demographically adjusted
norms) were compared with those of MA-dependent
participants who were not impaired on a comprehensive
cognitive battery. The results revealed that the cognitively
impaired and non-impaired groups did not differ on any
index of MA use, including years of use, lifetime grams

Figure 1 Changes in gray matter for methamphetamine (MA)-dependent individuals after 1 month of abstinence compared to control subjects re-tested
after an 1 month interval. (a) Control subjects did not show any significant changes in gray matter with retesting. (b) MA-dependent participants show
increases in gray matter with 1 month abstinence. Note: N¼ 12 per group; statistical threshold: po0.001 uncorrected, cluster extent 4100 voxels.
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consumed, average grams used per year, length of
abstinence, method of administration, bingeing pattern, or
age of initiation.

Conclusion

The vast majority of research has not found a relationship
between cognitive performance and duration of MA use.
Findings from studies utilizing potentially more accurate
measures of MA administration such as frequency of use or
amount of recent use have been mixed, with the majority of
studies not finding a relationship between cognition and
estimates of cumulative lifetime dose. In addition, most of
the statistically significant relationships cited previously
were found in post-hoc analyses that analyzed the relation-
ship between multiple MA use parameters and multiple
cognitive tests, without consideration of Type I error rate or
confounding variables. As such, the available evidence for a
linear relationship between self-reported MA usage and
cognitive performance is weak.

POTENTIAL MODERATORS OF THE RELATIONSHIP
BETWEEN COGNITION AND MA ABUSE

Given that MA exposure does not appear to be linearly
related to cognitive function in humans, but animal studies
and other sources of data do suggest that MA causes
cognitive decline in some individuals, authors have
suggested that other factors may moderate the relationship
between MA exposure and cognitive decline (Cherner et al,
2010b; Dean and London, 2010). Moderating variables may
also help to explain variability in the cognitive performance
of MA-dependent participants. For example, although some
MA-dependent participants show significant impairment
relative to demographic normative data, others perform well
within expected levels (Dean and London, 2010). Likewise,
animal studies show that not all animals exposed to MA
decline in cognitive function, or decline to the same degree
(Clark et al, 2007; Daberkow et al, 2005; Groman et al,
2012). The susceptibility to the development of cognitive
decline may thus depend on moderating variables.

Age

It is well known in the neuropsychological literature that
similar neurological insults do not confer the same degree
of cognitive decline in all individuals. In particular, the age
at which the insult occurs can significantly affect the clinical
outcome. Research suggests that, with other factors
controlled, older individuals generally have a worse out-
come from various types of neurological injury than
younger individuals (Hukkelhoven et al, 2003; Lanzino
et al, 1996; Luerssen et al, 1988; Weimar et al, 2004). Such
findings have supported the hypothesis that younger
individuals have greater brain reserve and neural plasticity
to withstand neurological injury than older adults (for
review, see Satz (1993)).
Studies in drug abuse have likewise suggested that the

aging brain is less able to compensate for repeated drug
exposure than the younger brain (see Dowling et al (2008)).
For example, research suggests that alcohol abuse may have
greater neurotoxic and cognitive effects in older individuals

than younger individuals, particularly after the age of 50
(Rourke and Grant, 1999; Schottenbauer et al, 2007).
Likewise, in animals, MA exposure has been shown to have
a greater effect on markers of neuronal damage (Teuchert-
Noodt and Dawirs, 1991) and extracellular dopamine levels
(Bowyer et al, 1993) in older animals than younger animals.
In humans, relatively little research has examined the
interaction between age and MA abuse. The meta-analysis
by Scott et al (2007) found that the effect size differences in
cognitive performance between MA participants and con-
trol participants increased with increasing age, but it is
unclear whether this effect was due to age effects alone, or
interactions between age and MA use. However, these
authors also noted that most of the participants in cognitive
studies of MA abuse have been relatively young, with a
mean age in the 30s or younger. To the extent that deficits
in cognitive function become more pronounced with
increasing age, the current literature may thus under-
estimate the lifetime prevalence of cognitive deficits in MA-
abusing individuals.

Education

Individuals with higher levels of education tend to have a
better cognitive outcome in the context of a neurological
injury than those with lower levels of education (Barnett
et al, 2006; Elkins et al, 2006; Jones et al, 2006; Kesler et al,
2003; McDowell et al, 2007; Stern, 2002). Although
brain reserve related to educational level has also been
implicated as a protective factor in the development of
cognitive deficits in substance use (Fein and Di Sclafani,
2004), to our knowledge, no research has examined the
interaction between educational level and cognitive deficits
in MA abuse.
Unlike the educational level attained by adults who suffer

a neurological injury later in life, MA abuse typically begins
during adolescence or young adulthood, at an age in which
it is common for individuals to be in school. Thus, MA
abuse and exposure to schooling may not be independent
phenomena. Dean et al (2012) investigated the possibility
that MA usage in young adulthood interferes with the
amount of education one receives. These authors hypothe-
sized the MA use in early adulthood may interfere with
educational attainment, such that some MA-dependent
individuals may have the requisite cognitive abilities to go
further in school, but because of MA use (and/or its
psychosocial correlates), this potential is cut short. Data
supported this hypothesis: not only was age of first MA use
negatively related to years of education attained (r¼ � 0.48,
po0.01), but also when the cognitive battery scores of MA-
dependent participants were placed into a normative model
of educational attainment, the MA participants had
significantly fewer years of education than predicted by
their cognitive scores. In addition, the discrepancy between
actual and predicted educational levels of the MA partici-
pants was negatively correlated with the age of first MA use
(r¼ � 0.42, p¼ 0.01; see Figure 2), indicating that those
who began to use MA at an earlier age had larger
discrepancy between their real and predicted educational
level. Importantly, these data suggest that the years of
education attained by MA-dependent individuals tends to
underestimate overall cognitive function. To the extent that
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this phenomenon generalizes to other MA users, this
suggests that studies that match MA participants and
healthy control participants for educational level may
actually underestimate the degree of cognitive deficit
present (see Dean et al (2012) for recommendations
regarding this issue).

Genetics

As genetic makeup contributes significantly to cognitive
function (Bouchard, 1998; Winterer and Goldman, 2003),
some of the variation in the cognitive abilities of MA-
abusing individuals reflects natural variation in the human
genome. However, emerging data also suggest that genetic
variability may moderate the effect of MA abuse on
cognitive function.
Cherner et al (2010a) hypothesized that genetic variability

in the metabolism of MA influences neurotoxicity and
cognitive function in MA abusers. These authors tested MA-
dependent participants for common functional variants of a
gene that codes for cytochrome P450, family 2, subfamily D,
polypeptide 6 (CYP2D6), which catalyzes hydroxylation
and demethylation of MA. MA-dependent participants with
two functional alleles coding for the enzyme (extensive
metabolizers of MA) had significantly worse performance
than MA-dependent participants with partially functional
or nonfunctional alleles (intermediate and poor metaboli-
zers of MA, respectively) in multiple cognitive domains.
As extensive metabolizers had worse cognition than the
other groups, the authors theorized that the metabolic
byproducts of MA may be more neurotoxic than the parent
compound itself.

DISCUSSION

As chronic MA abuse cannot be manipulated experimen-
tally in humans, the nature of the evidence regarding the
causal relationship between MA abuse and cognition in
humans is inherently indirect. In addition, the ability of the
literature to elucidate the nature of the relationship between
MA abuse and cognitive function is inevitably constrained
by the quality and availability of the current state of the
literature. In this respect, when evaluating the evidence
related to our a priori hypotheses, we note that relatively
few studies were available to draw conclusions for some of
our hypotheses. Within the studies that were available,
limitations were common and in part reflect natural
weaknesses of quasi-experimental designs, which rely on
the self-report and behavior of individuals with diverse life
histories. Given these limitations, we believe that the
evaluation of whether MA abuse causes cognitive decline
in humans should be based on the preponderance of all the
available evidence, rather than reference to one or more
individual studies which do, or do not, support a particular
viewpoint.
On the basis of the aforementioned perspective, we

believe that the preponderance of the data suggests that MA
abuse does cause mild cognitive decline in at least some
individuals. We base this conclusion on the analysis of the
evidence available for our six a priori hypotheses, which we
summarize below:
(1) MA abuse will cause cognitive decline in animals,

particularly when administered dosing regimens similar to
human consumption. This hypothesis was supported.
Chronic administration of doses of MA that are likely
within the range of human consumption produce decline on
various cognitive measures in animals. Although the use of
escalating doses of MA can sometimes prevent cognitive
decline otherwise observed by single moderate to high doses
of MA, both experimenter and self-administered escalating
dosing regimens have produced cognitive decline in rats
and monkeys. As animal studies typically utilize experi-
mental designs that can support causal inferences, evidence
from these studies should likely be weighed more heavily
than other forms of evidence in the overall evaluation of
MA-induced cognitive decline.
(2) Individuals who abuse MA will have lower cognitive

scores than well-matched individuals who do not abuse MA.
This hypothesis was supported. Despite a few exceptions,
the majority of studies that minimally controlled for age,
gender, education, and premorbid IQ found that MA-
dependent participants performed worse on at least some of
the cognitive tests administered when compared with
healthy participants who did not use drugs. However,
because it is impossible to control fully for premorbid
function and all possible confounds in cross-sectional
studies, support for this hypothesis alone provides limited
evidence regarding the causal relationship between MA
abuse and cognitive function.
(3) Twins who abuse MA will have lower cognitive

performance than their twin pairs who do not abuse MA.
This hypothesis received mild support. In the only study
available (Toomey et al, 2003), twins with a history of using
stimulants on a weekly basis performed worse on four
cognitive tests than their twin pairs who did not use

Figure 2 Relationship between age of first use of methamphetamine
(MA) and the difference between predicted vs actual years of education.
Note: N¼ 36 MA-dependent participants. Pearson correlation. Predicted
education was predicted from cognitive battery scores and demographic
characteristics (age, gender, ethnicity), using a regression model developed
in healthy comparison subjects (N¼ 42). Positive difference scores indicate
that predicted education was greater than actual years of education,
whereas negative difference scores indicate that predicted education was
less than actual years of education. Results show that larger (positive)
difference scores were associated with a younger onset of MA use.
Reprinted from Dean et al (2012) with permission from Elsevier.
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stimulants (out of 14 tests), although this pattern was
reversed on one test of attentional vigilance (stimulant users
performed better than non-users on this test). However, it is
unclear whether the weekly stimulant use endorsed in this
study constitutes either dependence or abuse of stimulants
based on psychiatric diagnostic criteria.
(4) Humans who abuse MA will show improvements in

cognition with sustained abstinence. This hypothesis re-
ceived mild support. Two of three cross-sectional studies
suggested that MA-dependent participants who are abstinent
for longer periods of time perform better on cognitive tests
than those who are abstinent for shorter periods of time.
However, the only relevant longitudinal study with a
strong research design that examined 1 year of abstinence
(Iudicello et al, 2010) found that only a small subset of
MA-dependent individuals improve with abstinence. As a
whole, the data suggest that some MA-dependent individuals
do have a suppression of cognition that improves with
abstinence. In addition, to the extent that decline from MA
abuse is irreversible, evidence regarding this hypothesis
cannot clarify whether MA abuse causes cognitive decline
or not.
(5) MA abuse will be associated with changes in the

human brain. This hypothesis was supported. Longitudinal
studies show convincing changes in the neurochemical
function (ie, DAT, glucose metabolism) and gray-matter
structure of MA-dependent subjects during abstinence.
These changes in the brain during abstinence are highly
likely to be related to the brain alterations that occur as a
direct result of MA use (eg, reflecting a compensatory
reaction or recovery). Changes in the brain during
abstinence have also been shown to be related to individual
differences in cognitive function. Although it is unclear
whether these changes in the brain during abstinence
result in true cognitive improvements over time, the
demonstration that the brain changes from MA abuse
increases the odds that MA abuse also alters cognitive
function to some degree.
(6) Cognitive deficits in MA-abusing individuals will be

dose-related. Most data did not support this hypothesis. The
majority of studies examining the relationship between
cognitive function and duration of MA use, frequency of
MA use, and/or total cumulative dose have not found
significant relationships. Although some exceptions exist
that have found MA usage parameters to be related to
cognitive function, these findings have typically been
exhibited in post-hoc analyses that examined the relation-
ships between multiple MA use parameters and multiple
cognitive tests, without consideration of Type I error rate or
confounding factors.
Overall, evidence from five of our six a priori hypotheses

received at least some degree of support for the notion that
MA abuse causes cognitive decline. Animal studies, cross-
sectional human studies, and brain studies provided fairly
consistent indirect evidence for MA-induced cognitive
decline. Studies of twins and cognition during abstinence
provided weaker but supportive evidence, whereas studies
of the dose–response relationship between MA consump-
tion and cognition were generally not supportive. On the
whole, the data support the perspective that, across
individuals at the age of early-to-middle adulthood, MA
abuse causes mild declines in cognitive function. These

declines are likely to be observable in some, but not all,
individuals who abuse MA. In addition, the extent of
cognitive decline exhibited by a given individual is likely to
vary depending on moderating variables such as age,
educational level, and genotype.
The only hypothesis examined that received little

empirical support was that relating the severity of cognitive
deficits in humans to self-reported extent of MA use. It is
possible that self-reported use history is too inaccurate to
adequately quantify an individual’s lifetime exposure to
MA. In addition, given the consistent animal literature
documenting the deleterious effects of binge-like dosing
regimens, cumulative use may not be the best estimate of
neurotoxic exposure to MA. Rather, it is possible that binge
episodes differentially contribute to cognitive decline,
perhaps particularly in individuals who have not yet
developed considerable tolerance to the drug (Segal et al,
2003). Cherner et al (2010b) did not find a relationship
between cognitive function and binge patterns in MA-
dependent humans, but to our knowledge, this is the only
study to have examined this issue.
In addition to challenges associated with self-reported

cumulative MA use, it seems likely that MA-dependent
individuals vary in their susceptibility to MA-induced
cognitive decline. With other factors held constant, the
literature on cognitive reserve suggests that older adults and
those with less education are more susceptible to drug-
induced decline than younger, more highly educated adults
(Dowling et al, 2008; Satz, 1993). In addition, to the extent
that drug use interferes with educational exposure, cogni-
tive development and MA use may not be mutually
exclusive phenomena (Dean et al, 2012). If cognitive
development and MA use are interrelated, this may make
it difficult to disentangle cognitive decline caused by MA
abuse from a failure to develop particular cognitive skills
(see Dean et al (2012)). Finally, if one considers that the
average effect of MA abuse on cognition is relatively mild in
middle adulthood (see below), it is perhaps not surprising
that simple bivariate relationships between cognition and
self-reported MA use would be difficult to detect in
comparison to the large individual differences in cognition
associated with variables such as genetic makeup
(Bouchard, 1998; Winterer and Goldman, 2003), age,
and educational attainment (Heaton et al, 1996). All of
these factors suggest that simple linear models of MA
abuse and cognition are unlikely to capture the dynamic
interplay between MA abuse and a developing, adaptable
organism.
As the evidence for MA-induced cognitive decline is at

times ambiguous with a lack of unanimity, it may be
tempting to conclude the MA abuse does not cause
cognitive decline in humans. However, for this to be the
case, the following conditions should be true: (a) human-
like dosing of MA that causes cognitive decline in rats and
monkeys does not have any cognitive effect in humans; (b)
lowered cognitive scores of MA-abusing participants are
entirely premorbid, despite efforts to account for premorbid
function through group matching; (c) twin data on
cognitive deficits in stimulant users are spurious; (d)
improvements shown in cognition with abstinence are
unrelated to MA use; and (e) changes in the brain likely
caused by MA abuse are unrelated to cognition. Although it
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is possible that all of these conditions are true, we find it
more reasonable to expect that MA abuse does cause at least
mild cognitive decline in some people.
The notion that, on average, MA abuse causes mild rather

than severe decline in cognitive function is supported by
several lines of evidence (at the age of early-to-middle
adulthood). First, in both animals and humans, not all
studies which compared MA-exposed subjects to control
subjects found cognitive deficits in the MA group (Chang
et al, 2005; Clark et al, 2007; Grace et al, 2010; King et al,
2010; Leland et al, 2008; Simoes et al, 2007; Simon et al,
2010). We would suspect such null studies to be rare if MA
caused severe cognitive decline. In addition, of those studies
in which MA-dependent humans performed worse than
control subjects, it is not uncommon for the groups to differ
in one or less SD’s of performance (based on data reported
in the studies). According to some neuropsychological
naming conventions (eg, Mitrushina et al, 2005), this would
suggest that the mean performance of MA-dependent
subjects falls in the low average to average range.
This is consistent with studies that have referenced the
cognitive performance of MA-dependent participants to
published normative data (Gonzalez et al, 2004; Rippeth
et al, 2004; Simon et al, 2010). Nonetheless, although
MA dependence may be associated with mild cognitive
decline across individuals, some susceptible individuals may
exhibit considerable cognitive impairment relative to their
demographically matched peers (eg, see Kalechstein et al
(2003)).
As the normed cognitive performance of MA-dependent

individuals frequently places outside the range of impair-
ment according to some neuropsychological naming con-
ventions, Hart et al (2011) concluded that the cognitive
deficits of MA-dependent individuals are unlikely to be
associated with functional implications. That is, because the
deficits tend to be relatively mild, they are unlikely to have
real-world implications. We do not share this categorical
conceptualization of cognitive function. Rather, we suspect
that mild deficits noted on cognitive tests likely relate to
mild deficits in the cognitive construct being measured.
Whether a specific cognitive deficit relates to ‘real-world’
impairment is likely to be complex and dependent on a
number of factors, such as the social and environmental
context in which the cognitive ability is needed, and the
manner in which ‘real-world’ function is operationalized
(eg, a mild deficit in short-term memory may affect
memory for casual conversations, but have no observable
relationship with household tasks or basic activities
of daily living). Further, it should be noted that scores
within the same normative range for those with different
demographic characteristics are not necessarily equivalent
in terms of the functional ability being measured. For
example, low average performance for individuals with a
high school degree likely relates to much lower functional
ability than low average performance for individuals who
graduated college (of which, MA-dependent individuals
typically have lower educational attainment than their
peers). For this reason, evidence suggests that scores
normed to the average performance of healthy adults,
without consideration of demographic characteristics
(ie, ‘absolute’ scores), have a tighter relationship with
everyday functioning than scores that are normed to the

specific demographic characteristics of the individual
(Silverberg and Millis, 2009).
Certainly, functional consequences are more likely the

more that cognitive scores deviate from (absolute) norma-
tive expectations, and, as such, MA-dependent individuals
with mild cognitive deficits may not have difficulties in
some or all measures of everyday function. However, initial
studies suggest that, despite the mild (mean) deficits
described, MA-dependent individuals do have lower scores
on performance measures of everyday functional ability
than demographically similar control subjects (Henry et al,
2010). Similarly, MA-dependent participants with mild or
greater deficits across cognitive tests are more likely to be
unemployed than their cognitively intact peers (Weber et al,
2012). Given the limited data available and the complexity
of the relationship between cognitive test scores and
everyday function, more research is needed to ascertain
the impact of cognitive performance deficits on real-world
function in this population (for more information, see
Marcotte and Grant, (2010)).

Conclusion

Although some findings suggest that MA abuse does not
cause cognitive decline in humans, the preponderance of
the evidence suggests that MA abuse does cause cognitive
decline in at least some individuals. When averaged across
individuals, this decline appears to be mild in early-to-
middle adulthood, but moderator variables likely have a
role in attenuating or exacerbating the degree of decline
exhibited by a given individual. The ultimate validity of our
current conclusions will depend on replications and
improved future research that hopefully will provide greater
leverage to address the causal relationship between MA
abuse and cognitive function.
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