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Neurocognitive impairment is a well-documented consequence of methamphetamine addiction. Not
surprising, methamphetamine-associated neurocognitive impairment has been identified as an important
target of treatment. Thus, this study sought to determine whether rivastigmine, an acetylcholinesterase
inhibitor and cognition enhancing agent, could improve neurocognitive performance in a sample of long-
term, high-dose methamphetamine addicts who were not seeking treatment at the time of enrollment in the
study. This double-blind, placebo-controlled study evaluated whether a daily dose 0, 3, or 6 mg of
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Methamphetamine rivastigmine, administered over six consecutive days, would enhance performance on measures of attention/
Cognition information processing speed, episodic memory, and executive/frontal lobe functioning relative to test

performance at baseline. The results revealed that rivastigmine did not alter neurocognition in this cohort.
There are a number of factors that may have mitigated the effects of rivastigmine in this particular study,
including especially the short-term, low-dose treatment regimen utilized. The negative findings notwith-
standing, the study serves as a springboard for future investigations that will examine whether other
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medications can alter neurocognition in methamphetamine dependent study participants.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Long-term, high-dose methamphetamine use is a risk factor for the
onset of neurocognitive impairment in humans (Kalechstein and
Newton, 2007). A review of the extant literature on methamphetamine
use and neurocognition revealed that 24 of 25 studies showed that
methamphetamine dependence is associated with poorer performance
on measures of attention/information processing speed, learning and
memory, and/or executive/frontal systems functioning (Kalechstein and
Newton, 2007). Two of these studies reported that 22 to 57% of
participants were impaired, depending on the domain assessed (e.g.,
Cherner et al., 2009; Kalechstein et al., 2003). Moreover, methamphet-
amine-associated neurocognitive impairment is durable, i.e., unlikely to
resolve with protracted abstinence (Volkow et al., 2001; Cherner et al.,
2009). For example, the results of Cherner et al. showed that 5 of 11
participants continued to demonstrate global neurocognitive impair-
ment after 6 months of continuous abstinence. In the one study that
failed to detect differences between methamphetamine users and
matched controls (Johanson et al., 2006), the lack of significant findings
was at least partially attributable to the fact that the study relied on a test
battery, the CANTAB, which demonstrated variable sensitivity in
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another study that examined the association between amphetamine
use and neurocognition (Ornstein et al., 2000).

As a result of an accretion of articles on this topic, some researchers
have identified methamphetamine-associated neurocognitive impair-
ment as a neglected area of critical concern (Kalechstein et al., 2010;
Sofuoglu, 2010). Sofuoglu (2010) highlighted the association between
neurocognitive impairment and adverse functional outcomes, such as
poor treatment retention in studies of cocaine-dependent and alcohol-
dependent individuals, and also emphasized the need to identify and test
candidate medications that potentially can ameliorate this condition.

It is noteworthy that stimulant-associated neurocognitive impair-
ment can be ameliorated; for example, administration of 400 mg of
modafinil for 3 days resulted in significantly improved response accuracy
on measures of working memory in those study participants who
demonstrated relatively poor performance at baseline (Kalechstein et al.,
2010). A recent study by Ghahremani et al. (2011) showed that acute
modafinil exposure improved performance on a reversal learning task in
methamphetamine users. For the current study, rivastigmine was being
evaluated for its safety and potential efficacy in a phase I clinical study in
long-term, high-dose methamphetamine using volunteers. The effect of
rivastigmine on neurocognitive impairment was identified as a second-
ary outcome.

Several reasons underlay the decision to focus on the remediation of
neurocognitive impairment using rivastigmine. Namely, rivastigmine is
classified as a cognition-enhancing agent (Hasselmo and Sarter, 2011)
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and, in some double-blind, placebo-controlled studies, administration of
rivastigmine was associated with improved performance on tests of
attention, memory in individuals diagnosed with Alzheimer's disease
(Feldman et al., 2007; Frankfort et al., 2007) and traumatic brain injury
(Silver et al., 2009; Tenovuo et al., 2009). In these studies, the efficacy of
rivastigmine was greatest in studies that utilized higher doses, e.g.,
7.9 mg per day for much longer period of times, e.g., 39 weeks (Silver
et al.,2009); however, because the efficacy of rivastigmine has not been
evaluated in samples of long-term, high-dose methamphetamine using
individuals, we sought to determine whether relatively low-dose, short-
term administration of rivastigmine would be associated with improved
performance on measures of attention/information processing speed,
episodic memory, and working memory.

2. Materials and method
2.1. Sample

Participants were English-speaking volunteers who were not
seeking abstinence-focused treatment at the time of the study,
between 18 and 55 years of age, met DSM-IV-TR (American
Psychiatric Association, 2000) criteria for methamphetamine depen-
dence, have a breathalyzer test indicating an undetectable blood
alcohol level upon admission, had a medical history and brief physical
examination demonstrating no clinically significant contraindications
for study participation, and had a negative urine drug screen, with the
exception of methamphetamine or marijuana. Exclusion criteria
included having neurological or psychiatric disorders, as assessed by
MINI (Sheehan et al., 1998), such as episode of major depression
within the past 2 years, lifetime history of schizophrenia, other
psychotic illness, or bipolar illness, current organic brain disease or
dementia assessed by clinical interview, history of or any current
psychiatric disorder which would require ongoing treatment or which
would make study compliance difficult, history of suicide attempts
within the past 3 months and/or current suicidal ideation/plan, or
history of psychosis occurring in the absence of current metham-
phetamine use, meet DSM-IV-TR criteria for dependence on alcohol or
other drugs, except for nicotine or marijuana. Data regarding

demographic profile and substance use history are included in Table 1.

Table 1
Demographics and drug use.
Category Total N=17
Gender
Male 14
Female
Ethnicity
Caucasian 13
Hispanic 3
African-American 1
Age 344420
Education (in years) 132405
Estimated premorbid 1Q 1109422
Methamphetamine
Years of use 102+1.5
Recent use (last 30 days) 174+£24
Amount used per day (in grams) 0.84+0.1
Nicotine (n=14)
Years of use 125420
Recent use (last 30 days) 26.7+1.8
Number of cigarettes per day 16.7+2.6
Alcohol (n=14)
Years of use 135426
Recent use (last 30 days) 224+1.0
Marijuana (n=11)
Years of use 125429
Recent use (last 30 days) 8.04+29

2.2. Procedure

The primary objective of the parent protocol was to characterize
the effects of treatment with rivastigmine (0, 1.5, and 3 mg, twice per
day) on the subjective and reinforcing effects produced by experi-
mental administration of methamphetamine (0, 15 and 30 mg, IV) in
the laboratory (data to be presented in a separate publication). A
secondary objective, and the focus of this manuscript, was to
determine the effects of rivastigmine treatment on cognitive
functioning in long-term, high-dose methamphetamine using in-
dividuals. Participant reimbursement was not contingent upon
performance on the neurocognitive tests.

This was a double-blind, placebo-controlled, within-subjects study.
Participants resided in the Michael DeBakey VA Medical Center. Upon
admission, study participants provided a negative urine toxicology
screen, which reveals that they had not used methamphetamine for at
least 3 to 5days prior to that day. They completed neurocognitive
battery assessments at 10:30 am on Days 1 (admission/pre-randomi-
zation) and 9 (discharge/post-randomization). On the dates of the
neurocognitive assessments, participants were not allowed to smoke
cigarettes during the 60 min prior to the test administration, during the
assessment, or during the 60 min following the test administration.

On Days 2 and 6 participants received 3 double-blind metham-
phetamine infusion sessions in which the dose (0, 15 and 30 mg, IV)
was randomized and separated by 3 h. They were randomly assigned
to placebo or rivastigmine for days 3-8. On day 7, participants
completed two sessions in which they received either placebo or 5 mg
of IV methamphetamine. Infusions were separated by 15 min and the
methamphetamine and placebo sessions were randomized in a
double-blind manner. Additionally, each session was associated
with a specific color (red or blue) and participants were informed to
remember the color, as that color would be associated with the same
dose of drug (placebo vs 5mg of IV methamphetamine) for the
sessions on the following day. On day 8, participants participated in a
similar session to that of day 7, but they could now choose whether or
not to self-administer each of the 10 infusions. On day 9, after
completing the cognitive battery, they were discharged from the
study and returned for enrollment and randomization to alternate
rivastigmine dosing conditions after at least 1 week had passed.

2.3. Tests administered

The following tests were administered during the baseline and
post-treatment phase of each study arm. Participants were provided
with standardized instructions, both oral and written, prior to the
administration of each task. Additionally, participants were always
reminded to respond as quickly and as accurately as possible. The
tests were selected based on studies demonstrating that these and or
similar measures were shown to be valid and reliable with respect to
differentiating between long-term, high-dose methamphetamine
using individuals and matched controls (Cherner et al., 2009; Levine
et al., 2006; Newton et al., 2003).

2.3.1. Wechsler Adult Intelligence Scale—Ill (WAIS-III; Wechsler, 2007)

The Vocabulary and Matrix Reasoning subtests of the WAIS-I1l were
administered. These raw scores from these subtests were included in
an algorithm, the Oklahoma Premorbid Intelligence Estimation
algorithm (Schoenberg et al., 2002), which estimates level of
intellectual function prior to the onset of drug use.

2.3.2. Continuous Performance Test—II (CPT-II; Conners, 2002)

The CPT-II measures sustained attention. Participants were
instructed to press the space bar whenever any letter, except for ‘X,
appeared on the computer screen. The letters were presented for
250 ms, and new letters appeared at intervals of 1, 2, or 4 s. The inter-
stimuli time intervals varied pseudo-randomly. The variables of interest
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were sensitivity (d’), response style (), hit rate (response time in
milliseconds), omissions (failure to press the space bar when required),
and commissions (pressing the space bar when X’ appeared). The
indices were transformed into standard scores, i.e. T-scores.

2.3.3. Hopkins Verbal Learning Test—Revised (HVLT-R; Brandt and
Benedict, 2005)

The HVLT-R is a measure of verbal learning and memory that
includes six different forms. Participants were initially read a list of 12
words, approximately one word per second, and asked to repeat back
as many words as possible. This procedure was repeated twice, for a
total of three learning trials. Following a 20 to 25 minute delay period,
participants were asked to recall the words without the aid of
reminders. The dependent variables of interest for the HVLT-R were
total words recalled during each of the three learning trials and the
number of words remembered following the 20 to 25 minute delay
period

2.3.4. Dual n-back task (Jaeggi et al., 2008)

For this working memory task, participants were presented with a
series of visual stimuli (blue squares) and auditory stimuli (letters)
simultaneously presented across 20 blocks of 20/+ n trials each. The
visual stimulus was presented in one of eight locations on the screen,
and the auditory stimulus was one of eight different letters. For each
trial the stimuli were presented simultaneously for 500 ms, with a
2500 millisecond latency period between the presentation of stimuli.

Participants started with a 1-back condition, where they were
required to provide a “yes” response (pressing a blue button with the
left forefinger) if the location of the presented visual stimulus
matched the location of the stimulus presented immediately
beforehand. Similarly, if the auditory stimulus matched the stimulus
presented immediately beforehand, the participants were required to
provide a "yes" response (pressing a red button with the right
forefinger). If both the visual and auditory stimuli matched those
presented in the previous trial, then participants were expected to
concurrently press the red and blue buttons, and finally, no response
was required if none of the stimuli matched.

While completing the 20 blocks, the task difficulty varied as a
function of participants' performance. Specifically, if participants
achieved at least 90% accuracy rate for both visual and auditory
modalities in a particular block, the n-back level increased by one (e.g.
from 1-back to 2-back). Conversely, participants regressed to simpler
conditions, e.g., from 2-back to 1-back, if they achieved less than 70%
accuracy for either the visual and auditory modalities in a particular
block. Finally, the n-back level stayed the same if participants
performed at an accuracy level between 70 and 90%. For all levels, a
“yes” response was required if the presented visual stimulus or
auditory stimulus matched the stimulus that was presented n trials
previously. The dependent variables were mean n-back level reached
in those 20 blocks, visual and auditory accuracy (defined as the ratio
of accurate responses to total responses), and response time (defined
as mean response time over each of the 20 block administrations for
the auditory and visual stimuli).

2.3.5. Order of test administration

The battery of neurocognitive tests was administered in the
following order: the HVLT-R learning recall trials, the dual n-back
tests, delayed recall of the HVLT-R, and lastly the CPT. The average
duration of these neurocognitive procedures was an hour and a half.
The reaction time tests were programmed on a laptop computer. The
WAIS-III was administered on a separate day, following the cessation
of withdrawal symptoms, and prior to randomization into the study
arms.

2.4. Data analyses

Analyses were conducted using the Statistical Package for Social
Sciences, version 18. Pearson, product moment correlations were used
to evaluate the association between demographic and drug use
variables and performance on the neurocognitive measures. Within-
subjects, repeated measures analysis of variance (ANOVA) was used
to evaluate the effects of rivastigmine on test performance. Values
were considered significant at p<0.05.

3. Results

Preliminary analyses revealed that demographic indices, including
age, years of education, estimated level of premorbid IQ, and
substance use indices, including lifetime and recent use of alcohol,
methamphetamine, and nicotine, did not correlate with performance
on measures of sustained attention (CPT — d’, CPT — Response style
(B), CPT — hit rate, CPT — commissions, CPT — omissions), learning
and memory (HVLT-R Learning Trials, HVLT-R Delayed Recall), or
working memory performance (n-back accuracy and response time
for auditory and visual stimuli) (all p-values>0.05). Moreover, order
of medication administration (0 mg, 3 mg, and 6 mg) did not affect
performance on the measures of neurocognition (p>0.05). Thus, no
covariates were included in the primary analyses.

Within-subjects, repeated measures ANOVA revealed that rivas-
tigmine administration did not improve performance on measures of
sustained attention (CPT — d’, CPT — response style (B), CPT — hit rate,
CPT — commissions, CPT — omissions), learning and memory (HVLT-R
Learning Trials, HVLT-R Delayed Recall), or working memory (n-back
accuracy and response time for auditory and visual stimuli) (all p-
values>.05) (Table 2).

Secondary analyses also focused on classifying participants as high
or low performers on the CPT-II, the n-back test, and the HVLT-R using
a median split for each of the performance indices, then determining
whether the groups differed in terms of estimated premorbid
intellectual functioning. Estimated premorbid IQ did not vary as a
function of performance on the HVLT-R or the n-back test. On the CPT-
II, higher sensitivity (d’) and fewer omissions were associated with
higher estimated premorbid 1Q; otherwise, no group differences were
observed (Table 3).

Based on a previously used strategy, the study participants with
the poorest baseline performance for each measure, operationally
defined as scores within the bottom half of the frequency distribution
for each test, were identified to determine if they might be most
responsive to the medication (Kalechstein et al., 2010). Consistent
with the results of the primary analyses, within-subjects repeated
measures ANOVA showed that the relatively poor performers at
baseline did not improve as a result of rivastigmine administration
(p>.05).

4. Discussion

Although methamphetamine is associated with chronic changes to
the human brain (Volkow et al., 2001; Cherner et al., 2009; Thompson et
al., 2008), recently published studies suggest that these brain
alterations, indexed as neurocognitive impairment, can be improved
with the administration of cognitive enhancing agents, such as
modafinil (Kalechstein et al., 2010; Ghahremani et al., 2011). That
finding was not replicated in this study, and there are several potential
explanations for that. The most likely explanation centers on the
methodological limitations of this study. Specifically, rivastigmine
administration was most likely to be associated with improved
neurocognitive function in studies that utilized higher doses, e.g.,
7.9 mg per day for much longer period of times, e.g., 39 weeks (Silver et
al.,, 2009) in larger samples, i.e., samples in the cited studies included a
minimum of 69 participants; for this study, the maximum dose was
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Table 2
Baseline and post-treatment (post-tx) performance on tasks of attention, episodic memory, and working memory.
0mg 3 mg 6 mg
Test Index Baseline Post-tx Baseline Post-tx Baseline Post-tx
Continuous Performance n= 17 17 16 17 17 17
Test—II D’ (sensitivity)® 56.53 +5.5 57.43 +4.25 55.94 +6.87 56.04 +8.23 52.73 £9.03 53.75 +7.11
(T-scores) 3 (response style) 48.84 +3.07 49.68 +3.30 48.61 +3.17 49.44 4-6.89 47.73 £3.12 48.66 +3.80
Hit rate — RT 45.92 +8.89 49.82 +£11.8 43.85 £10.11 44.64 £13.62 43.48 +9.74 45.63 +£15.66
Omissions?® 85.44 +52.99 134.24 £133.2 69.43 +39.11 87.68 +64.53 75.63 +78.42 99.40 +84.89
Commissions 59.75 +£9.37 59.20 +5.57 58.61 +12.02 59.36 +9.99 55.19 £9.05 56.48 +8.67
Hopkins Verbal Learning n= 17 16 16 17 17 17
Test—Revised Trial 1 6.59 +1.73 6.38 +2.90 6.88 +2.16 7.06 +2.63 6.35 +1.87 6.41 +2.21
(number of words recalled) Trial 2 8.82 +1.70 8.19 +2.43 8.75 +2.14 8.24 +2.63 8.53 +£1.81 8.06 +2.49
Trial 3 10.06 £1.52 825 +3.17 9.63 +2.03 9.18 +1.98 912 +1.45 9.06 +2.56
Trials 1-3 8.49 +2.18 7.60 +2.92 8.42 +2.37 8.16 +2.54 8.00 +2.07 7.84 +2.62
Learning curve 3.47 +£1.77 1.88 +£2.39 2.75 +£2.59 212 +£1.83 276 +£1.75 2.65 +1.73
Delayed recall 8.71 £1.65 6.94 +3.64 8.47 +£2.77 7.56 +3.52 8354240 7.88 +£3.44
n-back test n= 17 17 17 16 16 17
(accuracy = percentage of Auditory accuracy 0.62 +0.11 0.53 +0.18 0.58 40.09 0.56 +0.12 0.59 +0.11 0.56 +0.12
accurate responses) Visual accuracy 0.49 +£0.12 043 £0.16 0.53 £0.30 0.53 £0.14 0.56 +0.10 047 £0.19
n-value 1.73 £043 1.56 +£0.50 1.99 +£0.36 2.01 +£0.40 1.86 +£0.46 1.83 +£0.48
(RT =reaction time in milliseconds)  Auditory RTs* 371.68 +98.00 348.18 +109.07  381.96 +104.57 365.2 +95.17 391.12 +96.69  353.95 +116.17
Visual RTs* 33577 £111.51 33644 +£136.82  352.20 +92.08 346.87 £88.12 35356 £92.18  321.13 +138.20

@ Higher scores are indicative of poorer performance.

6 mg for a period of 9 days. It is plausible that this aspect of the study
design mitigated the efficacy of rivastigmine. Moreover, the mechanism
of action for rivastigmine differs from that of modafinil, and this factor
may explain why a negative finding was observed in this study.

There are other potential explanations for the study outcome. One
possibility is that rivastigmine does not sufficiently target the
neurochemical abnormalities that underlie methamphetamine-asso-
ciated neurocognitive impairment; however, that explanation is
inconsistent with research showing that rivastigmine administration
modulates the acetylcholine system (Bailey and Lahiri, 2010), which
also is adversely affected by methamphetamine (Kuczenski and Segal,
2001). A third possibility is that the efficacy of rivastigmine as a
cognition enhancing agent is mixed. This point is well-taken as the
result studies in participants diagnosed with Alzheimer's disease
(Feldman et al., 2007; Frankfort et al., 2007) and traumatic brain
injury (Silver et al, 2009; Tenovuo et al., 2009) yielded variable
results in both cohorts. Although there were no prior studies
specifically showing that rivastigmine might remedy methamphet-
amine-associated neurocognitive deficits, it is true that long-term,
high-dose methamphetamine use is associated with the onset of

neurocognitive impairment (Kalechstein and Newton, 2007) and that
methamphetamine exposure is temporally associated with alterations
to the cholinergic system in animal models of methamphetamine
addiction (Kuczenski and Segal, 2001). Because rivastigmine is
characterized as a cognition enhancing agent that modulates the
cholinergic system (Bailey and Lahiri, 2010), it seemed reasonable to
study whether low-dose, short-term rivastigmine administration
might remedy, at least in part, methamphetamine associated
neurocognitive impairment. A fifth explanation for the negative
finding is that study participants generally did not show neurocog-
nitive deficits at baseline, which would limit the efficacy of the
medication given that there is insufficient data to support the use of
these agents in individuals with relatively intact neurocognition.
Finally, over 20 studies, including those conducted in our laboratory,
have consistently detected neurocognitive impairment in metham-
phetamine-dependent individuals (Kalechstein and Newton, 2007).
Therefore, the above-average premorbid IQ of the currently evaluated
cohort, combined with the lack of impairment on various cognitive
measures, makes this group of methamphetamine users atypical,
particularly given their high levels of methamphetamine use.

Table 3
Comparison of estimated premorbid intellectual functioning based on performance on tasks of attention, episodic memory, and working memory.*
High performers Low performers p=<.05
Test Index OPIE® OPIE
Continuous Performance n=38 n=9
Test — II D’ (sensitivity)?® 116.10+£8.97 105.05 4+ 10.00 0.030
(T-scores) 3 (response style) 111.92 +-6.66 109.75 4+ 14.57 .692
Hit Rate — RT 112.1249.49 109.53 +12.60 637
Omissions® 117.894+5.96 104.68 +-10.45 0.007
Commissions 107.21+11.11 115.054+9.35 0.139
Hopkins Verbal Learning n=38 n=9
Test — Revised Trials 1-3 114.434+7.97 106.93 +12.62 0.158
(# of words recalled) Delayed recall 115.58 +9.71 106.744+10.42 0.092
n-back test n=38 n=9
(RT = reaction time in ms) Auditory RTs* 109.98 +12.41 111.714+9.81 0.753
Auditory accuracy 108.06 +9.31 114.104+12.03 0.262
Visual RTs* 109.98 + 12.41 111.71+£9.81 0.753
Visual accuracy 113.844+9.03 107.59+12.2 0.245

2 High and low performers based on median split.
> OPIE = Oklahoma Premorbid Intelligence Estimate.
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Despite the current outcomes, we contend that methamphet-
amine-associated neurocognitive impairment remains an important
target of treatment. This perception is consistent with that of other
leading researchers in the field (Sofuoglu, 2010), particularly given
the prevalence of methamphetamine associated neurocognitive
impairment and the fact that the condition does not resolve with
protracted abstinence (Volkow et al., 2001; Cherner et al., 2009).
Furthermore, the association between neurocognitive impairment
and functional outcomes, such as employment status for individuals
diagnosed with other disorders, e.g., traumatic brain injury, epilepsy,
and HIV, is well-documented (Kalechstein et al., 2003). Given that
methamphetamine addiction is associated with widespread function-
al difficulties, such as unemployment and relapse to dependence, it is
plausible that reversing neurocognitive impairments associated with
this disease will concurrently ameliorate these functional difficulties
as well.
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