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ABSTRACT. Objective: Individuals who are methamphetamine de-
pendent exhibit higher rates of cognitive dysfunction than healthy 
people who do not use methamphetamine, and this dysfunction may 
have a negative effect on the success of behavioral treatments for the 
disorder. Therefore, a medication that improves cognition, such as 
modafi nil (Provigil), may serve as a useful adjunct to behavioral treat-
ments for methamphetamine dependence. Although cognitive-enhancing 
effects of modafi nil have been reported in several populations, little is 
known about the effects of modafi nil in methamphetamine-dependent 
individuals. We thus sought to evaluate the effects of modafi nil on the 
cognitive performance of methamphetamine-dependent and healthy 
individuals. Method: Seventeen healthy subjects and 24 methamphet-
amine-dependent subjects participated in this randomized, double-blind, 
placebo-controlled, crossover study. Effects of modafi nil (200 mg, 
single oral dose) were assessed on participants’ performance on tests 

of inhibitory control, working memory, and processing speed/attention. 
Results: Across subjects, modafi nil improved performance on a test 
of sustained attention, with no signifi cant improvement on any other 
cognitive tests. However, within the methamphetamine-dependent group 
only, participants with a high baseline frequency of methamphetamine 
use demonstrated a greater effect of modafi nil on tests of inhibitory 
control and processing speed than those participants with low baseline 
use of methamphetamine. Conclusions: Although modafi nil produced 
limited effects across all participants, methamphetamine-dependent 
participants with a high baseline use of methamphetamine demonstrated 
signifi cant cognitive improvement on modafi nil relative to those with low 
baseline methamphetamine use. These results add to the fi ndings from a 
clinical trial that suggested that modafi nil may be particularly useful in 
methamphetamine-dependent subjects who use the drug frequently. (J. 
Stud. Alcohol Drugs, 72, 943–953, 2011)
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INDIVIDUALS WHO ARE DEPENDENT ON metham-
phetamine (MA) exhibit higher rates of cognitive dysfunc-

tion than healthy control participants in several domains, 
including sustained attention, episodic memory, information 
processing, inhibitory control, and executive functions (Mon-
terosso et al., 2005; Nordahl et al., 2003; Salo et al., 2002; 
Scott et al., 2007; Simon et al., 2010; Woods et al., 2005). 
These cognitive defi cits have been hypothesized to under-
mine the addicted individuals’ efforts to stop or reduce MA 
use and may also negatively affect the outcome of treatment 
(Vocci and Appel, 2007). For example, during treatment for 
substance dependence with cognitive behavioral therapy, 
substance-dependent individuals with low IQs have been 
shown to improve their coping skills less than those with 
high IQs, and these differences in coping indirectly affected 

subsequent treatment outcome (i.e., greater improvement 
in coping skills led to reduced substance use; Kiluk et al., 
2011). In addition to IQ, evidence suggests that inhibitory 
control function may also be related to the ability of MA-
dependent individuals to resist drug-related compulsions 
when striving to maintain abstinence (Baler and Volkow, 
2006; Jentsch and Taylor, 1999).
 Given the potential relationships between cognition, 
treatment, and outcome in MA dependence, treatment ap-
proaches that improve cognitive function could be promising 
for managing the disorder. Recent evidence has indicated 
that modafi nil (Provigil), a U.S. Food and Drug Administra-
tion–approved drug for treating narcolepsy and other sleep 
disorders, produces cognition-enhancing effects in healthy 
subjects and in some psychiatric patients. The specifi c 
mechanism by which modafi nil produces these effects has 
not been identifi ed, but modafi nil increases extracellular 
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levels of dopamine, norepinephrine, serotonin, glutamate, 
and histamine, and it decreases γ-aminobutyric acid levels 
(Minzenberg and Carter, 2008). In healthy adults, modafi nil 
has been shown to improve working memory (Müller et al., 
2004; Turner et al., 2003), sustained attention (Randall et 
al., 2005b), processing speed/reaction time (Baranski et al., 
2004; Randall et al., 2004), and recognition memory (Turner 
et al., 2003), with particular benefi ts in individuals who were 
sleep deprived (Gill et al., 2006; Grady et al., 2010; Hart et 
al., 2006; Walsh et al., 2004; Wesensten et al., 2002). Posi-
tive effects of modafi nil on various cognitive functions, par-
ticularly sustained attention and working memory, have also 
been noted in some psychiatric groups, such as individuals 
with schizophrenia (Rosenthal and Bryant, 2004; Turner et 
al., 2004b), major depression (DeBattista et al., 2004), and 
attention-defi cit/hyperactivity disorder (ADHD; Greenhill 
et al., 2006; Turner et al., 2004a). Of note, modafi nil has 
additionally been shown to improve performance on tests of 
inhibitory control, such as the stop-signal task and Stroop 
color-naming test, in both healthy individuals and psychiatric 
patients (DeBattista et al., 2004; Randall et al., 2004; Turner 
et al., 2003).
 Relatively little research has evaluated the effect of 
modafi nil on the cognition of individuals with stimulant 
use disorders. In a human laboratory study, several acute 
doses of modafi nil (150, 300, and 450 mg) did not signifi -
cantly modify inhibitory control in cocaine users (n = 11), 
although the go/no-go task used in this study may not have 
been optimized to detect improvements in inhibitory con-
trol (Vansickel et al., 2008). In a small, between-subjects, 
inpatient study, immediate verbal memory was improved in 
MA-dependent participants receiving modafi nil (200 mg; 
n = 7) relative to those receiving placebo (n = 7) (Hester 
et al., 2010), but differences between the groups were not 
observed on measures of visual memory, processing speed, 
or verbal fl uency. Last, in a small study of MA-dependent 
subjects (n = 11; Kalechstein et al., 2010), modafi nil (400 
mg) did not have a signifi cant effect on working memory 
and learning/memory performance across subjects. However, 
when the baseline cognitive functioning of participants was 
considered, MA-dependent participants with low working 
memory scores at baseline demonstrated signifi cant improve-
ment with modafi nil, whereas those with higher working 
memory scores did not. This fi nding suggests that baseline 
cognitive functioning may moderate the effect of modafi nil 
on cognition. Indeed, similar fi ndings have been noted in 
healthy college students, in which those with low estimated 
IQ benefi ted from modafi nil (200 mg) on tests of sustained 
attention and processing speed, but those with high estimated 
IQ did not (Randall et al., 2005a).
 Modafi nil has also been evaluated as a potential phar-
macotherapy for stimulant use disorders in clinical trials. 
Results from these trials have sometimes shown a positive 
effect of modafi nil on stimulant abstinence, but the results 

have been variable (see Anderson et al., 2009; Heinzerling 
et al., 2010; McGaugh et al., 2009; Shearer et al., 2009). In 
particular, moderator variables may play a role in the success 
of treatment. For example, one study showed that modafi nil 
(400 mg daily) did not improve the treatment outcomes for 
MA-dependent participants as a group; however, those with 
a high frequency of baseline MA use showed trends for 
improved abstinence and study retention during modafi nil 
treatment relative to those with a low baseline frequency of 
MA use (Heinzerling et al., 2010). The therapeutic effect of 
modafi nil may therefore depend on the frequency of baseline 
MA use.
 Although the effect of modafi nil on cognition has been 
somewhat equivocal in individuals with stimulant use disor-
ders (Hester et al., 2010; Kalechstein et al., 2010; Vansickel 
et al., 2008), the sample sizes of these studies have gener-
ally been small (~10 participants receiving modafi nil). The 
present study was therefore performed to test the effects of 
modafi nil on the cognitive functioning of MA-dependent (n 
= 24) and healthy (n = 17) subjects in a randomized, double-
blind, within-subjects study. Given the potential importance 
of inhibitory control in the course of MA dependence and 
treatment, the cognitive battery included tests of inhibitory 
control as well as tests of attention, working memory, and 
psychomotor speed. Because the literature has shown that IQ 
and frequency of baseline MA use may moderate the effects 
of modafi nil, estimated IQ and frequency of MA use were 
tested as potential moderators of the effects of modafi nil on 
cognitive performance. The hypotheses for this study were 
that modafi nil would generally improve cognitive perfor-
mance across subjects, with particular benefi ts realized in 
MA-dependent participants with low estimated IQ and in 
those with a high frequency of MA use.

Method

Participants

 The participants were 24 MA-dependent individuals who 
were not seeking treatment for their stimulant use and 17 
healthy control subjects. The study was approved by the 
University of California, Los Angeles (UCLA), Offi ce for 
Protection of Research Subjects, and participants signed 
an informed consent document after receiving a detailed 
description of the protocol. All participants were fl uent in 
English and were administered the Structured Clinical In-
terview for the DSM-IV (SCID) for Axis I diagnosis (First 
et al., 1995) by a master’s-level clinician. Exclusion criteria, 
based on interview, physician-conducted history, physical 
examination, and laboratory tests, were neurological disease 
(e.g., stroke, head trauma with loss of consciousness >30 
minutes); frank structural brain abnormalities on magnetic 
resonance imaging (MRI); systemic disease; cardiovascular 
disease; pulmonary disease; HIV infection (HIV1/HIV2 
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antibody screen); abnormal laboratory tests (hematocrit, 
plasma electrolytes, markers for hepatic and renal function); 
probable mental retardation (based on the Wechsler Test of 
Adult Reading); use of psychotropic medications; diagnosis 
of current abuse or dependence for any substance other than 
MA, marijuana, or nicotine; and any current non-substance-
induced Axis I psychiatric conditions (with the exception of 
one MA subject with current panic disorder). MA partici-
pants provided a urine sample positive for MA metabolite 
at intake. Two MA participants additionally met criteria for 
current marijuana dependence (n = 1) or abuse (n = 1). Con-
trol participants met the same inclusion/exclusion criteria as 
MA subjects but did not meet criteria for any current Axis I 
conditions (substance-related or psychiatric) or test positive 
for any drugs in urinalysis. All control subjects were naive 
to MA, amphetamine, and medications typically prescribed 
for ADHD. A subset of control subjects (n = 5) had a history 
of experimental use (e.g., a few times) of cocaine, Ecstasy 
(3,4-methylenedioxymethamphetamine [MDMA]), or diet 
pills (e.g., ephedrine). The MA group had a greater number 
of cigarette smokers (n = 22) than the control group (n = 8, 
p < .01). However, of those who smoked, both the MA and 
control subjects had modest mean Fagerström Test for Nico-
tine Dependence scores (M = 2.3, SD = 2.0, and M = 2.9, SD
= 2.5, respectively, p > .50). Demographic characteristics of 
the groups are presented in Table 1.

Interview and self-report measures

 The following are the interview and self-report measures 
used in the current study.

Admission and intake form. Each participant received 
an intake form to report demographic information, medical 

information (e.g., exclusion criteria), and a detailed drug use 
history.

Addiction Severity Index (McLellan et al., 1992). This is 
a standardized clinical interviewing instrument widely used 
to identify problems associated with substance use.

Neurological History Questionnaire. The 47-item Neuro-
logical History Questionnaire (developed by our laboratory) 
assesses neurological history (e.g., history of stroke), which 
was used in addition to the physician-conducted neurological 
history/examination.

Fagerström Test for Nicotine Dependence (Heatherton et 
al., 1991). This test is a six-item self-report measure of nico-
tine dependence that was revised from the earlier Fagerström 
Tolerance Questionnaire (Fagerström, 1978).

Piper Fatigue Scale—cognitive subscale (Piper et al., 
1998). This measure of fatigue assesses four domains: be-
havioral/severity, affective meaning, sensory, and cognitive/
mood. Because we were most interested in fatigue associated 
with cognition, we implemented only the six cognitive/mood 
items. This subscale was given during the beginning, middle, 
and end of each cognitive battery, and a mean total score was 
obtained for each test session.

Neuropsychological measures

 Given research suggesting that modafi nil has effects on 
measures of working memory, attention, and processing 
speed/reaction time (see Minzenberg and Carter, 2008), we 
implemented several of these tests in our cognitive battery. 
We also included tests of inhibitory control because of the 
potential association between this construct and the ability 
of MA-dependent subjects to maintain abstinence (Baler and 
Volkow, 2006). Lastly, a test of motor speed (fi nger tapping) 

TABLE 1.    Characteristics of research participants

 Control MA dependent
Variable (n = 17) (n = 24)

Age, in years, M (SD) 31.1 (8.1) 35.9 (10.1)
Education, years, M (SD) 14.5 (1.8) 12.9 (1.9)*
IQ estimate,a standard score, M (SD) 111.1 (10.3) 95.3 (12.0)**
Gender, male/female, n 8/9 12/12
Ethnicity, n
 White 10 12
 Hispanic 4 6
 Asian/Pacifi c Islander 1 2
 Other 2 4
Cigarette smoker, n 8 22**
Cigarette pack years,b smokers only, M (SD) 9.5 (11.6) 14.1 (16.7)
Fagerström score,c smokers only, M (SD) 2.3 (2.0) 2.9 (2.5)
Days of alcohol use in last 30 days, M (SD) 7.6 (6.8) 4.0 (6.8)
Duration of regular MA use,d in years, M (SD) 0 10.1 (7.9)
Days of MA use in last 30 days, n 0 21.4 (8.1)
Grams of MA used/week, M (SD) 0 2.6 (2.8)

Notes: MA = methamphetamine. aIQ estimate = Wechsler Test of Adult Reading; bcigarette pack 
years = (average cigarettes used per day) × (years smoked) / 20; cFagerström score = Fagerström 
Test for Nicotine Dependence score; dregular MA use defi ned as using three times per week or 
using heavily for 2 consecutive days per week.
*p < .05; **p < .01.
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was included to determine if modafi nil-associated effects 
on psychomotor reaction-time measures were discriminable 
from pure motor speed.

 Inhibitory control

 STROOP COLOR-WORD INHIBITION TEST (DELIS ET AL., 2001): 
This is a test of inhibitory control from the Delis–Kaplan 
Executive Function System (D-KEFS; Delis et al., 2001) in 
which color words are printed in a different color ink (e.g., 
“red” printed in green ink), and the examinee must inhibit 
the reading response to identify the ink color. Total time to 
complete the task is the outcome variable.

STROOP COLOR-WORD INHIBITION/SWITCHING TEST (FROM D-
KEFS; DELIS ET AL., 2001): This version is identical to the 
Stroop color-word inhibition test (see above), except that on 
a subset of items (those presented inside a small box), the 
examinee must read the word and not identify the ink color.

CONTINUOUS PERFORMANCE TEST (CPT; FROM CONSORTIUM

FOR NEUROPSYCHIATRIC PHENOMICS [CNP] TEST BATTERY): The 
CPT is a computerized test of sustained attention and in-
hibitory control in which letters are presented sequentially 
on a screen and the participant must respond with a button 
press, as quickly as possible, to every letter except the let-
ter X. The inhibitory control outcome variable is the total 
number of commission errors (e.g., responding when the X 
is presented).
 ATTENTION NETWORKS TASK (CNP TEST BATTERY, MODELED

AFTER FAN ET AL., 2002): The Attention Networks Task is a 
computerized measure of inhibitory control. On each trial, 
an arrow is presented on the screen, surrounded by arrows 
or lines presented on either side (“fl ankers”). On some trials, 
the fl anker arrows point in the same direction as the central 
arrow, and on other trials they point in the opposite direc-
tion. The inhibitory outcome variable is the mean reaction 
time to respond to incongruent trials (i.e., the central arrow 
and fl ankers point in opposite directions) minus the mean 
reaction time to respond to neutral trials (i.e., those fl anked 
by lines rather than arrows), thus factoring out generalized 
response speed.

 Processing speed/attention

 DIGIT SYMBOL CODING (WECHSLER, 1997): Digit Symbol 
Coding is a test of symbol substitution in which the exam-
inee must match (through drawing) symbols with numbers 
as fast as possible. The outcome variable is the total number 
of items completed in 2 minutes.
 TRAILMAKING—NUMBER SEQUENCING (DELIS ET AL., 2001): This 
is a D-KEFS test of psychomotor speed in which the exam-
inee must connect numbered dots on a sheet of paper using a 
pencil. Because the D-KEFS has several similar trailmaking 
subtests, only this subtest and the number/letter switching 
subtest (see below) were analyzed to avoid redundancy. Total 
time to complete the task is the outcome variable.

STROOP COLOR-NAMING TEST (DELIS ET AL., 2001): In this 
D-KEFS subtest, the examinee must identify blocks of ink 
color on a page as rapidly as possible. Total time to complete 
the task is the outcome variable.

STROOP WORD-READING TEST (DELIS ET AL., 2001): This is a D-
KEFS subtest in which the examinee must read color words 
out loud as rapidly as possible. Total time to complete the 
task is the outcome variable.

CONTINUOUS PERFORMANCE TEST (FROM CNP TEST BATTERY): 
This is a test of attention and inhibitory control, described 
above. The attentional vigilance outcome variable is mea-
sured as the variability (i.e., standard deviation) of reaction 
time on go trials across the task.

 Working memory/switching

 LETTER-NUMBER SEQUENCING TEST (WECHSLER, 1997): A ver-
bal working memory measure in which letters and numbers 
are presented verbally in random order, the Letter-Number 
Sequencing Test asks the examinee to recite back the letters 
in alphabetical order and the numbers in numerical order. 
The outcome variable is the number of trials performed suc-
cessfully before two consecutive failures.

SPATIAL CAPACITY DELAYED RESPONSE TEST (CNP TEST BAT-
TERY; BASED ON GLAHN ET AL., 2003; STERNBERG, 1969): This 
is a computerized test of visual working memory in which 
yellow circles are presented on a screen for 2 seconds, ar-
ranged in a pseudo-random pattern around a fi xation point. 
Following a 4-second delay, a single green circle appears and 
the examinee must determine if it is in the same location as 
any one of the previous yellow circles. The memory load is 
varied across trials by varying the number of yellow circles 
in each array (1, 3, 5, or 7). The percentage of correct yes/
no responses comprises the primary outcome.

TRAILMAKING—LETTER/NUMBER SWITCHING (DELIS ET AL., 
2001): Using this D-KEFS subtest, we presented circles with 
numbers and letters on a sheet of paper and the examinee 
must connect the circles as rapidly as possible with a pencil 
by alternating between the numbers and letters, in order. 
Total time to complete the task is the outcome variable.

Motor speed

FINGER TAPPING TEST (BASED ON HALSTEAD, 1947): The 
Finger Tapping Test examines the motor speed in which 
the examinee must tap on a small lever with the forefi nger 
as rapidly as possible. Three trials of 10 seconds each were 
conducted with each hand; the outcome variable is the mean 
number of taps for each hand.

Intelligence estimation

WECHSLER TEST OF ADULT READING (WECHSLER, 2001): This 
is a test of reading/pronunciation of words with atypical 
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grapheme-to-phoneme translations, which is commonly 
used to estimate intellectual ability. The total number of 
words pronounced correctly is normed for age to produce a 
standard score.

Procedure

 All MA subjects resided in hospital rooms at the UCLA 
General Clinical Research Center, in which abstinence from 
all drugs (aside from nicotine) was confi rmed by regular urine 
drug screens and breath alcohol tests. Control subjects were 
also tested via urine screen/breath alcohol test for drug use 
before assessments, but they did not reside at the General 
Clinical Research Center. Control participants came to the 
laboratory on separate occasions to complete the two medica-
tion/cognitive testing sessions and additional procedures. No 
participant tested positive for drugs on the days of the cogni-
tive battery. Inclusion/exclusion information was obtained 
at intake. After intake, the MA participants relaxed on the 
hospital ward for 3 days and typically slept for signifi cant 
periods, consistent with the literature on the MA withdrawal 
syndrome (McGregor et al., 2005). On the fourth day, after 
MA metabolite was no longer present in urinalyses, the MA 
participants began research procedures such as structural MRI 
scanning, IQ estimation, and other assessments as part of a 
grant-funded study examining neural networks in MA depen-
dence (control subjects also completed these assessments be-
fore compound administration). These procedures continued 
until at least the eighth day of the stay (M = 11.04 days), at 
which point participants began receiving the within-subjects 
administration of modafi nil or placebo and cognitive testing 
(thus, all participants were abstinent for at least 8 days before 
compound administration). The order of test administration 
in the cognitive battery was fi xed as follows: Piper Fatigue 
Scale, Stroop test, Letter-Number Sequencing, Trailmaking, 
Digit Symbol Coding, Attention Networks Task, Finger Tap-
ping, Piper Fatigue Scale, Spatial Capacity Delayed Response 
Task, CPT, and Piper Fatigue Scale. Test order was determined 
in a pseudo-random fashion, in which demanding cognitive 
tests (e.g., Attention Networks Task) were interspersed with 
less-demanding measures (e.g., self-report).
 Participants were freely allowed to smoke cigarettes dur-
ing their stay at the General Clinical Research Center, and 
smoking breaks were allowed during cognitive testing as 
needed so that participants were not in a state of nicotine 
withdrawal. Many participants left the study on the day fol-
lowing the medication procedures, but a subset of partici-
pants continued in the study to receive additional structural 
MRI scanning. On average, the MA participants stayed on 
the General Clinical Research Center ward for 18.1 days (SD
= 8.4).
 A double-blind, placebo-controlled, within-subjects de-
sign was used in which modafi nil (200 mg) or placebo was 
administered in a single, acute oral dose. Participants fi rst 

received an acute dose of one compound (200 mg modafi nil 
or placebo) and underwent cognitive testing, followed by at 
least a 2-day washout period (M = 2.4 days) before receiving 
the alternate test compound (modafi nil or placebo, whichever 
was not given previously) and repeated cognitive testing. 
The order of compound administration was randomized. 
Each compound was administered orally at 8:30 A.M., and 
cognitive testing occurred at noon on the same day. (MRI 
scanning was conducted immediately after the administration 
of modafi nil or placebo and resulted in the delay between 
compound administration and cognitive testing.) After a 
single oral dose of modafi nil, the peak plasma concentration 
is achieved in approximately 2–4 hours, with an elimination 
half-life of 12–15 hours (Robertson and Hellriegel, 2003; 
Wong et al., 1999). The cognitive testing began 3.5 hours 
after the acute administration of modafi nil and lasted for the 
next 2 hours. During this period of cognitive sessions, plas-
ma concentrations of modafi nil were likely high, although 
not at peak concentrations.

Statistical analyses

 Statistical analyses were organized into three main sec-
tions: (a) preliminary analyses, in which demographic differ-
ences between MA and control subjects were analyzed with 
t tests or chi-square analyses, as appropriate; (b) primary 
analyses, in which the effect of compound was examined 
on each cognitive test while controlling for carryover effects 
of repeated cognitive testing, using the general linear mixed 
model (GLMM; this procedure is identical to a repeated 
measures model [Rencher and Schaalje, 2008]); and (c) 
moderator analyses, in which the potential moderation of 
estimated IQ and frequency of recent MA use was evaluated 
by including interaction terms for each variable into the 
primary analysis model.

Results

Preliminary analyses

 The MA and control groups did not differ signifi cantly 
in order of modafi nil administration, age, gender, ethnicity, 
or days of alcohol use in the 30 days before the study (ps > 
.10). However, the control group had more years of educa-
tion than the MA group (p = .01), higher levels of estimated 
premorbid IQ (p < .01), and fewer smokers than the MA 
group (p < .01). Because control participants frequently 
rescheduled their second assessment/compound session as 
a result of scheduling confl icts, the control group also had 
a greater length of time between testing sessions (M = 13.5 
days) than the MA participants (M = 2.4 days; p < .01; how-
ever, number of days between testing sessions was unrelated 
to cognitive performance on any of the following GLMM 
analyses, ps > .20).
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Primary analyses

 GLMM analyses were conducted using each cognitive 
test as a dependent variable and group (MA or control), test 
compound (modafi nil or placebo), and their interaction as 
independent variables. The main effects of test order (i.e., 
carryover effects), years of education, estimated IQ, and 
days between assessment sessions were also included to 
control for these potential confounds. Smoking status was 
not initially included in the model because this variable was 
almost totally confounded with group status (i.e., only two 
MA subjects were nonsmokers).
 Across the GLMMs for each cognitive test, no signifi cant 
interactions between compound and group were observed 
(ps > .05). With respect to the main effect of compound on 
each cognitive test, a main effect of compound was found 
only for CPT reaction time variability, F(1, 38) = 6.56, p 
= .02, in which participants exhibited less reaction time 
variability (i.e., better attentional vigilance) after receiving 
modafi nil than after receiving placebo. The main effect of 
test compound was nonsignifi cant for all other cognitive tests 
(ps > .05). With respect to the main effect of group, MA par-
ticipants underperformed control participants on the Stroop 
color-word inhibition test, F(1, 35) = 4.10, p = .05; no other 
signifi cant main effects of group were observed (ps >.05; 
MA subjects underperformed control subjects on most cog-
nitive tests, but these effects were typically removed when 
accounting for education and/or IQ). Including the main 
effect of smoking status in the aforementioned analyses did 
not alter either the signifi cant main effect of test compound 

on CPT reaction time variability (p = .02) or the signifi cant 
main effect of group on the Stroop color-word inhibition test 
(p = .04). When Piper Fatigue scores were used as the de-
pendent variable in the aforementioned GLMM analyses, no 
main effects of group, compound, or their interaction were 
observed (ps > .05). Cognitive performance of the MA and 
control subjects when receiving modafi nil versus placebo is 
displayed in Table 2.

Moderator analyses

 To determine if estimated IQ moderated the effect of 
modafi nil on cognitive performance in either subject group, 
GLMM models were run for each cognitive test as above but 
included interaction terms between compound and IQ and 
among compound, IQ, and group (three-way interaction). 
Signifi cant moderating effects were not found for IQ on any 
cognitive test (all interactions, ps > .05).
 To determine if the frequency of recent MA use mod-
erated the effect of modafi nil on cognitive performance, 
GLMM models were run in an identical fashion to the 
primary analyses but excluded control participants and the 
group variable (and all interactions thereof) and included 
the main effect of MA use frequency (days of MA use in 
the 30 days before study entry) and the interaction between 
compound and MA use frequency. Signifi cant interactions 
between MA use frequency and compound were found for 
CPT percent commission errors, F(1, 20) = 8.10, p = .01; 
nondominant hand fi nger tapping, F(1, 19) = 4.81, p = .04; 
Stroop color naming, F(1, 20) = 4.18, p = .05; and a non-

TABLE 2. Cognitive performance during acute administration of modafi nil (200 mg) versus placebo in the control and metham-
phetamine (MA)-dependent participants

 Control (n = 17) MA dependent (n = 24)

 Placebo Modafi nil Placebo Modafi nil
Cognitive variable M (SD) M (SD) M (SD) M (SD)

Inhibitory control
 Stroop color-word inhibition, D-KEFSa,† 39.6 (5.3) 40.5 (8.0) 50.9 (12.3) 52.0 (11.2)
 Stroop color-word inhibition/switching, D-KEFSa 42.0 (6.0) 41.9 (7.7) 57.3 (14.1) 59.6 (19.8)
 CPT percent commission errorsa 41.0 (20.6) 42.4 (19.0) 49.8 (23.3) 45.6 (17.7)
 ANT incongruent minus neutral reaction timea 72.4 (37.7) 88.0 (28.7) 105.4 (55.9) 98.6 (36.7)
Processing speed/attention
 Digit symbol coding, WAIS-III 91.6 (17.7) 92.8 (19.6) 71.0 (20.1) 74.0 (20.6)
 Trailmaking—number sequencing, D-KEFSa 19.1 (7.2) 18.0 (4.4) 26.8 (11.4) 25.2 (11.9)
 Stroop color naming, D-KEFSa 24.1 (4.2) 24.0 (3.3) 27.9 (4.5) 27.9 (5.6)
 Stroop word reading, D-KEFSa 18.5 (3.4) 18.4 (3.3) 21.0 (3.4) 21.1 (3.4)
 CPT reaction time variabilitya,* 91.2 (72.3) 65.5 (16.0) 123.9 (64.5) 93.8 (35.2)
Working memory/switching
 Letter number sequencing, WAIS-III 13.4 (3.4) 13.6 (3.3) 11.1 (2.4) 11.3 (2.7)
 Spatial Sternberg total accuracy 88.5 (6.5) 88.5 (6.0) 79.4 (9.3) 82.9 (13.0)
 Trailmaking—number/letter switching, D-KEFSa 52.8 (19.4) 50.3 (16.0) 73.7 (35.2) 74.4 (35.6)
Motor speed
 Finger tapping, dominant hand 51.5 (5.7) 53.5 (7.0) 49.6 (8.4) 50.2 (8.6)
 Finger tapping, nondominant hand 48.1 (6.0) 48.2 (6.7) 44.7 (7.2) 45.5 (7.3)

Notes: D-KEFS = Delis–Kaplan Executive Function System; CPT= Continuous Performance Test; ANT = Attention Networks Task 
(fl anker task); WAIS-III = Wechsler Adult Intelligence Scale, Third Edition. aHigher scores refl ect worse performance; †main effect 
of group on performance, p = .05; *main effect of modafi nil on performance, p = .02.
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signifi cant trend with Attention Networks Task incongru-
ent minus neutral reaction time, F(1, 19) = 3.42, p = .08. 
In each case, relative to the placebo condition, modafi nil 
administration was associated with more pronounced cog-
nitive improvement as the frequency of MA use during 
the 30 days before the study increased. These effects are 
illustrated in Figure 1. A signifi cant main effect of MA use 
frequency was also found on the dominant-hand Finger 
Tapping Test, F(1, 17) = 7.81, p = .01), in which subjects 
who used MA more often had better performance. No 
other main effects of MA use frequency were found. Last, 
to determine if fatigue accounted for the signifi cant inter-
actions between frequency of MA use and compound, the 

main effect of Piper Fatigue was entered into each analysis. 
All results were unchanged.

Discussion

 The results of this study indicate that the effects of 
modafi nil in MA-dependent subjects are based on the recent 
drug histories of the participants. Within the MA-dependent 
group, individuals with a higher frequency of recent MA use 
showed a greater benefi t from modafi nil on tests of inhibi-
tory control and processing speed/attention than those with 
lower rates of MA use. Unexpectedly, there was no general-
ized modafi nil-induced enhancement of cognitive function 

FIGURE 1. Effect of modafi nil versus placebo relative to frequency of methamphetamine (MA) use on tests of inhibitory control and processing speed/attention. 
Vertical dashed lines represent the change in performance between the modafi nil and placebo conditions for each participant, and the arrows indicate whether 
performance went up or down in the modafi nil condition. CPT = Continuous Performance Test; ANT = Attention Networks Task (fl anker task) incongruent 
reaction time (RT) minus neutral RT. Days of MA Use = days used MA on the 30 days before study entry. With the exception of Finger Tapping Scores, 
higher scores on each test represent worse performance. Fit lines were derived from the parameter estimates of the general linear mixed models described in 
the Results section. Note that a within-subjects design was used so that the same participants received both placebo and modafi nil. On each test, individuals 
who had a greater frequency of baseline MA use showed an enhanced cognitive effect of modafi nil relative to those with lower frequency of baseline MA use. 
All interaction ps ≤ .05, with the exception trend-level signifi cance with the ANT (p = .08).
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across subjects, and a main effect of modafi nil was found for 
only one test of attentional vigilance (variability of reaction 
time on the CPT). On this test, both MA-dependent and con-
trol subjects demonstrated improved attention after receiving 
modafi nil compared with placebo.
 MA-dependent subjects with a higher frequency of MA 
use in the month preceding study entry showed an enhanced 
benefi t of modafi nil on tests of inhibitory control (CPT com-
mission errors), processing speed/attention (Stroop color 
naming), and motor speed (nondominant hand fi nger tap-
ping), with a similar trend-level fi nding (p = .08) on another 
measure of inhibitory control (Attention Networks Task). 
Because these effects occurred in more than one cognitive 
domain, the cognitive enhancement in frequent MA users 
appears to be somewhat generalized rather than limited to 
a specifi c cognitive function. Inspection of the performance 
plots (Figure 1) indicates that MA subjects who used MA 
approximately 20 or more days in the month before entering 
the study (n = 16) received the most benefi t from modafi nil 
and, conversely, performed the worst when administered 
placebo. Because the frequent MA users performed more 
poorly when administered placebo than modafi nil, this may 
suggest that frequent MA users generally have lower cog-
nitive functioning than less frequent MA users. However, 
number of days of MA use was uncorrelated with estimated 
IQ (r = -.02, p = .92) and years of education (r = .02, p = 
.93); therefore, it does not appear that MA use frequency 
was associated with gross cognitive functioning. However, 
it is nonetheless possible that participants who use MA 
frequently have selective baseline weaknesses in inhibitory 
control and processing/motor speed domains relative to the 
participants who use MA less frequently. An alternative ex-
planation is that modafi nil has a more pronounced tendency 
to improve the untoward effects of abstinence on cognition 
for frequent MA users compared with less frequent users. 
This is important considering that the MA participants were 
abstinent for slightly more than a week at cognitive testing 
(M = 11 days). Indeed, evidence has suggested that modafi nil 
can curtail the effects of MA withdrawal symptoms in early 
abstinence, including reduced fatigue, irritability, and crav-
ing (McGregor et al., 2008). Our results indicated that the 
performance enhancement for frequent MA users was not 
attributable to fatigue effects; therefore, some other aspect of 
the abstinence syndrome may be implicated (e.g., increased 
motivation).
 It is notable that the results presented here are consistent 
with those of a clinical trial of modafi nil (400 mg daily) for 
the treatment of MA dependence (Heinzerling et al., 2010). 
In that trial, modafi nil showed trends toward increasing 
study retention and reducing MA use in participants with 
high baseline frequency (>18 days of the last 30 days) of 
MA use relative to those with low baseline frequency of MA 
use. Thus, the modafi nil-induced enhancements in cognitive 
performance currently demonstrated in participants who 

frequently use MA may hold promising associations with 
treatment-relevant outcomes.
 The lack of a general effect of modafi nil to enhance 
the cognition of control subjects or MA-dependent sub-
jects when moderating variables were not considered was 
unexpected. Across research subjects, modafi nil improved 
the cognitive performance on only one test of attentional 
vigilance (CPT reaction time variability). This test measures 
the ability to sustain attention over time when stimuli are 
presented at varying interstimulus intervals. In contrast to 
the other measures of attention and processing speed ad-
ministered, the CPT requires attention to be maintained for 
a longer period (i.e., almost 20 minutes compared with about 
2 minutes for the other attentional tasks) and thus requires 
a greater degree of patience and vigilance. Partly for these 
reasons, the CPT is one of the tests most commonly found to 
be improved by psychostimulant medications in both control 
subjects and those with ADHD (Riccio et al., 2001). Given 
the particular function assessed by the CPT, it is possible that 
the signifi cant effect found for modafi nil in our study refl ects 
a meaningful improvement. Indeed, our results are consistent 
with those of several other studies that have shown modafi nil 
to have a benefi cial effect on tests of sustained attention in 
healthy adults and other patient groups (Greenhill et al., 
2006; Harsh et al., 2006; Hart et al., 2006; Randall et al., 
2005a, 2005b; Rugino and Samsock, 2003; Walsh et al., 
2004). However, the enthusiasm regarding this fi nding is 
tempered by the number of cognitive tests we evaluated and 
the high corresponding possibility of Type I error. As such, 
it must be concluded that the effect of modafi nil on the 
cognitive performance of most participants in our study was 
relatively small.
 The modest effect of modafi nil observed across par-
ticipants in our study may have also been attributable to the 
dosage used (200 mg). Although this dose has been shown 
to improve cognitive function in other MA-dependent, psy-
chiatric, and healthy subject samples (Hester et al., 2010; 
Müller et al., 2004; Turner et al., 2003, 2004a, 2004b; Walsh 
et al., 2004), higher doses (e.g., 400 mg) have been shown 
to be safe in MA-dependent participants (Heinzerling et al., 
2010) and may produce a more pronounced cognitive effect. 
In addition, compared with our single-dose design, use of 
a multiple-dose design would have been preferable for the 
detection of a dose-response relationship between modafi nil 
and cognitive performance. A single dose may also be in-
suffi cient to compensate for the cognitive defi cits present 
in MA-dependent subjects who have used MA for many 
years. Lastly, not all tests administered in our cognitive bat-
tery were given during the period of peak concentration of 
modafi nil in blood (peak plasma concentration of modafi nil 
is reached in 2–4 hours after ingestion; cognitive battery 
was conducted 3.5–5.5 hours after ingestion). However, 
the only test that demonstrated signifi cant improvement on 
modafi nil across subjects was the CPT, and this test was 
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the last cognitive test administered in the battery (~5 hours 
after compound administration). This fi nding indicates that 
although plasma concentrations of modafi nil were not likely 
maximal 5 hours after drug administration, they were large 
enough to produce behaviorally signifi cant effects in the 
CPT. Similarly, in the MA-dependent subjects, the signifi -
cant interactions observed between modafi nil and baseline 
MA use were found on tests that were administered in the 
beginning, middle, and end of the cognitive battery session 
(including commission errors on the CPT). Nonetheless, it 
is possible that larger cognitive effects would have been ob-
served across tests if the cognitive battery was administered 
exclusively during the peak plasma timeframe.
 Although some previous research has indicated that 
individuals with low IQ or low baseline performance are 
the most likely to show cognitive benefi ts with modafi nil 
(Kalechstein et al., 2010; Randall et al., 2005a), we did 
not fi nd signifi cant interactions between estimated IQ and 
response to modafi nil. Because previous research (Ran-
dall et al., 2005a) has found interactions between IQ and 
modafi nil using similar methods of IQ estimation (reading/
pronunciation) and similar doses of modafi nil (200 mg 
acutely), it does not appear that these methodological factors 
account for the differences in results. However, compared 
with the examination by Randall and colleagues (2005b), 
our study had a greater range of IQ scores and included 
MA-dependent participants, whereas the Randall study was 
conducted exclusively in university students with relatively 
high IQ scores. Thus, increased heterogeneity in our sample 
may account for the different results. Unfortunately, because 
cognitive functioning other than IQ was not measured before 
administration of modafi nil (or placebo) in our study, it was 
not possible to determine if low performance on other cogni-
tive functions is predictive of enhancement with modafi nil, 
as shown in a study of working memory (Kalechstein et al., 
2010). Independent of baseline functioning, we did not fi nd 
improvements in working memory in the MA-dependent or 
control subjects. Kalechstein et al. (2010) administered a 
higher dose of modafi nil (400 mg) for 3 consecutive days, 
whereas we acutely administered a lower dose of modafi nil 
(200 mg), and therefore dosage and frequency of modafi nil 
administration may have played a role.
 Lastly, except for MA-dependent subjects underperform-
ing control subjects on one test of inhibitory control (Stroop 
color-word inhibition), the MA subjects and control subjects 
did not signifi cantly differ in cognitive performance after 
controlling for years of education and estimates of IQ. Be-
cause studies controlling for these factors with larger sample 
sizes have shown that MA-dependent subjects have defi cits 
in several cognitive domains compared with control subjects 
(e.g., Cherner et al., 2010; Woods et al., 2005), the current 
null results may be attributable to limited power. However, 
our results underscore the importance of controlling for 
these potential confounds when comparing the cognitive 

performance of MA-dependent subjects with healthy control 
subjects, particularly given that the literature has not consis-
tently taken into consideration education and estimates of IQ 
(Scott et al., 2007).

Limitations

 The present study assessed the effects of modafi nil on 
cognition after a single, acute administration. A single dose 
precludes the investigation of dose-response relationships, 
and chronic drug administration would be more clinically 
relevant than an acute administration. Also, some of the 
cognitive tests administered to participants were conducted 
after the period of peak concentration of modafi nil in blood; 
however, no systematic relationship was observed between 
cognitive enhancement with modafi nil and timing of the 
cognitive procedures. Lastly, because of scheduling delays 
associated with control participants returning to the research 
laboratory, the control participants typically had a longer 
delay between testing sessions than did the MA subjects 
who stayed on the hospital ward. Although a balanced design 
would have been preferable, the delay between testing ses-
sions was not associated with performance on any cognitive 
test (ps > .20).
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