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Abstract

Background—Repetitive transcranial magnetic stimulation (rTMS) can temporarily interrupt or

facilitate activity in a focal brain region. Several lines of evidence suggest that rTMS of the

dorsolateral prefrontal cortex (DLPFC) can affect processes involved in drug addiction. We

hypothesized that a single session of low-frequency rTMS of the left DLPFC would modulate cue-

induced craving for methamphetamine (MA) when compared to a sham rTMS session.

Methods—In this single-blind, sham-controlled crossover study, 10 non-treatment seeking MA-

dependent users and 8 healthy controls were randomized to receive 15 min of sham and real (1

Hz) DLPFC rTMS in two experimental sessions separated by 1 h. During each rTMS session,

participants were exposed to blocks of neutral cues and MA-associated cues. Participants rated

their craving after each cue block.

Results—In MA users, real rTMS over the left DLPFC increased self-reported craving as

compared to sham stimulation (17.86 ± 1.46 vs. 24.85 ± 1.57, p = 0.001). rTMS had no effect on

craving in healthy controls. One Hertz rTMS of the left DLPFC was safe and tolerable for all

participants.

Conclusions—Low frequency rTMS of the left DLPFC transiently increased cue-induced

craving in MA participants. These preliminary results suggest that 1 Hz rTMS of the left DLPFC
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may increase craving by inhibiting the prefrontal cortex or indirectly activating subcortical regions

involved in craving.
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1. Introduction

Methamphetamine (MA) abuse is a substantial public health problem in the United States

and in other parts of the world. Each year, 24.7 million people use amphetamine or

methamphetamine (MA) worldwide, which represents more consumers than that for heroin

or cocaine (United Nations Office on Drugs and Crime, 2008; http://www.unodc.org/

documents/about-unodc/AR08WEB.pdf). Approximately 13 million people 12 years and

older have abused MA in their lifetimes, with approximately 353,000 current users in the US

in 2010 (National Survey on Drug Use and Health, 2010; http://www.drugabuse.gov/

publications/topics-in-brief/metham-phetamine-addiction-progress-need-to-remain-vigilant).

Unfortunately, there are no Food and Drug Administration (FDA) approved medications for

MA dependence and thus behavioral interventions remain the mainstay of treatment

programs (Colfax et al., 2010; Karila et al., 2010). These data emphasize the importance of

developing new treatment approaches for MA users.

Chronic MA abuse is associated with profound alterations in brain circuits and

neurochemical markers, particularly in early abstinence (Baicy and London, 2007; Chang et

al., 2007). These changes include higher activity in the amygdala and lower activity in the

infralimbic cortex, deficits in global metabolism, and altered neural integrity (Volkow et al.,

2001a). Previous imaging studies also reported that MA users showed reduced activation in

frontal cortex regions while they performed a color-word Stroop task, which requires

cognitive control (Nestor et al., 2011; Salo et al., 2013, 2009). In a recent animal study by

our group, we reported that prefrontal cortex-specific alterations in neuronal function might

play a key role in MA induced attentional deficits and drug seeking (Parsegian et al., 2011).

Together, these data suggest that dysfunction in prefrontal cortical areas that are important

for executive function underlies cognitive control deficits associated with MA dependence

(Nestor et al., 2011).

Craving for an addictive substance may be described as an intense subjective urge to acquire

and ingest drug(s), and may be elicited even after periods of sustained abstinence by

exposure to stress, to a priming dose of the drug, or to environmental cues previously

associated with use of the drug (Carter and Tiffany, 1999; Mahoney et al., 2007). Craving

for MA is commonly reported by heavy users of the drug and may increase the risk of

relapse in newly abstinent individuals (Tolliver et al., 2010). MA cravings have been shown

to involve activation of the prefrontal cortex, nucleus accumbens, and the anterior insula,

similar to cravings for other addictive substances such as cocaine, opiates, and alcohol

(Berman et al., 2008; Brody et al., 2002; George et al., 2001; Myrick et al., 2004). Recently,

a treatment study showed that bupropion reduced acute MA-induced subjective effects and

reduced cue-induced craving (Newton et al., 2006). As such, reducing cue craving might be

a strategy to help prevent relapse and treat MA dependence.
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Transcranial magnetic stimulation (TMS) is a noninvasive brain stimulation technology that

can focally stimulate the brain in awake individuals (Barker et al., 1985). This relatively new

method allows modulation of discrete brain areas of the awake and conscious subject under

study. The pulsatile electromagnetic field generated around the coil crosses the skull and

directly depolarize neurons in the underlying cortices, with immediate excitatory effects

(Padberg and George, 2009). In humans, repetitive TMS (rTMS) can induce changes in

cortical excitability. Distinct from the immediate effects of TMS, rTMS leads to different

cumulative effects within the region of the brain being stimulated (Fitzgerald et al., 2006).

Depending on the frequency of the pulsed magnetic fields, rTMS can be used to either

stimulate (high frequency) or suppress (low frequency) neural activity in a particular cortical

region (Chen et al., 1997; Pascual-Leone et al., 1994). Growing evidence generally indicates

that serial rTMS at 1 Hz has an overall inhibitory effect on the region stimulated. An

example of this is temporary inhibition of the motor cortex during digit movement and on

the size of motor evoked potentials (Chen, 2000; Hallett, 2000). In contrast, some evidence

has shown that high-frequency (≥5 Hz) rTMS is excitatory in nature (Fitzgerald et al., 2006;

Haraldsson et al., 2004). In addition, the effects of rTMS are not limited to the exact site of

stimulation and can induce changes in distant interconnected sites of the brain, including

subcortical regions (Bohning et al., 1999; Li et al., 2004). In clinical depression, studies

have reported opposite effects of high and low frequency rTMS on regional brain activity,

with high frequency leading to increased regional cerebral blood flow (rCBF) and low

frequency producing decreased rCBF (Speer et al., 2000).

Commonly employed as a clinical research tool, daily rTMS for 4–6 weeks is a recently

approved US Food and Drug Administration (FDA) treatment for depression (George et al.,

2010; George and Post, 2011). While some studies have shown potential efficacy in treating

some aspects of drug addiction (Barr et al., 2011; Feil and Zangen, 2010), it has not been

studied before in MA addiction. As noted above, low frequency (≤1 Hz) rTMS inhibits

neuronal firing in a localized area and is used to induce virtual lesions in order to examine a

brain region’s role in different tasks (Chen et al., 1997; Iyer et al., 2003), while high

frequency rTMS (≥5 Hz) tends to be excitatory and can cause an increase in neuronal

depolarization under the stimulating coil (Haraldsson et al., 2004). Previous studies of rTMS

over the DLPFC support the ability of rTMS to transiently reduce the level of craving in

tobacco (Li et al., 2013), alcohol (Mishra et al., 2010), and cocaine (Camprodon et al., 2007)

addicted patients. To the best of our knowledge, no study has used rTMS to modulate cue-

induced craving in a MA dependent population. As such, it would be very important as a

first step to evaluate whether a single session of rTMS is safe, tolerable, and efficacious for

craving modulation in MA users.

The purpose of this randomized, single blind sham-controlled study was to test whether low

frequency rTMS of the left DLPFC would modulate cue-induced craving in adult MA users.

We hypothesized that low frequency active rTMS would modulate self-reported MA

cravings more than sham rTMS in MA users. In the current study, we used low frequency

rTMS (and not high frequency rTMS) to investigate cue craving in MA users. This choice

was primarily done for safety reasons. Individuals with a history of MA use exhibit

significantly increased cortical excitability (Flavel et al., 2012) and MA users often show

increased seizure susceptibility (Slamberova et al., 2011). Thus, the potential exists that high
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frequency TMS in MA users may cause seizures. Moreover, no study has been done in an

addicted population with low frequency rTMS. If the theory of prefrontal governance over

craving is correct, then low frequency rTMS, which is inhibitory, might influence craving

and perhaps even worsen it.

2. Methods and materials

2.1. Participants

Ten healthy, non-treatment seeking individuals who met DSM-IV-TR (First and Tasman,

2004) criteria for current MA dependence participated in this study. Eight healthy control

participants who had never used MA were also recruited. Control subjects were matched to

the MA group for gender, race, and other biographical characteristics. All control subjects

had negative urine drug screens during screening. No control subjects currently used tobacco

products or had a lifetime history of any drugs of abuse. All participants were financially

compensated for their participation.

Participants were recruited through local television, radio advertisements, and word-of-

mouth. Participants underwent 1–2 weeks of telephone and in-person screening. The first in-

person screening was preceded by oral and written informed consent approved by the

Institutional Review Board (IRB) of the Medical University of South Carolina (MUSC).

Screening included the MINI diagnostic psychiatric interview (Sheehan et al., 1998), general

medical history, general physical and neurologic assessments, timeline follow back for

multiple drugs and alcohol prior to informed consent, and concurrent medication history.

Laboratory studies included the following: hematology, comprehensive blood chemistries,

routine urinalyses, and daily urine drug screens for amphetamine, MA, opiates, marijuana,

benzodiazepines, cocaine and barbiturates. Participants with significant hepatic, renal,

cardiac or neurological (including stroke, seizure, migraine, head trauma) impairment or a

history of major Axis I disorders such as bipolar disorder, schizophrenia, dementia, or

current depressive disorder were excluded. Participants were also excluded if they had

ferromagnetic implants or if they had taken any medication during the previous thirty days

that might alter central nervous system (CNS) function or CNS blood supply (e.g., calcium

channel agonists, sedative-hypnotics, over-the-counter CNS agents). Control subjects were

subjected to daily urine drug screens and breathalyzers. Demographic and MA using-habits

profile data were collected at baseline.

2.2. Experimental design

A randomized, single-blind, sham and healthy controlled study was employed in 10 MA

users and 8 healthy controls who received 2 different types of brain stimulation during one

visit: sham rTMS and real rTMS of the DLPFC, with an hour interval between treatment

sessions (see Fig. 1 for details). The order of stimulation was randomized and

counterbalanced across participants. The randomizations were performed with a web-based

randomization generator (www.randomization.com). Participants were blind to the treatment

arm.
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2.3. Cue craving presentation and assessments

Each cue craving presentation lasted for approximately 15 min. The cue exposure

presentation consisted of 40 MA pictures and 40 neutral pictures. These pictures of MA-

related (drug, paraphernalia, or persons using the drug) and neutral pictures were selected as

described previously (Tolliver et al., 2010). Each picture was presented twice for 4 s.

Participants were instructed to pay close attention to the pictures. Standard visual analog

scales (VAS) that consisted of 100 mm lines with anchoring statements at both ends were

completed after each block of picture presentation on a desktop computer. Subjects were

asked to rate craving with 0 mm being “no craving at all” and 100 mm representing “the

most craving I have ever had”. Cue craving presentation and VAS were conducted during

real rTMS or sham stimulation as well as pre experiment baseline.

2.4. rTMS procedure

2.4.1. Determining motor threshold and locating cortical targets—Focal TMS

was delivered by a focal figure-of-eight magnetic air-cooled coil (each wing 70 mm in

diameter) connected to a MAGSTIM Super Rapid stimulator (Magstim Co., Whitland,

Dyfed, UK) that generated biphasic electrical pulses of approximately 250 μs duration.

Resting motor thresholds (rMT) were performed via visual twitch in the contralateral (right)

abductor policis brevis (APB) at the beginning of each experiment. The coil was positioned

over the area of the skull corresponding to the motor cortex, adjusted until each pulse

resulted in isolated movement of the right APB, and then adjusted for the lowest intensity

that reliably produced thumb or hand movement. rMT was defined as the lowest output to

produce thumb movement 50% of the time (Ziemann and Hallett, 2000). The position of the

coil used for rMT assessment was identified as the motor cortex target (M1). The

standardized stimulation localization was over the left prefrontal cortex, determined by

moving the TMS coil 6 cm anterior to M1 along a parasagittal line (George and Post, 2011;

Herbsman et al., 2009).

2.4.2. Real rTMS—Subjects received 1 Hz, at 100% rMT for 15 min with 900 pulses over

the left DLPFC. This setting falls well within the safety guidelines (Rossi et al., 2009).

2.4.3. Sham rTMS—During sham stimulation, we raised the lateral wing of the figure

eight coil 45° off the head with the edge of the medial wing of the coil still touching the

scalp. The sham TMS system was connected to an electrical generator on a 9 V battery and

electrodes were placed over the medial prefrontal cortex. The regulator was triggered by the

TMS machine to allow brief, microsecond pulses of the electrical current through to the skin

on the subjects’ forehead. Electrical stimulation was triggered by the TMS machine to

correspond to the sham TMS pulses. The intensity of the electrical stimulation was matched

to subjects’ subjective experience of real TMS at 100% of rMT.

2.5. Data analyses

Analyses were completed with SPSS statistical software, version 20.0 (IBM corporation,

Endicott, New York). A mixed model analysis of variance (ANOVA) was used to assess the

main effects of groups (healthy controls vs. MA users), treatments (baseline vs. real rTMS
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vs. sham rTMS), and cue exposure conditions (neutral vs. MA cue) on MA craving ratings.

T tests and one-way ANOVA were used for post hoc analyses.

3. Results

3.1. Participant demographics

Table 1 shows the demographic information for study subjects. Ten healthy, non-treatment

seeking individuals who met DSM-IV-TR criteria for current MA dependence (3 men and 7

women; the average age was 34.7 ± 10.6) participated in this study. Eight control

participants (1 man and 7 women; the average age was 32.5 ± 12.6) who had never used MA

were also recruited for study participation. There were no significant difference between the

MA and control groups in terms of average age, gender, and race.

3.2. Cue exposure paradigm validity and reliability

Baseline cue exposure assessment: Mixed model ANOVA results showed a main effect of

cue pictures (MA cue: 11.57 ± 1.11 vs. neutral cue: 4.29 ± 1.18; F1,297 = 20.18, p < 0.0001)

and a main effect of group (control: 0.04 ± 1.07 vs. MA: 15.82 ± 1.22; F1,297 = 94.69, p <

0.00001). Post hoc results showed that in the healthy control group, there was no significant

difference in subjective cue craving rating between MA cues and neutral cues (0.08 ± 1.45

vs. 0.00 ± 1.56, t = 1.05, p = 0.29). In the MA users group, the craving rating following MA

cue exposure was significantly higher than it was after neutral cue exposure (23.06 ± 3.3 vs.

8.58 ± 1.4, t = 3.89, p < 0.001; see Fig. 2 for details).

3.3. Modulation of rTMS on MA cue craving

Comparisons of cue-induced cravings were performed between real rTMS and sham

stimulation, between neutral cues and MA cues, and between healthy controls and MA

users. With respect to subjective cue rating, the results showed significant main effects for

group and for cues. Mixed model ANOVA showed that the cue craving of MA users group

was significantly higher than the control group (0.11 ± 0.60 vs. 16.22 ± 0.66; F1,1074 =

321.8, p < 0.0000001); MA cue craving was significant higher than neutral cue craving

(11.0 ± 0.63 vs. 5.33 ± 0.65; F1,1074 = 39.97, p < 0.000001). Although the main effect of

treatment was not significant (7.92 ± 0.85 vs. 7.21 ± 0.73 vs. 9.36 ± 0.75; F2,1074 = 2.17, p =

0.14), post hoc results showed that the cue craving during real rTMS was significantly

higher than it was during sham stimulation (7.92 ± 0.85 vs. 9.36 ± 0.75, p = 0.04). The

results also showed a significant two-way interaction “group (healthy controls vs. MA) and

treatment (baseline vs. sham vs. real stimulation)”, p < 0.001. Post hoc t-test showed a

significant difference between sham TMS and real TMS in MA group (14.25 ± 1.05 vs.

18.58 ± 1.11, p = 0.005). No significant difference was found in healthy control group.

Further, post hoc t-test was conducted for MA cues data in MA group. The results in the MA

group showed that real TMS induced significantly increased cue craving than did sham TMS

(24.85 ± 1.57 vs. 17.86 ± 1.46, p = 0.001; see Fig. 3 for details).

3.4. Safety

The major safety concern in rTMS studies is induction of seizures. No seizures occurred nor

were any serious adverse events recorded. The only adverse events were that some
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participants experienced mild scalp discomfort at the start of stimulation, but this was mild

and transient and equal across the sham and active sessions.

4. Discussion

This study found that a lab-based paradigm of MA-related cue exposure reliably increased

subjective craving in MA participants, but had no effect in healthy control participants. With

this background, we found that low-frequency rTMS of the left DLPFC significantly

increased MA participants’ self-reported cue-induced cravings for MA when compared to

sham rTMS of the same region. To the best of our knowledge, this is the first demonstration

that low-frequency rTMS of left DLPFC can modulate cue-induced craving for MA.

The mechanism by which low frequency rTMS affects cue-elicited craving in MA is likely

multifaceted. One possible explanation is that low frequency rTMS inhibits DLPFC function

(Figner et al., 2010; Knoch et al., 2006). The dopaminergic mesocorticolimbic pathway,

which arises in the ventral tegmental area (VTA) and connects brain structures involved

with reward (e.g., nucleus accumbens) and cognitive control (e.g., prefrontal cortex),

appears to be a critical substrate of drug craving and relapse (Di Chiara, 2000; Diana, 2011;

Melis et al., 2005). Chronic MA abuse is associated with profound alterations in these brain

circuits, especially during early abstinence. Elevated activity in the amygdala and

diminished activity in the infralimbic cortex are among the changes induced by MA abuse.

Moreover, MA abuse may also induce structural deficits in cingulate, limbic and paralimbic

regions and deplete markers of dopaminergic and serotonergic neurotransmitter systems.

These neurochemical findings are consistent with changes in neural integrity as well as glial

cell proliferation or metabolism (McCann et al., 1998; Volkow et al., 2001b; Wilson et al.,

1996). Drug-dependent individuals also exhibit lower resting activity in the prefrontal

cortex. When such individuals are exposed to drug-related cues, there is marked activation

in the prefrontal cortex and ventral striatum (Goldstein et al., 2009). Furthermore, MA-

dependent individuals show impairments in prefrontal-dependent cognition, including

deficits in self-regulation and impulse control, which contribute to relapse vulnerability

(Nestor et al., 2011). The assumption in most preclinical and clinical studies is that changes

in these prefrontal-striatal circuits (and the accompanying impulsivity) result from chronic

drug use rather than preexisting genetically or epigenetically determined deficits. In

addition, previous studies combining TMS and fMRI done by our group have confirmed that

rTMS of the DLPFC induces brain activation in sub-cortical regions (Bohning et al., 1999;

Li et al., 2011, 2004) linked with appetitive drive. These TMS/fMRI findings support the

idea that rTMS of the DLPFC causes functional changes in subcortical regions, such as the

reward system. The DLPFC is associated with executive functions as decision-making,

behavioral inhibition, and repetitive behavior. Low frequency rTMS of the DLPFC may

affect craving through its influence on decision making (Fecteau et al., 2010) and inhibitory

control (Feil and Zangen, 2010) as risky decision making and difficulty with inhibitory

control are traits common to people who suffer from addiction.

In nicotine dependent individuals, we previously reported that 15 min of excitatory, high

frequency (10 Hz) rTMS of the left DLPFC significantly reduced cigarette cue-induced

craving as compared to sham stimulation (Li et al., 2013). However, we did not compare
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high frequency rTMS with low frequency rTMS. Rose and colleagues reported that cue-

induced craving was elevated after 10 Hz stimulation of the superior frontal gyrus, whereas

craving after neutral cue presentations was reduced (Rose et al., 2011). Repeated low-

frequency stimulation of a single neuron in culture produces long-lasting inhibition of cell–

cell communication (Bear, 1999; Stanton and Sejnowski, 1989; High frequency stimulation,

by contrast, can improve or enhance neurotransmission Malenka and Nicoll, 1999). It has

been hypothesized that TMS can produce sustained inhibitory or excitatory effects in a way

analogous to single-cell electrical stimulation (Wang et al., 1996). Our results are consistent

with the model that suppression of the left DLPFC by low frequency rTMS reduces

inhibitory control, leading to enhance cue-induced cravings for drugs like MA. Consistent

with this notion, in nicotine dependence, our previous data suggest that 10 Hz rTMS of the

left DLPFC leads to a significant suppression of cue-induced craving (Li et al., 2013).

The current study also provides evidence that low frequency (1 Hz) TMS can be safely used

in well-screened MA-dependent subjects. Importantly, there were no severe adverse events

such as seizure activity. However, more studies are needed to fully explore the safety profile

of TMS parameters in MA participants (Tassinari et al., 2003; Wassermann, 1998).

There are several limitations of the current study. First, we were cautious about the number

and frequency of TMS pulses administered to our participants, given the elevated risk of

seizure activity in MA-dependent subjects (Flavel et al., 2012; Slamberova et al., 2011). We

only used low frequency stimulation, as we presumed that low frequency TMS would be

safest due to the association of MA with increased seizure susceptibility (Slamberova et al.,

2011). Future work should evaluate the effects and safety of higher frequencies (e.g., 10 and

20 Hz) in MA-dependent populations, as these higher frequencies have been used to treat

other drug addictions (Barr et al., 2011; Feil and Zangen, 2010). Also, an increased number

of stimuli may be warranted in future craving studies. Second, the current study does not

examine more than the left DLPFC, so it does not determine that the left DLPFC is the

optimal area for TMS stimulation. However, one previous MRI study reported that MA

dependence showed reduced gray matter density in the left middle frontal gyrus, which is

modulated by the DLPFC (Hare et al., 2009; Schwartz et al., 2010). Furthermore, one rTMS

in smokers conducted by our group showed that left DLPFC rTMS reduced cue craving for

smoking (Li et al., 2013). Third, the small sample size of the current study may have led to

Type II errors. However, ratings in both healthy controls and pre-experiment baseline cue-

induced cravings were measured. Additionally, the current cue-craving paradigm has a high

validity and reliability (see Section 3 and Fig. 2 for details). Finally, cue-induced cravings

were assessed only at baseline testing and during rTMS session and sham stimulation

session. As such, the current study could only investigate the immediate temporal effects of

rTMS. In future studies, we plan to measure the longer-term effects of high frequency rTMS

in MA participants.

The results of this preliminary study demonstrate that low frequency rTMS of the left

DLPFC can temporarily increase cue-induced craving in MA users. This finding suggests

that low frequency rTMS suppresses prefrontal cortex function to enhance cue-induced

craving in MA users. Future studies may test whether high frequency rTMS can reduce cue

craving through increasing prefrontal cortex functions.
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Fig. 1.
Diagram showing the stimulation and assessments that were performed during this study. M

= methamphetamine, O = object.
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Fig. 2.
Comparisons of cue-induced craving rating between neutral cue and MA cue in the healthy

control group and the MA dependent user group on baseline assessment. Mixed model

analysis of variance revealed a significant main group (control vs. MA) effect (p < 0.0001)

and a significant main cue exposure effect (p < 0.00001). Post hoc t test showed that MA

cue exposure induced significant higher subjective cue craving ratings (p < 0.001), while no

significant difference was found between neutral and MA cue in control group (p = 0.29).

Mean ± SEM; *p < 0.05, **p < 0.01.
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Fig. 3.
Comparisons of cue-induced craving rating between TMS and sham; neutral cue and MA

cue; control group and the MA group. Mixed model analysis of variance showed that the cue

craving of MA group was significant higher than control group (p < 0.0000001); MA cue

craving was significant higher than neutral cue (p < 0.000001). Although main effect of

treatment was not significant (p = 0.14), post hoc results showed that the cue craving during

TMS was significant higher than that during sham stimulation (7.93 vs. 9.36, p = 0.04).

Further, post hoc analysis did not show a significant difference of cue craving between real

and sham TMS in healthy controls, while the post hoc results of MA group showed that real

TMS induced significantly cue craving than sham TMS (17.86 ± 1.46 vs. 24.85 ± 1.57, p =

0.001). Mean ± SEM; *p < 0.05, **p < 0.01.
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Table 1

Demographics and methamphetamine use (mean ± SD).

Methamphetamine (n = 10) Control (n = 8) Statistics

Age 34.7 ± 10.6 32.5 ± 12.6 p = 0.68, NS

Education 10.7 ± 1.8 14.4 ± 2.5 p = 0.002

Gender (male/female) 4/8 1/7 p = 0.29, NS

Race (%Caucasian/other) 100/0 100/0 NS

Years of meth use 10.7 ± 7.1 NA

Baseline % days abstinent 88.0 ± 62.7 NA
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