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 There are currently no approved medications for the treatment of methamphetamine 

dependence, and the efficacy of psychosocial interventions for substance use disorders may be 

hindered by impairments in self-control or by excessive drug craving. Differences in brain 

structure between methamphetamine-dependent and healthy research participants have been 

reported; however, more work is necessary to determine how these differences arise and if they 

contribute to cognitive processes and behaviors that undermine treatment outcomes. 

 Although most methamphetamine-abusing individuals also smoke tobacco cigarettes, 

the effects of smoking on brain structure have not been distinguished from those of 

methamphetamine. Changes in brain structure with abstinence from methamphetamine have 

also been unexplored. Studies 1 and 2, therefore, attempted to account for effects of cigarette 

smoking and brief abstinence from methamphetamine on gray-matter volume in 

methamphetamine-dependent research participants. As cross-sectional studies cannot 

distinguish the extent to which structural abnormalities observed in individuals with 
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methamphetamine dependence result from drug use or reflect neurobiological risk factors that 

predate drug use, the purpose of Study 3 was to determine how a chronic escalating dosing 

regimen of methamphetamine (or a saline, as a control) affects corticostriatal structure in vervet 

monkeys. Problematic drug use is associated with difficulty in exerting self-control over 

behaviors and drug craving, these difficulties may be a consequence of atypical morphometric 

characteristics that are exhibited by methamphetamine-dependent individuals. Study 4, 

therefore, examined the relationships between impulsivity, craving for methamphetamine, and 

gray-matter volume.  

 Study 1 demonstrated that cigarette smokers (control or methamphetamine-dependent) 

have smaller gray-matter volume in the orbitofrontal cortex and caudate nucleus than individuals 

with no prior history of cigarette or methamphetamine abuse. Individuals concurrently abusing 

methamphetamine and cigarettes also have smaller gray-matter volumes in frontal, parietal and 

temporal cortices than control participants (cigarette nonsmokers or smokers), and smaller gray-

matter volume in insula than control nonsmokers. Findings from Study 1 provide new 

information about the regional distribution of gray-matter deficits associated with 

methamphetamine dependence and suggest that cigarette smoking or neurobiological risk 

factors that promote drug use may explain differences between methamphetamine-dependent 

and control participants. In Study 2, gray matter increased in inferior frontal, angular, and 

superior temporal gyri, precuneus, insula, occipital pole in individuals who maintained 

abstinence from methamphetamine for ~30 days, but not control participants; the cerebellum 

showed a decrease in volume with abstinence from methamphetamine. Study 3 provides the 

first evidence that exposure to a methamphetamine dosing regimen that resembles human use 

alters the structural integrity of the striatum and suggests that gray-matter abnormalities 

detected in human methamphetamine users are due, at least in part, to the pharmacological 

effects of drug experience. Finally, Study 4 shows that impulsivity is negatively associated with 

prefrontal gray-matter volume in methamphetamine-dependent individuals, while craving for 
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methamphetamine is negatively associated with gray-matter volume in prefrontal, insular, 

temporal and occipital cortices. These findings suggest that individual differences in gray-matter 

volume may influence cognitive processes that play a critical role in substance use disorders. 

Interventions designed to induce neuroplastic changes in these brain regions may also produce 

corresponding changes in impulsivity or craving, potentially leading to improved treatment 

outcomes from methamphetamine dependence.  
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 Background and Significance 
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Methamphetamine 

Mechanism of Action  

Methamphetamine is classified as a Schedule II drug because it is a powerful 

psychostimulant with high abuse potential (Controlled Substances Act, 1970). Like that of other 

amphetamine-type stimulants, the chemical structure of methamphetamine consists of a phenyl 

ring connected to an amino group by a two-carbon side chain with an attached methyl group 

(Fleckenstein et al, 2007); however, an additional N-methyl group increases lipophilicity and 

allows methamphetamine to cross the blood-brain barrier more rapidly than amphetamine 

(Vearrier et al, 2012). Once inside the brain, methamphetamine produces central and peripheral 

release of dopamine, serotonin and norepinephrine (Rothman et al, 2001). Methamphetamine 

can be transported into the cell via monoamine transporters on the cell surface, or it can diffuse 

across the cell membrane (Fischer and Cho, 1979; Mack and Bonisch, 1979). Once inside the 

cell, methamphetamine enters neurotransmitter vesicles via vesicular monoamine transporters, 

disrupts the proton gradient, and releases neurotransmitter from the vesicle into the cytoplasm 

(Floor and Meng, 1996; Schwartz et al, 2006). Neurotransmitters move from the cytoplasm to 

the synaptic cleft through plasma-membrane transporters (Fischer et al, 1979; Kahlig et al, 

2005). Methamphetamine also prevents reuptake of neurotransmitter from the synapse into the 

cell (Fleckenstein et al, 2007; Sulzer et al, 2005). The actions of these neurotransmitters are 

believed to contribute to the short- and long-term effects of methamphetamine use.  

Biological Effects 

The Food and Drug Administration has approved methamphetamine for treatment of 

attention deficit hyperactivity disorder and for the short-term treatment of obesity because it 

improves concentration and reduces appetite. Other acute effects measured in the laboratory 

include euphoria, behavioral disinhibition, short-term improvement of cognition and increased 

arousal, heart rate, blood pressure and temperature (Kish, 2008). After methamphetamine is 

smoked, snorted or injected it has a plasma half-life of approximately 10 hours and the acute 
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effects of a moderate dose (30 mg) can last for up to 8 hours (Cruickshank and Dyer, 2009); 

however, a review of the existing literature indicates that outside the laboratory 

methamphetamine-dependent individuals use 50 to 1400 mg of methamphetamine per day 

(Dean et al, 2013). On the basis of hospital admissions and arrests records, it has been 

determined that the large doses of methamphetamine that are used outside the laboratory 

produce a variety of adverse acute effects, including psychiatric symptoms such as anxiety, 

psychosis, and paranoia; medical complications such as tachycardia, hypertension, and 

tachypnea; violent behavior, and agitation (Darke et al, 2008; Zweben et al, 2004). Chronic use 

of methamphetamine is linked to a variety of physiological problems, including coronary 

atherosclerosis, myocardial infarction and ischemia, arrhythmia and ventricular hypertrophy 

(Darke et al, 2008), choreoathetoid movements, dyskinesias, and tooth erosion (Rusyniak, 

2011).  

Individuals who use methamphetamine may develop substance use disorders (McKetin 

et al, 2006) characterized by varying levels of clinically significant impairment or distress. The 

fourth edition of the Diagnostic and Statistical Manual of Mental Disorders distinguished 

between methamphetamine abuse and dependence. Methamphetamine abuse is characterized 

by the failure to fulfill major obligations, substance-related legal problems and continued use 

despite physical hazards or social problems, while dependence is characterized by tolerance, 

withdrawal, using the drug more than intended and the inability to reduce use (American 

Psychiatric Association, 2000). In 2013, the fifth edition of the Diagnostic and Statistical Manual 

of Mental Disorders combined substance abuse and dependence into substance use disorder, a 

category that varies on a spectrum from mild to severe (American Psychiatric Association, 

2013). Understanding the neurobiology of methamphetamine addiction is imperative, as there is 

evidence to suggest that market for illicit amphetamine-type stimulants, including 

methamphetamine, is expanding worldwide (United Nations Office on Drugs and Crime, 2013).  
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The Scope of the Problem 

Approximately 33.8 million people, or 0.7 percent of the global population, reported using 

amphetamine-type stimulants illicitly in 2011. More specifically, while use of amphetamine-type 

stimulants remains relatively stable in traditional markets such as North America (1.3% of the 

population) and Oceania (2.1% of the population), use appears to be increasing in other parts of 

the world, such as Asia (0.7% of the population). Methamphetamine is relatively easy to 

manufacture; therefore, “mom-and-pop” or “super” laboratories are able to supply large 

quantities of high-purity drug (Barr et al, 2006; Shukla et al, 2012). Globally, between 2010 and 

2011 amount of methamphetamine seized rose by 73 percent to 88 tons. The amount of 

methamphetamine seized was greatest in North America, with the number of methamphetamine 

laboratories quadrupling in the United States between 2010 and 2011 (United Nations Office on 

Drugs and Crime, 2013). Illicit use and manufacture of methamphetamine are serious public 

health concerns, as they are associated with substantial societal and personal costs. 

In 2005, it was estimated that use of methamphetamine produced an economic burden 

of 23.4 billion dollars in the United States (Nicosia et al, 2009). Health risks associated with 

acute and chronic methamphetamine use contribute to the economic burden associated with 

methamphetamine use by decreasing quality of life, resulting in premature death, and by 

generating health care costs. Additional costs of methamphetamine use include crimes 

committed to obtain the drug or due to methamphetamine-induced violent behavior and hazards 

related to methamphetamine production (Vearrier et al, 2012). These personal and societal 

costs are especially problematic as the limited effectiveness of treatment for methamphetamine 

dependence still presents a significant challenge in the field. 

Treatment for Methamphetamine Use Disorder 

There are currently no approved pharmacological treatments for methamphetamine use 

disorder and psychosocial interventions are not effective for many individuals (Cretzmeyer et al, 

2003; Rawson et al, 2002). For example, 50% of individuals in publicly-funded treatment 
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programs for methamphetamine dependence relapse within 2-3 years (Brecht et al, 2000); 

therefore, improving the success of available treatment approaches is critical. Psychosocial 

interventions, such as cognitive behavioral therapy, are designed to help individuals exert 

executive control over thoughts and behaviors that promote drug use (Lee and Rawson, 2008).  

The goal of contingency management, a different intervention, is to motivate change through the 

use of incentives (Carroll and Onken, 2005). The success of these interventions may depend on 

the neurobiological substrates that influence self-control and motivational processing. 

Consistent with this hypothesis, studies in methamphetamine-dependent individuals show that 

individual differences in brain activation in insula, cingulate and temporal cortex during 

performance of a decision making task predicts relapse to methamphetamine abuse after 

completing a treatment program which included cognitive-behavioral therapy and 12-step 

meetings (Paulus et al, 2005). Similarly, lower D2-like dopamine receptor availability and less 

dopamine release in striatum are associated with greater probability of relapse during treatment 

programs using contingency management for cocaine dependence (Martinez et al, 2011) or 

cognitive-behavioral therapy for methamphetamine dependence (Wang et al, 2012). Continuing 

to conduct basic research to develop a better understanding of how methamphetamine use 

relates to neurobiology has the potential to provide new information to guide the optimization of 

existing treatment programs or the development of new interventions (Konova et al, 2013).   

Gray-Matter Morphometry in Methamphetamine Use Disorder 

Previous brain imaging studies have shown that chronic methamphetamine abuse is 

associated with abnormal brain chemistry, function and structure (Baicy and London, 2007; 

Berman et al, 2008b; Chang et al, 2007). The experiments in this dissertation focus on 

assessments of gray matter using high-resolution structural magnetic resonance imaging. 

Structural magnetic resonance imaging can be used to assess the volume, thickness, surface 

area, shape or intensity of gray-matter tissue. While much remains to be understood about the 

microstructures that underlie individual differences in gray-matter measurements, it has been 
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hypothesized that they could reflect individual differences in neuropil, neuronal size, 

synaptogensis, dendritic arborization, or cell numbers. As growing literature suggests that 

differences in structural integrity of the brain influence behavior and cognition (Kanai and Rees, 

2011), structural magnetic resonance imaging may be useful for understanding addiction. 

In general, structural magnetic resonance imaging studies show that individuals with a 

history of methamphetamine abuse have lower gray-matter volume in the cortex, but higher 

gray-matter volume in the striatum than healthy individuals (Berman et al, 2008a). More 

specifically, individuals who abuse methamphetamine chronically have lower gray-matter 

volume in the hippocampus, anterior cingulate, dorsolateral prefrontal, orbitofrontal, and 

superior temporal cortices (Nakama et al, 2011; Thompson et al, 2004) and lower gray-matter 

density in the bilateral middle frontal gyrus (Kim et al, 2006), and bilateral insula (Schwartz et al, 

2010) than control subjects. Conversely, methamphetamine-dependent individuals have larger 

gray-matter volume in parietal cortex, caudate nucleus, lenticular nucleus, nucleus accumbens 

(Jernigan et al, 2005), putamen, and globus pallidus (Chang et al, 2005) than control groups. 

Although these studies begin elucidating the pattern of gray-matter abnormalities associated 

with methamphetamine dependence, much remains unknown. Additional studies are needed to 

determine the etiology, reversibility, and behavioral relevance of individual differences in gray-

matter volume in methamphetamine-dependent individuals.  

Possible Etiology of Gray-matter Abnormalities in Methamphetamine Use Disorder  

Methamphetamine-Induced Neurotoxicity 

Lower cortical gray-matter volume in methamphetamine-dependent individuals than 

healthy controls may reflect methamphetamine-induced neurotoxicity. Studies in nonhuman 

primates and rodents indicate that methamphetamine induces the degeneration of dopamine 

and serotonin nerve terminals (Axt and Molliver, 1991; Fukui et al, 1989; Ricaurte et al, 1982). 

Associated with this degeneration is loss of dopamine and serotonin transporters, depletion of 

dopamine and serotonin levels and decreases in tyrosine hydroxylase and tryptophan 
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hydroxylase activity (Axt et al, 1991; Groman et al, 2012; Hotchkiss and Gibb, 1980; Ricaurte et 

al, 1982; Seiden and Sabol, 1996; Woolverton et al, 1989). Although methamphetamine-

induced damage to dopamine nerve terminals in the striatum is prominent, damage to serotonin 

nerve terminals has also been detected in hippocampus, prefrontal cortex, amygdala and 

striatum (Yamamoto and Bankson, 2005). There is also evidence that methamphetamine 

damages the cell bodies of nonmonoaminergic cells. For example, methamphetamine 

contributes to cell death in various brain regions of rodents via necrotic and apoptotic 

mechanisms (Cadet et al, 2005; Davidson et al, 2001). It is believed that many interrelated 

mechanisms contribute to cell damage. These include oxidative stress, excitotoxicity, changes 

to mitochondrial function, hyperthermia, disruption of the blood brain barrier, and inflammation 

(Marshall and O'Dell, 2012; Yamamoto et al, 2005). While animal models have been necessary 

to determine the causal links between methamphetamine exposure and neurotoxicity, studies in 

humans have produced results that are generally consistent with observations in animals. 

Positron emission tomography and post-mortem studies indicate that manifestations of 

dopaminergic and serotonergic nerve terminal damage are also present in humans who abuse 

methamphetamine (Lee et al, 2009; Sekine et al, 2006; Volkow et al, 2001a; Volkow et al, 

2001c; Wilson et al, 1996). Furthermore, studies using magnetic resonance spectroscopy 

suggest that methamphetamine abuse is associated with neuronal damage. Magnetic 

resonance spectroscopy can be used to measure levels of N-acetylaspartate, a metabolite that 

is localized to living neurons and represents neuronal density or content (Urenjak et al, 1993). 

Compared to healthy individuals, those who abuse methamphetamine have lower levels of N-

acetyl compounds in the frontal lobe (6%), basal ganglia (5%) (Ernst et al, 2000). Creatine-

phosphocreatine levels represent high-energy phosphate metabolism and are commonly used 

in spectroscopy as a standard for normalizing other metabolite levels and thereby reducing 

intersubject variability due to external factors (Kantarci, 2013; Tedeschi et al, 1995). The ratio of 

N-acetyl compounds to creatine is also lower in the anterior cingulate in methamphetamine 
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abusers than healthy controls (Nordahl et al, 2002; Taylor et al, 2000); furthermore, this 

difference persists even after 1-5 years of abstinence from methamphetamine and is correlated 

with years of methamphetamine use, suggesting a dose-dependent relationship between 

methamphetamine exposure and neuronal damage (Nordahl et al, 2005).  

Inflammation 

As the innate immune response is characterized in part by proliferation and 

morphological changes of microglia and astrocytes (Ransohoff and Brown, 2012), it has been 

hypothesized that greater gray-matter volumes in methamphetamine-dependent individuals than 

healthy controls (Chang et al, 2005; Jernigan et al, 2005) is attributable to increased cell 

volumes or water content due to inflammation (Chang et al, 2007). In rodents, exposure to 

methamphetamine produces morphological changes indicative of reactive gliosis and increases 

gene and protein expression of factors associated with activation of the innate immune 

response (e.g. pro-inflammatory cytokines released by activated glia) (Clark et al, 2013; 

Goncalves et al, 2008; LaVoie et al, 2004; Loftis et al, 2011; Wisor et al, 2011). There is 

evidence to suggest that D2 dopamine receptors located on astrocytes regulate the immune 

response (Shao et al, 2012) and that neuroinflammation contributes to methamphetamine-

induced nerve terminal damage (Thomas et al, 2004). 

There is also evidence of neuroinflammation in humans exposed to methamphetamine. 

Magnetic resonance spectroscopy studies can be used to measure levels of choline-containing 

compounds (Miller, 1991) and myoinsositol, two cerebral metabolites which are more prevalent 

in glial cells than neurons (Brand et al, 1993; Ernst et al, 2000). Compared with control 

participants, individuals who abuse methamphetamine have higher levels of choline-containing 

compounds and myoinositol in frontal gray matter. Ratios of choline to creatine or N-acetyl 

compounds are higher in methamphetamine abusers than healthy controls in the basal ganglia 

(Sekine et al, 2002) and anterior cingulate (Nordahl et al, 2005); furthermore, there was an 

inverse correlation between years of abstinence and choline to creatine ratios in the anterior 
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cingulate cortex suggesting that some recovery is possible after prolonged abstinence (Nordahl 

et al, 2005). A positron emission tomography study that used [11C]PK11195 to index activated 

microglia in abstinent methamphetamine abusers and healthy controls corroborates the results 

from the magnetic resonance spectroscopy studies. Individuals who abuse methamphetamine 

had greater microglia activation in midbrain, striatum, thalamus, orbitofrontal and insular cortex 

(Sekine et al, 2008). In the midbrain, striatum and thalamus greater duration of abstinence from 

methamphetamine is associated with lower levels of microglia activation. Methamphetamine-

induced inflammation may be behaviorally relevant, as peripheral markers of immune activation 

are associated with impaired cognitive functioning (Loftis et al, 2011).  

Methamphetamine-Induced Neuroplasticity  

Studies in rodents and nonhuman primates show that exposure to amphetamine-type 

stimulants is associated with changes in dendritic branching and spine density in prefrontal and 

striatal regions implicated in methamphetamine use disorders (Robinson and Kolb, 2004). 

Repeated exposure to methamphetamine, but not saline, is associated with increased spine 

density in the dorsolateral striatum and decreased spine density in the dorsomedial striatum 

(Jedynak et al, 2007). A study examining synaptic plasticity in medium spiny neurons in the 

nucleus accumbens and in layer III pyramidal neurons in the medial prefrontal cortex showed 

that exposure to amphetamine increased the length of dendrites, density of dendritc spines, and 

the number of branched spines (Robinson and Kolb, 1997). Overall, these studies suggest that 

amphetamine-type stimulants, including methamphetamine, produce regionally specific effects 

on dendritic morphology that persist even after drug administration ceases.  

Genetic Influences 

 As brain structure (Peper et al, 2007; Thompson et al, 2002; Thompson et al, 2001) and 

addiction (Agrawal and Lynskey, 2008; Li and Burmeister, 2009; Uhl et al, 2008) are both 

heritable, it is possible that differences in brain structure between methamphetamine-dependent 

and healthy individuals reflect preexisting differences between the groups that confer genetic 
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vulnerability for drug use. To test this hypothesis, a recent study compared 50 cocaine or 

amphetamine-dependent individuals and their siblings with no history of chronic drug use to 

healthy controls with no personal or family history of drug abuse (Ersche et al, 2012). Stimulant-

dependent individuals and their unaffected siblings had greater gray-matter volume in putamen, 

amygdala and hippocampus than control subjects. In contrast, lower volumes of orbitofrontal 

cortex and anterior insula than in control subjects was unique to the stimulant-dependent 

individuals and was not observed in their unaffected siblings. Taken together these findings 

suggest that some, but not all of the gray-matter abnormalities observed in methamphetamine-

dependent individuals predate drug use.  

Contributions of Lifestyle Differences and Comorbidities 

 Cross-sectional studies comparing methamphetamine-dependent and healthy control 

groups reveal that the groups differ on many lifestyle, psychological and physiological factors; 

therefore, it is difficult to attribute differences between the groups to methamphetamine abuse 

(Hart et al, 2011). For example, individuals who abuse methamphetamine report high rates of 

childhood trauma and psychological problems. A study of 350 individuals who were treated for 

methamphetamine dependence revealed that approximately a third of the sample experienced 

childhood sexual or physical abuse, while approximately a fourth of the sample had attempted 

suicide or received inpatient care for psychiatric problems (Brecht et al, 2004). Furthermore, 

methamphetamine-dependent individuals use a variety of drugs other than their drug of choice 

(Darke et al, 2008). These factors could influence differences in gray matter between groups, as 

evidenced by that fact that childhood trauma (Edmiston et al, 2011; Tomoda et al, 2009a; 

Tomoda et al, 2009b), psychiatric problems (Raine et al, 2000; Sheline et al, 1996; Steen et al, 

2006) and other drug use (Lyoo et al, 2006; Pfefferbaum et al, 1998; Wilson et al, 2000) are 

commonly associated with in gray-matter abnormalities in prefrontal, limbic and striatal 

structures implicated methamphetamine dependence. In order to develop a better 

understanding of the neurobiology that supports methamphetamine dependence, factors that 
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differentiate control and methamphetamine-dependent groups should be more carefully 

examined; therefore, this dissertation focuses on comparing methamphetamine-dependent 

individuals to a control group matched for cigarette consumption.  

Cigarette Use: While only 22% of the general population smokes cigarettes, the 

frequency is much higher in individuals who abuse methamphetamine (87-92%) (Weinberger 

and Sofuoglu, 2009). Individuals who use cocaine and smoke cigarettes report longer durations 

of stimulant use, greater frequency and quantity of use, are less educated, and have more legal 

problems than those who abuse cocaine but do not smoke cigarettes (Roll et al, 1996). 

Furthermore, studies in animals and humans suggest that nicotine exposure influences 

subsequent stimulant use. For example, adolescent rats pretreated with low doses of nicotine 

learned how to self-administer cocaine faster than rats pretreated with saline (McQuown et al, 

2007). In humans, longitudinal studies show that cigarette smoking during adolescence predicts 

the development of stimulant dependence after initial cocaine exposure (Lambert et al, 2006). 

Together, these studies suggest that the short- and long-term neurobiological effects of nicotine 

and other compounds found in cigarettes may be important in understanding methamphetamine 

use disorder.  

Individuals who smoke tobacco have lower gray-matter density and/or volume in 

prefrontal cortex (Almeida et al, 2008; Brody et al, 2004a; Gallinat et al, 2006; Zhang et al, 

2011a), cingulate gyrus (Almeida et al, 2008; Brody et al, 2004a; Gallinat et al, 2006), 

cerebellum (Brody et al, 2004a; Gallinat et al, 2006), thalamus and parietal cortex (Almeida et 

al, 2008; Gallinat et al, 2006), insula (Gallinat et al, 2006; Zhang et al, 2011a), and occipital and 

temporal cortices (Gallinat et al, 2006) than healthy control participants. Furthermore, pack-

smoking history is negatively associated with gray-matter integrity in the prefrontal cortex (Brody 

et al, 2004a; Zhang et al, 2011a) suggesting that individual differences in brain structure are 

influenced by magnitude of cigarette exposure. This hypothesis is supported by studies in 

rodents which show that exposure to nicotine produces cell damage and loss in the brains of 
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adolescent animals (Slotkin, 2002). Furthermore, although there are no differences in cortical 

thickness between young nonsmokers and smokers (with a relatively short smoking history), 

cortical thickness in insula is inversely associated with cigarette exposure, suggesting group 

differences may develop with time (Morales et al, 2014). Given this evidence, this dissertation 

includes a study that matches methamphetamine dependent and control groups on cigarette 

smoking to test the hypothesis that some structural abnormalities seen in methamphetamine-

dependent individuals reflect differences in gray matter seen in individuals who only smoke 

cigarettes.  

Neurobiological Changes Associated with Abstinence From Methamphetamine 

 Few studies have examined neurobiological changes associated with abstinence from 

methamphetamine. Positron emission tomography with [F-18]fluorodeoxyglucose has been 

used to determine how cerebral glucose metabolism changes during the first month of 

abstinence from methamphetamine (Berman et al, 2008b). In methamphetamine-dependent 

individuals, but not healthy controls, global glucose metabolism and regional glucose 

metabolism of the parietal cortex increased between tests. As there were no differences 

between methamphetamine-dependent and control groups at baseline, it has been 

hypothesized that changes in cerebral glucose metabolism during the first month of abstinence 

reflect increased metabolic activity due to the proliferation and activation of microglia. Over 

longer periods of abstinence from methamphetamine (12-17 months), relative glucose 

metabolism increases in the thalamus to levels observed in controls (Wang et al, 2004), and 

dopamine transporter availability increases in the caudate and putamen (Volkow et al, 2001b); 

however, glucose metabolism does not normalize in the striatum (Wang et al, 2004). Studies in 

nonhuman primates show that methamphetamine-induced decreases in D2/D3 dopamine 

receptor availability persist seven weeks after the final drug administration (Groman et al, 2012). 

These studies suggest that some, but not all, of the neural systems affected by drug use 
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recover with abstinence, and it is likely that the persistence of some neurobiological 

abnormalities contributes to drug relapse.  

 Although there have been no longitudinal assessments of gray matter in individuals 

abstinent from methamphetamine, studies examining abstinence from alcohol indicate that 

changes in gray matter can be detected in as little as 3 weeks of abstinence (Gazdzinski et al, 

2005; Trabert et al, 1995). Furthermore, cross-sectional studies suggest that gray matter does 

change with abstinence from methamphetamine. For example, individuals with a history of 

methamphetamine abuse who achieved at least 6 months of abstinence, have greater gray 

matter density in the middle frontal gyrus than individuals who have been abstinent for less than 

6 months (Kim et al, 2006). As these differences could be attributed to increased gray-matter 

density with protracted abstinence or to differences in gray-matter integrity at baseline which 

predict which individuals are able to maintain abstinence, this dissertation used longitudinal 

assessment of gray-matter volume to determine if gray matter changes during early abstinence 

from methamphetamine.  

Cognition in Methamphetamine Use Disorder 

 Several lines of evidence indicate that methamphetamine abuse is associated with 

cognitive deficits (Dean et al, 2013). A meta-analysis found that compared with healthy controls, 

individuals who abuse methamphetamine exhibited significantly lower scores in cognitive 

domains such as memory, learning, executive functioning, and processing speed (Scott et al, 

2007); however, much remains to be understood about the persistence of these deficits and the 

neurobiology underlies them. A study of changes in cognition during early abstinence from 

methamphetamine, found that compared with a control group, methamphetamine-dependent 

individuals showed no statistically significant improvements in any cognitive domains over the 

first month of abstinence (Simon et al, 2010). After 1 year of abstinence, however, some, but not 

all individuals with a history of methamphetamine abuse experienced improvements in cognitive 

functioning (Iudicello et al, 2010).  
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 The cognitive deficits associated with methamphetamine abuse may reflect individual 

differences in measures of gray-matter tissue composition. For example, compared with healthy 

individuals, methamphetamine-dependence individuals have smaller hippocampi (left 8.2% 

smaller, right 7.5% smaller) and the hippocampal deficit is associated with poorer performance 

on a test of episodic memory that evaluated the participants’ ability to recall words (Thompson 

et al, 2004). Consistent with the hypothesis that exposure to methamphetamine influences 

memory through changes in the hippocampus, a study of in mice found that methamphetamine 

exposure impaired spatial memory and decreased hippocampal plasticity (North et al, 2013). 

Individual differences in gray-matter volume in methamphetamine-dependent individuals have 

also been associated with verbal fluency and motor speed (Chang et al, 2005). Although deficits 

in various cognitive domains may contribute to the maintenance of addictive behaviors, this 

dissertation focuses on cognitive processes that may contribute to impulsivity, as evidence 

suggests that impulsivity undermines success of treatment for substance use disorders (Doran 

et al, 2004; Moeller et al, 2001; Yoon et al, 2007). 

Impulsivity and Self-Control 

 Impulsivity and self-control are multifaceted concepts that are conceptualized as 

interrelated and opposing processes (Cohen and Lieberman, 2010). Impulsivity refers to a 

collection of usually maladaptive behaviors that may be poorly conceived, prematurely 

expressed, unduly risky or inappropriate for the situation (Volkow and Fowler, 2000). In contrast, 

self-control is broadly defined as ability to inhibit behaviors, urges, emotions or desires that 

interfere with goal directed behavior (Muraven and Baumeister, 2000; Muraven et al, 2006). A 

variety of assessments have been developed to measure impulsivity or its specific dimensions. 

Laboratory tests of impulsivity are typically classified as testing either impulsive action or 

impulsive choice (Winstanley et al, 2010). Tests of impulsive action measure the ability to inhibit 

or cancel prepotent motor responses (e.g. 5-Choice Serial Reaction Time, Stop Signal Reaction 

Time, and Go/no-go tasks) while tests of impulsive choice measure decision-making under risk, 
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uncertainty or where gratification may be delayed (e.g. Balloon Analog Risk Task, Iowa 

Gambling Task, delay-discounting paradigms). In contrast to individual laboratory tests of 

impulsivity, self-report measures of impulsivity rely on an individual’s perception of his or her 

behavior, and provide a broader assessment of this multi-dimensional construct. Although there 

is conflicting evidence about the extent to which different assessments of impulsivity are related 

to one and other (Bjork et al, 2009; de Wit et al, 2007; Kirby et al, 1999; Reynolds et al, 2006), 

these laboratory measures and self-report measures have provided insight into the relationship 

between impulsivity and psychiatric disorders and have helped elucidate the neural circuits that 

underlie impulsive behavior and deficits in behavioral control. 

The preponderance of the evidence suggests that individuals who abuse 

methamphetamine are more impulsive than healthy individuals (Lee et al, 2009; Monterosso et 

al, 2007; Monterosso et al, 2005; Salo et al, 2009b), suggesting that the balance between 

impulsivity and cognitive control is important in substance use disorders (Jentsch and Taylor, 

1999). There is evidence from studies in humans and animals that impulsivity facilitates the 

initiation of drug abuse (Kirisci et al, 2007; Sher et al, 2000; Tarter et al, 2007). For example, 

longitudinal studies show that levels of behavioral disinhibition (a factor designed to measure 

affective, behavioral, and cognitive control) in 10-12 year olds predict the development of 

substance use disorders in adolescence (Tarter et al, 2004a; Tarter et al, 2004b). Similarly, a 

study comparing high and low trait impulsivity in rats (measured as the number of premature 

responses on the 5-choice serial reaction time task) found that high impulsivity was associated 

with greater tendency for escalation of cocaine self-administration (Dalley et al, 2007). There is 

also evidence to suggest that impulsivity worsens with chronic drug use (Dallery and Locey, 

2005; Logue et al, 1992; Paine et al, 2003). Studies in nonhuman primates and rodents show 

that exposure to methamphetamine impairs learning of stimulus-response associations in cases 

where task contingencies change and suppression of previously learned associations is 

required (Groman et al, 2012; Izquierdo et al, 2010). These studies support the hypothesis that 



 16 

impaired cognitive control in methamphetamine-dependent individuals is both a cause and a 

consequence of drug use.   

There is evidence that performance on tests of impulsive action and impulsive choice is 

related to gray matter in methamphetamine-dependent individuals. Fewer errors on a Go/no-go 

task, a measure of the ability to withhold prepotent motor responses, is associated with greater 

putamen volume in methamphetamine-dependent individuals (Jan et al, 2012). Delay 

discounting paradigms measure temporal discounting of subjective reward value by assessing 

preference for smaller, sooner rewards over larger, later rewards. Methamphetamine-dependent 

individuals exhibit steeper temporal discounting of subjective reward value than healthy controls 

(Monterosso et al, 2007; Schwartz et al, 2010). Furthermore, steeper temporal discounting of 

reward value was associated with lower gray-matter density in the superior frontal gyrus, but 

greater gray-matter density in putamen, ventral striatum and posterior cingulate in healthy 

control and methamphetamine-dependent individuals (Schwartz et al, 2010). These studies 

support the hypothesis that frontostriatal circuitry is particularly important in the relationship 

between impulsivity and drug dependence (Jentsch and Pennington, 2014; Jentsch et al, 1999); 

however, more research is necessary to determine how different facets of impulsivity relate to 

gray-matter integrity. 

An emerging literature suggests that different forms of self-control share neurobiological 

substrates (Cohen et al, 2010). For example, healthy control subjects with greater capacity for 

motor inhibitory control (lower stop signal reaction time) were more successful at affect 

regulation (greater reappraisal success), and success on both tasks was associated with 

greater gray-matter volume in the right inferior frontal gyrus (Tabibnia et al, 2011). In the same 

study, methamphetamine-dependent subjects with greater capacity for motor inhibitory control 

reported less craving for methamphetamine and less craving was associated with greater gray-

matter volume in right inferior frontal gyrus. Although this research suggests that certain aspects 

of self-control and craving for methamphetamine depend upon the integrity of overlapping 



 17 

neural circuits, it only examined the right inferior frontal gyrus and the neural circuitry associated 

with self-control and craving extends to other cognitive, limbic and reward networks in the brain. 

Drug Craving 

Craving is commonly defined as an intense desire characterized by longing, yearning, 

and psychological need for a drug (Sinha, 2013). While theoretical conceptualizations of craving 

and its importance in maintaining addiction have been debated (Drummond, 2001; Franken, 

2003; Tiffany and Carter, 1998), the recent addition of craving as a core symptom of substance 

use disorders in the fifth edition of the Diagnostic and Statistical Manual of Mental Disorders 

suggest that craving remains an important concept in our understanding of addictive disorders 

(American Psychiatric Association, 2013). For example, the Incentive-Sensitization Theory of 

Addiction, proposed by Robinson and Berridge (1993), posits that drug use increases the 

salience of a drug and drug-related stimuli through mesotelencephalic dopamine signaling. It is 

hypothesized, that over time neuroadaptations in the brain transform drug ‘wanting’ into 

excessive drug craving (Robinson and Berridge, 1993).  

 Understanding the neurobiology that underlies the urge to take drugs is important; as 

prospective studies have shown that craving is one of the many reasons for relapse to 

methamphetamine abuse (Hartz et al, 2001). Positron emission tomography, using 

[11C]raclopride as a radiotracer, has shown that greater dopamine release in the caudate and 

putamen during the presentation of drug cues is associated with greater subjective craving 

(Volkow et al, 2006; Wong et al, 2006). Furthermore, induction of craving produces changes in 

brain activation in striatum, amygdala, and orbitofrontal, dorsolateral prefrontal, and anterior 

cingulate cortices measured with functional magnetic resonance imaging or positron emission 

tomography using [18F]-fluorodeoxyglucose or [15O]-water (Breiter et al, 1997; Grant et al, 1996; 

Maas et al, 1998; Volkow et al, 1999).  Activation in these regions is associated with subjective 

levels of craving for cocaine. Although much work has been done to determine how dopamine 

signaling and brain function contribute to craving for stimulants, relatively little is know about 
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how the structural integrity of the relevant neuroanatomical circuits contribute to drug craving 

(Tabibnia et al, 2011). 

Summary and Specific Aims 

Much remains to be understood about neurobiological mechanisms that underlie 

continued drug abuse despite a host of negative consequences. Acting without forethought, 

failure to delay gratification, the inability to withhold inappropriate responses, and the intense 

desire or urge to take drugs are believed to promote continued drug use, therefore, impulsivity 

and craving likely undermine the success of treatment for addiction. While our understanding of 

how brain chemistry and function influence impulsivity and craving has grown, an emerging 

literature points associations between individual differences in brain structure, cognition, and 

behavior.  The overarching goal of this dissertation, therefore, was to determine which factors 

contribute to individual differences in gray-matter morphometry in methamphetamine-dependent 

individuals and to examine the cognitive and behavioral relevance of those differences. 

To address the overarching goal, the following aims were developed:  

Aim 1. To differentiate gray matter abnormalities associated with tobacco smoking 

and methamphetamine-dependence. Gray-matter volume was measured across the whole 

brain in 3 groups: control nonsmokers, control tobacco smokers and methamphetamine-

dependent tobacco smokers (4-7 days abstinent from methamphetamine).  

Hypothesis 1A. Tobacco smokers, either methamphetamine-dependent or not, will 

exhibit lower gray matter volume than nonsmokers in the prefrontal cortex and insula. 

Hypothesis 1B. Control smokers and nonsmokers will have lower striatal volume than 

methamphetamine-dependent tobacco smokers.  

Hypothesis 1C. Individual differences in gray-matter volume will be negatively 

associated with years of methamphetamine use and pack-year smoking.  

Aim 2. To determine whether abstinence from methamphetamine (but not tobacco) 

results in changes in gray matter volume. Methamphetamine-dependent individuals were 
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scanned during the first and fourth weeks of abstinence from methamphetamine. A parallel 

control group was also scanned twice at similar time intervals.  

Hypothesis 2. In methamphetamine-dependent but not healthy control subjects, gray 

matter volume will increase over the course of ~30 days of abstinence from 

methamphetamine.  

Aim 3. To determine how exposure to methamphetamine influences gray-matter 

volume and response inhibition. Gray matter was measured in vervet monkeys before and 

after a 31-day escalating dose-regimen of methamphetamine (or saline) administration. A 

reversal-learning task was used to measure cognitive flexibility, or the ability to learn stimulus-

response associations and inhibit previously learned responses as task contingencies change. 

Hypothesis 3A. Exposure to methamphetamine will decrease gray matter within the 

prefrontal cortex, but increase gray matter within the striatum.  

Hypothesis 3B: Changes in gray matter would be correlated with changes in reversal 

learning performance. 

Aim 4. To determine if individual differences in gray-matter volume are related 

self-reported impulsivity and craving in methamphetamine-dependent individuals. Self-

reports of impulsivity and craving for methamphetamine were measured during early abstinence 

from methamphetamine using the Barratt Impulsiveness Scale and a visual analog scale, 

respectively. 

Hypothesis 4A. Methamphetamine-dependent individuals will report greater impulsivity 

than healthy individuals.  

Hypothesis 4B. In data from healthy control and methamphetamine-dependent 

individuals, impulsivity will be negatively associated gray-matter volume in orbitofrontal, 

dorsolateral, and ventrolateral prefrontal cortices, anterior cingulate and striatum. 
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Hypothesis 4C. Craving for methamphetamine will be negatively associated gray-matter 

volume in insula, amygdala, orbitofrontal, dorsolateral, and ventrolateral prefrontal 

cortices, anterior cingulate and striatum in methamphetamine-dependent individuals. 

Hypothesis 4D. Craving for methamphetamine will be positively associated with 

impulsivity. 
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CHAPTER II 

 

Gray-Matter Volume in Methamphetamine Dependence:  

Cigarette Smoking and Changes with Abstinence From Methamphetamine 

 

This chapter is adapted from a previously published manuscript:  

Morales AM, Lee B, Hellemann G, O'Neill J, London ED (2012) Gray-matter volume in 
methamphetamine dependence: cigarette smoking and changes with abstinence from 
methampheatmine. Drug Alcohol Depend 125: 230-238. 
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Introduction 

Although studies using structural magnetic resonance imaging (sMRI) have generally 

shown less cortical gray matter and larger basal ganglia volumes in methamphetamine-

dependent than controls participants, the literature presents some discrepancies (Berman et al, 

2008a). Methamphetamine-dependent research participants, in a narrow epoch of early 

abstinence (4-7 days), exhibited smaller gray-matter volumes in the cingulate gyrus and 

hippocampus than in a control group (Thompson et al, 2004). When duration of abstinence from 

methamphetamine was highly variable, however, participants with past methamphetamine 

dependence had smaller gray-matter volume in dorsolateral prefrontal, orbitofrontal, and 

superior temporal cortices (Nakama et al, 2011), and lower gray-matter density in the middle 

frontal gyrus (Kim et al, 2006) and insula (Schwartz et al, 2010) than control subjects. 

Methamphetamine-dependent participants who were abstinent for long periods (average > 90 

days), showed larger gray-matter volumes in parietal cortex, caudate nucleus, lenticular 

nucleus, nucleus accumbens (Jernigan et al, 2005), putamen and globus pallidus (Chang et al, 

2005) than control groups. In studies that reported the proportion of cigarette smokers, 

Methamphetamine-dependent samples included more smokers (62%-89%) than controls (0%-

39%). Therefore, inconsistencies in the literature may reflect effects of cigarette smoking or 

differences in durations of methamphetamine abstinence.  

Although ~87-92% of methamphetamine-dependent research participants smoke 

cigarettes, effects of smoking in these individuals are untested (Weinberger et al, 2009). 

Smokers have smaller gray-matter volumes and/or lower densities than nonsmokers in 

prefrontal, cingulate, insular, parietal, temporal and occipital cortex, thalamus and cerebellum 

(Gallinat et al, 2006). One study found that on average, smokers had greater gray-matter 

density in insular cortex than nonsmokers (Zhang et al, 2011a). Little has been done to 

dissociate the effects of smoking from other drug abuse on gray matter. In one study, 

participants who drank heavily and smoked had smaller brain volumes than nonsmokers who 
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drank lightly or heavily; and brain volumes did not differ between groups who did not smoke but 

drank lightly or heavily (Durazzo et al, 2007). These findings suggest that if effects of smoking 

are not considered, gray-matter differences linked to smoking may be incorrectly attributed to 

other drug abuse.  

 Findings from cross-sectional research suggest that gray matter changes with 

abstinence from methamphetamine. Methamphetamine-dependent participants who had 

achieved short-term methamphetamine abstinence (< 6 months) had lower gray-matter density 

in the right middle frontal gyrus than those who were abstinent longer (> 6 months) (Kim et al, 

2006). Furthermore, length of methamphetamine abstinence was positively correlated with gray-

matter density in the amygdala, putamen, and left fusiform gyrus, but negatively correlated with 

density in the right middle frontal gyrus (Schwartz et al, 2010). These findings may reflect gray 

matter changes due to methamphetamine abstinence or pre-existing group differences related 

to the ability to maintain abstinence from methamphetamine. Although not a perfect solution, 

longitudinal assessment of the trajectory of changes in gray matter during abstinence from 

methamphetamine can help clarify this issue and may help in determining whether differences 

from control are attributable to the effects of methamphetamine as opposed to other factors.   

 This study aimed to separate effects of cigarette smoking from those of 

methamphetamine abuse on gray-matter volume. As most previous studies found smaller 

cortical gray-matter volumes in smokers than nonsmokers, we hypothesized that 

methamphetamine-dependent and control participants who smoke cigarettes would exhibit 

lower gray-matter volume in prefrontal, cingulate and insular cortices compared with control 

nonsmokers. Methamphetamine-dependent participants exhibited larger volumes in the striatum 

and globus pallidus than control participants (Chang et al, 2005; Jernigan et al, 2005), but no 

group differences have been found between nonsmokers and smokers in these brain regions 

(Almeida et al, 2008; Brody et al, 2004a; Das et al, 2011; Gallinat et al, 2006; Zhang et al, 
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2011a). We therefore hypothesized that in striatum and globus pallidus, the methamphetamine-

dependent sample would differ from two control groups that did not abuse methamphetamine, 

but that the two control groups would not differ from one another. We mapped changes in gray-

matter volume during the first month of methamphetamine abstinence, anticipating that gray 

matter would increase within regions where the early abstinent, methamphetamine-dependent 

participants had smaller gray-matter volumes than control smokers 

Methods 

General Experimental Design 

In Study 1, gray-matter volumes were compared in three groups: Control Nonsmokers, 

Control Smokers, and Methamphetamine-Dependent Smokers (4-7 days abstinent). In Study 2, 

methamphetamine-dependent participants were scanned a second time [mean time between 

scans: 23.5 ± 1.6 (SD) days] and compared to a control sample that was matched for smoking 

[mean time between scans: 31.6 ± 13.1 (SD) days] and rescanned as well. Study 2 focused on 

early abstinence because this period is critical for engagement in therapy and, therefore, for 

treatment outcomes (Brecht et al., 2000).   

Participants 

Participants were recruited through online and print advertisements, received a detailed 

explanation of the study (as approved by the University of California Los Angeles Institutional 

Review Board), and gave written informed consent. Eighty-two participants (ages 18-55 years) 

were recruited for Study 1: Control Nonsmoker (n = 18), Control Smoker (n = 25), and 

Methamphetamine-Dependent Smoker (n = 39). In Study 2, two groups were studied: Control 

and Methamphetamine-Dependent (n = 12 per group, smoking status described below). Sixty 

percent of the Control and 60% Methamphetamine-Dependent participants also participated in a 

previous study of gray-matter volume and inhibitory control (Tabibnia et al, 2011), and 

recruitment of participants continued to complete the present study.  
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A physical examination and medical history were used to exclude the following 

conditions: central nervous system, cardiovascular, pulmonary, or systemic disease; use of 

psychotropic medications, prior head trauma, HIV seropositivity, and pregnancy. Also 

exclusionary were any current Axis I diagnoses except for methamphetamine- or nicotine abuse 

or dependence [Structured Clinical Interview for DSM-IV (First et al, 1995)]. Drug use and 

demographic variables were collected using the Addiction Severity Index (McLellan et al, 2006) 

and a drug use survey prepared for this study. Methamphetamine-Dependent participants 

participated on a residential basis (University of California, Los Angeles General Clinical 

Research Center) and underwent daily urine toxicology to verify recent drug use history. Control 

Nonsmokers and Smokers participated on an outpatient basis and reported no drug use except 

for light alcohol or marijuana use. Self-reports were verified with urine testing at intake and at 

each subsequent visit. Control and Methamphetamine-Dependent Smokers used cigarettes on 

at least 25 of the 30 days before entering the study and Control Nonsmokers smoked fewer 

than 5 cigarettes in their lifetime. Individuals who had ever smoked more than 5 cigarettes and 

methamphetamine-dependent individuals who did not smoke cigarettes were permitted in Study 

2 but not Study 1 (because only two of the Methamphetamine-Dependent participants did not 

smoke cigarettes).  

Magnetic Resonance Imaging 

High-resolution, whole-brain T1-weighted magnetic resonance images (MPRAGE, TR = 

1900 ms, TE = 4.38 ms, flip angle = 15°, FOV = 256x256x160, 160 slices, thickness: 1-mm) 

were collected on a 1.5-Tesla Siemens Sonata scanner (Erlangen, Germany) with a standard 

quadrature head coil.  

Study 1: Voxel-Based Morphometry Analysis of Cross-Sectional Data  

All images were aligned to a standardized stereotactic space with the sagittal plane 

serving as the yz-plane, the axial-oblique plane normal to this and containing the anterior and 

posterior commissures (AC-PC plane) as the xy-plane, and the coronal-oblique plane normal to 
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the sagittal AC-PC planes serving as the xz-plane. The origin of the space was set at the left-

right and inferior-superior midpoint of the anterior commissure.  

Voxel-based morphometry (Ashburner and Friston, 2000) was conducted using the 

VBM8 toolbox (http://dbm.neuro.uni-jena.de/vbm/) for SPM8 (SPM8; Wellcome Department of 

Imaging Neuroscience, London) running on MATLAB® 7.9 (Mathworks, Sherborn, MA, USA). 

The toolbox is an extension of the unified segmentation model (Ashburner and Friston, 2005). 

As described previously (Koutsouleris et al, 2010), manually AC-PC aligned images are initially 

de-noised using an optimized block-wise non-local means de-noising filter (Coupe et al, 2006). 

To segment the images into three classifications (gray matter, white matter, and cerebrospinal 

fluid), an adaptive maximum a posteriori technique (Rajapakse et al, 1997) was extended by the 

addition of partial volume estimation (Manjon et al, 2008). Data were subsequently de-noised 

using a hidden Markov Random Field approach (Cuadra et al, 2005). Each image was 

registered to a standard template in Montreal Neurological Institute (MNI) space using 

Diffomorphic Anatomical Registration Through Exponentiated Lie Algebra (DARTEL) 

(Ashburner, 2007). 

The resulting images were maps of the probabilities that the voxel elements represented 

gray matter. These images were then modulated by a procedure in which the intensity value of 

each voxel was multiplied by the local value of the Jacobian determinant of the deformation 

used to register each brain to the standard template. Linear components of the deformations, 

reflecting scaling due to head size, were not considered during modulation so that differences in 

volume due to head size would not affect intensity values. In the resulting images, intensity at 

each voxel (“gray-matter volume”) reflected the probability that the voxel contained gray matter 

and the relative volume after adjusting for different brain sizes. Finally images were smoothed 

using an 8-mm FWHM Gaussian kernel.  

For the overall test of differences in gray-matter volume between groups, smoothed 

images were compared using univariate analysis of covariance (ANCOVA) with gray-matter 



 27 

volume at each voxel as the dependent variable, group as a between-subjects factor, and age, 

gender, and frequency of marijuana use as covariates. Using the same covariates, T-tests were 

used for post hoc pair-wise comparisons of differences between groups and regression was 

used to test the association between gray-matter volume and drug use variables within groups. 

Statistical models were applied in an explicit mask of gray matter, created using an objective 

function that maximized the correlation between original and thresholded images (Ridgway et al, 

2009). To assess statistical significance, a height threshold of p < 0.001 was applied voxel-wise. 

Cluster sizes were adjusted to correct for the varying degrees of smoothness in different parts of 

the brain (Hayasaka et al, 2004) and family-wise error (FWE) was applied to correct for multiple 

comparisons in testing cluster extent significance (p < 0.05). 

Study 1: Measuring Caudate Volume Using FSL-FIRST  

Caudate volume was measured bilaterally with FIRST v1.2 

(http://www.fmrib.ox.ac.uk/fsl/first/index.html), part of the fMRIB Software Library (Smith et al, 

2004; Woolrich et al, 2009). While voxel-based morphometry (VBM) provides a voxel-wise 

assessment of gray-matter integrity across the entire brain (Ashburner et al, 2000), FIRST uses 

automated segmentation algorithms to create a 3D binary masks for subcortical structures in 

native MRI space (Patenaude, 2007; Patenaude et al, 2007, 2008). Caudate nucleus volumes, 

measured with FIRST, may provide a measurement more comparable to those generated in 

previous studies studies (Chang et al, 2005; Jernigan et al, 2005).  

All images were aligned to a standardized stereotactic space with the sagittal plane 

serving as the yz-plane, the axial-oblique plane normal to this and containing the anterior and 

posterior commissures (AC-PC plane) as the xy-plane, and the coronal-oblique plane normal to 

the sagittal AC-PC planes serving as the xz-plane. The origin of the space was set at the left-

right and inferior-superior midpoint of the anterior commissure. Then, AC-PC aligned images 

were bias corrected and registered to Montreal Neurological Institute (MNI) standard space 

using a two-step registration process that optimizes alignment of subcortical structures. The 
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inverse of the transformation resulting from this registration was applied to segmentation 

models, which are trained on manually labeled T1-weighted images. All segmentations were 

boundary corrected and visually inspected for accuracy by a trained rater who was blinded to 

group membership. Four segmentations that were deemed inaccurate were manually corrected. 

Caudate volumes were calculated by summing the number of voxels (1 mm3 each) in each 

volume of interest (VOI) binary mask.  

FSL’s SIENAX version 2.6 (Smith et al, 2001; Smith et al, 2002) was used to obtain a 

volumetric scaling factor to correct VOIs for head size. SIENAX uses FSL’s brain extraction tool 

to find brain and skull in single whole-head input data (Smith, 2002). Images were affine-

registered (Jenkinson et al, 2002; Jenkinson and Smith, 2001) to MNI152 space using the skull 

image to determine a volumetric scaling factor. Bilateral caudate nucleus volumes were 

multiplied by the scaling factor (obtained from SIENAX) resulting in caudate volume after 

accounting for head size.  

Univariate analysis of covariance, with bilateral caudate volume as the dependent 

variable, group as the between-subjects factor and age, gender and frequency of marijuana use 

as covariates was done in SPSS PASW 18 (SPSS Inc., Chicago, IL, USA). Post hoc pair-wise 

comparisons were conducted on estimated marginal means. Subsequently, group differences in 

right and left hemisphere caudate nucleus volumes were assessed separately.  

Study 2: Voxel-Based Morphometry Analysis of Longitudinal Data  

 As described for analysis of the cross-sectional data, images were aligned to the AC-PC 

plane, and preprocessed using the VBM8 toolbox. Data were preprocessed using the default 

parameters for processing longitudinal data described in the VBM8 manual 

(http://dbm.neuro.uni-jena.de/vbm/download/). Briefly, for each subject, scans from each time-

point were realigned and averaged to create a mean image. Then, the original scans from the 

two time periods were realigned to the mean image, bias-corrected, and segmented. Nonlinear 

deformation parameters, calculated by registering the mean image to MNI space using 



 29 

DARTEL, were applied to segmented gray-matter images from both time points to account for 

individual differences in head size. Images were smoothed using an 8-mm FWHM Gaussian 

kernel. A repeated measures analysis of variance model (flexible factorial model in SPM8), with 

the group as a between-subject factor and time as a within-subjects factor, was used to test for 

a Group-by-Time interaction and for the effect of time in each of the two groups. The statistical 

model was applied to voxels within an explicit mask of the gray matter (Ridgway et al, 2009). A 

height threshold for significance was set at p < 0.001, uncorrected, with a cluster extent of at 

least 100 contiguous voxels.  

Results 

Study 1: Characteristics of Research Participants 

 The three groups did not differ in age (ANOVA: F(2,79)=2.10, p=0.13), sex distribution 

(Chi-Square=0.87), or frequency of recent alcohol consumption (ANOVA: F(2,79)=1.2, p=0.31). 

Methamphetamine-Dependent Smokers completed fewer years of education than Control 

Nonsmokers and Smokers (ANOVA: F(2,79)=8.52, p<0.001; post hoc t-tests, p’s<0.003).  The 

age at which a participant began using methamphetamine was positively correlated with 

education (those that initiated methamphetamine abuse later in life achieved higher levels of 

education; p < 0.05). This finding supported our previous report that the quality and quantity of 

educational attainment is interrupted by methamphetamine abuse (Dean et al., 2011). As 

education and patterns of methamphetamine abuse are intertwined, education may be a poor 

proxy for cognitive functioning. In methamphetamine-dependent participants, parental education 

(but not participant education) relates to cognitive functioning (Dean et al, 2011), and in the 

current study, the groups did not differ significantly on education attained by the participants’ 

mothers (ANCOVA: F(2,75)=1.74, p=0.18). 

 The groups differed on frequency of marijuana use (ANOVA: F(2,79)=4.55, p=0.01). 

Methamphetamine-Dependent Smokers used marijuana more often than Control Nonsmokers 

and Control Smokers (p’s<0.02). Frequency of marijuana use, therefore, was included in the 
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statistical models. Control Smokers and Methamphetamine-Dependent Smokers did not differ 

on frequency of cigarette use, number of cigarettes per day, pack years, score on the 

Fagerström Nicotine Dependence Test (Fagerstrom, 1978) or in age of first cigarette use (all p’s 

> 0.2; Table 1). 

Table 1. Characteristics of Research Participants 

  Cross-Sectional Longitudinal 

  

Control      

Nonsmoker 

(n=18) 

Control   

Smoker    

(n=25) 

MA      

Smoker    

(n=39) 

Control            

(n=12) 

MA            

(n=12) 

Age (years)a 30.1 ± 2.2 35.4 ± 1.8 34.8 ± 1.5 37.5 ± 2.3 33.8 ± 2.4 

Sex (# male) 8 13 20 7/5 5/7 

Mother’s Education (years) 13.2 ± 0.6 13.6 ± 0.5 12.3 ± 0.4 15.0 ± 1.0 13.0 ± 0.7 

Education (years)* 14.6 ± 0.4 14.1 ± 0.3 12.8 ± 0.3 14.8 ±0.5 12.7 ± 0.4 

Alcohol Use      

   Days used in the last 30 d 2.4 ± 1.7 5.3 ± 1.4 5.4 ± 1.1 6.5 ± 1.9 8.1 ± 2.3 

Marijuana Use      

   Days used in the last 30 d 0.1 ± 0.4 0.2 ± 0.3 1.1 ± 0.2*** 0.0 ± 0.0 2.5 ± 1.5 

Tobacco Use (# current user)    8 10 

   Days used in the last 30 d  29.6 ± 0.3 29.8 ± 0.1 29.6 ± 0.4 28.8 ± 1.2 

   Cigarettes per day  14.1 ± 1.2 13.4 ± 1.5 11.5 ± 1.4 9.7 ± 2.0 

   Pack years  11.5 ± 1.9 13.2 ± 2.3 9.8 ±4.0 11.1 ± 3.8 

   Fagerstrom Score  3.8 ± 0.4  3.6 ± 0.4 2.9 ± 0.7 2.8 ± 0.8 

   Age of first use (year)  16.4 ± 1.1 15.0 ± 0.7 13.5 ± 1.4 14.5 ± 1.3 

Methamphetamine Use      

   Days used in the last 30 d   22.4 ± 1.3  21.1 ± 2.9 

   Grams per week   2.6 ± 0.4  1.9 ± 0.5 

   Years of heavy useb   8.4 ± 1.3  6.8 ± 2.2 

   Years of usec   11.5 ± 1.5  9.3 ± 2.4 

   Age of first use (year)     21.7 ± 1.2    21.6 ± 2.2 
aData shown are means ± SEM; bn=38 for cross-sectional; cn=33 for cross-sectional, n=11 for longitudinal 

* Cross-sectional: Significant differences between groups by ANOVA (F=8.5; p<0.001) MA-Dependent 

Smoker significantly different from Control (nonsmoker and tobacco smoker) by Student's t-test (p<0.001). 

Longitudinal: Significant differences between groups by Student's t-test (p<0.005) 

** Significant differences between the groups by ANVOA (F=6.210; p=0.003). Significantly different from 

Control Nonsmoker and Control Smoker by Student's t-test (p<0.001)  
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Study 1: Cross-Sectional Differences in Gray-Matter Volume 

ANCOVA revealed differences in gray-matter volume among the three groups in bilateral 

orbitofrontal and precental gyri, right frontal pole, left superior temporal gyrus and superior 

frontal gyrus (Table 2). Subsequent comparisons (Figure 1) showed that Control Nonsmokers 

had larger gray-matter volumes in the right orbitofrontal cortex than Control and 

Methamphetamine-Dependent Smokers (p’s < 0.05 FWE corrected). There were no other brain 

regions where Control Smokers differed from Control Nonsmokers, but Methamphetamine-

Dependent Smokers had smaller gray-matter volume than Control Nonsmokers in bilateral 

precentral gyrus; right frontal pole, middle temporal gyrus, precuneus and cingulate gyrus; and 

left orbitofrontal gyrus, superior frontal gyrus, insula, and caudate (p < 0.05 FWE-corrected). 

Control Smokers had larger gray-matter volumes than Methamphetamine-Dependent Smokers 

in left superior temporal gyrus, left precentral gyrus, right inferior temporal gyrus and right 

supramarginal gyrus (p < 0.05 FWE-corrected). There was no region where Control Smokers 

had smaller gray-matter volume than Methamphetamine-Dependent Smokers. Measures of 

cigarette smoking and methamphetamine abuse (listed in Table 1) were not significantly related 

to gray-matter measures.  

 Previous studies, in which an entire region was sampled and the total number of voxels 

contained was summed (Chang et al, 2005; Jernigan et al, 2005), found that 

methamphetamine-dependent participants had larger gray-matter volumes in caudate nucleus 

than controls. To determine whether our voxel-wise assessment of gray-matter volume within 

the striatum led to the discrepancy with published results; we also delineated the caudate 

nucleus using a semi-automatic method. Results from the FSL FIRST VOI analysis corroborate 

voxel-based morphometry findings. ANCOVA revealed an effect of group in bilateral caudate 

nucleus volume [F(5,76)=7.116, p=0.033]. Control Nonsmokers had greater caudate nucleus 

volume than Control and Methamphetamine-Dependent Smokers (p<0.05) (Table 3). There was 
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no statistically significant difference between Control and Methamphetamine-Dependent 

Smokers (p > 0.6). A similar pattern of results was detected in the left hemisphere 

[F(5,76)=8.097, p=0.022], but the effect did not reach statistical significance in the right 

hemisphere [F(5,76)=6.068, p=0.071]. 

Table 2. Cross-Sectional Gray-matter Volume Differences 

P 

value* 

Cluster 

Extent 
F or T Z X Y Z Region 

Differences Between Three Groups 

0.000 1925 20.19 5.21 26 54 12 R Frontal Pole 

0.000 1957 17.33 4.85 18 38 -15 R Orbitofrontal Cortex 

0.000 1428 15.55 4.59 -46 -10 -6 L Superior Temporal Gyrus 

0.021 475 15.39 4.57 -24 41 -23 L Orbitofrontal Cortex 

0.015 515 13.13 4.21 -14 0 58 L Superior Frontal Gyrus 

0.050 364 12.83 4.16 -42 -10 42 L Precentral Gyrus 

0.030 426 11.92 4.00 48 -3 31 R Precentral Gyrus 

Control Nonsmoker > MA-Dependent Tobacco Smoker 

0.000 7314 6.35 5.67 26 54 12 R Frontal Pole/Orbitofrontal Gyrus 

0.004 962 5.54 5.06 -24 41 -23 L Orbitofrontal Cortex 

0.000 2387 4.66 4.36 -14 0 58 L Superior Frontal Gyrus 

0.000 2790 4.64 4.34 -40 3 -3 L Insula 

0.007 836 4.62 4.33 -42 -10 40 L Precentral Gyrus 

0.010 755 4.48 4.21 50 -3 34 R Precentral Gyrus 

0.003 1014 4.31 4.06 69 -24 -6 R Middle Temporal Gyrus 

0.021 615 4.27 4.03 10 -48 66 R Precuneus 

0.018 646 4.25 4.01 -3 10 1 L Caudate 

0.027 569 4.18 3.95 4 -34 42 R Cingulate 

Control Nonsmoker > Control Tobacco Smoker 

0.000 1043 5.59 5.10 18 38 -15 R Orbitofrontal Cortex 

Control Tobacco Smoker > MA-Dependent Tobacco Smoker 

0.005 919 5.10 4.71 -46 -10 -5 L Superior Temporal Gyrus 

0.026 575 4.45 4.18 38 -7 -47 R Inferior Temporal Gyrus 

0.013 708 4.43 4.43 50 -34 45 R Supramarginal Gyrus 

0.020 620 4.24 4.24 -48 -3 30 L Precentral Gyrus 

* Family Wise Error corrected for cluster extent  

L, left hemisphere; R, right hemisphere 
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Figure 1. Group Differences in Gray-Matter Volume. T statistic maps showing brain regions where 
(A) Control Nonsmokers have greater gray-matter volume than Methamphetamine (MA)-Dependent 
Smokers and (B) Control Smokers. (C) Control Smokers have greater gray-matter volume than MA-
dependent Smokers (R: right hemisphere). 
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Table 3. Striatal Gray-Matter Volume Differences 

  

Control      
Nonsmoker 

(n=18) 

Control   
Smoker    
(n=25) 

MA         
Smoker    
(n=39) 

Bilateral Caudate Nucleus* 10110.2 ± 225.0 9506.6 ± 187.4 9380.1 ± 152.3 
Right Caudate Nucleus 5058.0 ± 121.9 4783.3 ± 101.6 4708.6 ± 82.6 
Left Caudate Nucleus** 5070.8 ± 109.3 4728.5 ± 91.1 4710.9 ± 74.0 
a data estimated marginal means ± SEM   
* Group differences by ANCOVA F(5,76)=7.116, p=0.033. Control Nonsmoker 
greater than Control Smoker and MA-dependent Smoker (p<0.05) 
** Group differences by ANCOVA F(5,76)=8.097, p=0.022. Control Nonsmoker 
greater than Control and MA-dependent Smoker (p<0.05) 

 

Study 2: Characteristics of Research Participants  

  The two groups did not differ in age, sex distribution, recent alcohol and marijuana use 

use, or years of education attained by participants’ mothers (p’s>0.1), but did differ in average 

years of participant education (p<0.005). Among individuals who were currently smoking 

cigarettes, there were no differences in smoking behavior (p>0.5; Table 1). 

Study 2: Changes in Gray Matter During Abstinence from Methamphetamine 

  Group-by-time interactions were detected in bilateral superior temporal gyrus, right 

angular gyrus, right insula, left precuneus, left cerebellum, left inferior frontal gyrus, and left 

occipital pole. To explain these interactions, subsequent analyses were performed to determine 

the effect of time in each of the two groups. Between the first and fourth weeks of 

methamphetamine abstinence, gray-matter volume increased in the Methamphetamine-

Dependent group in all of the cortical regions exhibiting Group-by-Time interactions; in the 

cerebellum, gray matter decreased. There were no brain regions where the Control group 

showed changes over time at the specified statistical threshold. In Methamphetamine-

Dependent participants, increased gray matter was also detected in bilateral middle temporal 

gyrus and in the right hemisphere in precuneus, middle frontal gyrus, frontal operculum, inferior 

frontal gyrus, and ventromedial prefrontal cortex, but Group-by-Time interactions did not reach 

significance in these brain regions. Qualitative comparison of t statistic maps, denoting the 

effect of time in Control and Methamphetamine-Dependent participants, shows that the Control 
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group exhibited relatively small changes in gray matter while the Methamphetamine-Dependent 

participants exhibited notable increases and decreases in gray matter (Figure 2).  

 

Table 4. Longitudinal Changes in Gray Matter  

P 

value* 

Cluster 

Extent 
 T Z X Y Z Region 

Group x Time Interaction 

0.000 195 6.33 4.73 51 -48 46 R Angular Gyrus 

0.000 186 6.07 4.60 -3 -60 34 L Precuneus 

0.000 323 5.75 4.45 46 4 -12 R Superior Temporal Gyrus  

0.000 133 5.29 4.21 42 -6 7 R Insula 

0.000 296 4.94 4.01 -50 5 -5 L Superior Temporal Gyrus  

0.000 145 4.87 3.97 -38 -69 -56 L Cerebellum 

0.000 121 4.61 3.81 -50 17 21 L Inferior Frontal Gyrus 

0.000 292 4.44 3.71 -21 -96 3 L Occipital Pole 

0.000 125 4.30 3.63 -36 -70 -39 L Cerebellum 

MA-Dependence - Time 2 > Time 1 

0.000 955 6.28 4.70 46 4 -12 R Superior Temporal Gyrus 

0.000 256 6.27 4.70 56 -48 37 R Angular Gyrus 

0.000 360 6.18 4.66 -48 3 -6 L Superior Temporal Gyrus 

0.000 171 6.10 4.62 12 -75 42 R Precuneus 

0.000 594 6.09 4.61 -50 14 21 L Inferior Frontal Gyrus 

0.000 134 5.63 4.38 57 -43 9 R Middle Temporal Gyrus 

0.000 100 5.27 4.19 -3 60 34 L Precuneus 

0.000 119 5.19 4.15 42 -4 9 R Insula 

0.000 105 5.18 4.14 -60 -25 -9 L Middle Temporal Gyrus 

0.000 209 5.05 4.07 -46 18 -8 R Frontal Operculum 

0.000 272 4.90 3.98 46 36 13 R Inferior Frontal Gyrus 

0.000 143 4.64 3.83 4 51 -14 R Ventromedial Prefrontal Cortex 

0.000 271 4.46 3.72 -21 -96 3 L Occipital Pole 

MA-Dependence - Time 1 > Time 2 

0.000 1479 7.41 5.19 -27 -76 -36 L Cerebellum 

0.000 252 4.47 3.73 34 -78 -36 R Cerebellum 

*uncorrected voxel-level p-value 

R, right hemisphere; L, left hemisphere 
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Figure 2. Changes in Gray Matter During First Month of Abstinence from Methamphetamine. T 
statistic maps showing brain regions where gray matter increased over time (shades of blue) and 
where it decreased over time (shades of red; R: right hemisphere).  
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Discussion 

The present findings help begin to disentangle the various factors that may influence 

gray-matter volumes in methamphetamine-dependent individuals. The results are largely 

consistent with those of previous studies (Kim et al, 2006; Nakama et al, 2011; Schwartz et al, 

2010; Thompson et al, 2004), but they also provide new evidence that after 4-7 days of 

abstinence Methamphetamine-Dependent Smokers have smaller caudate and parietal volumes 

than nonsmokers, and that smaller orbitofrontal and caudate volumes associated with cigarette 

smoking may help explain similar deficits in methamphetamine-dependent samples. Preliminary 

evidence, indicating that gray matter changes during the first month of methamphetamine 

abstinence, suggests that some brain regions may be affected by methamphetamine abuse 

itself.  

Previous studies found that on average methamphetamine-abusing research 

participants (who were abstinent from methamphetamine for several days to a few years) had 

larger gray-matter volume in caudate and parietal cortex than control subjects (Jernigan et al, 

2005). This report is the first to show smaller gray-matter volume in parietal cortex and caudate 

nucleus in methamphetamine-dependent participants as compared with controls, suggesting 

that deficits in gray-matter volumes during active abuse or early abstinence (4-7 days 

methamphetamine abstinent) precede volumetric expansion with longer sustained abstinence. 

Findings of increased gray matter in precuneus and angular gyrus, with abstinence from 

methamphetamine, support this hypothesis. These increases in gray-matter volume may relate 

to changes in brain function. A previous study showed that after 4 weeks of supervised 

abstinence, a group of methamphetamine-dependent participants showed increased glucose 

metabolism in parietal cortex while performing a vigilance task (Berman et al, 2008b). Larger 

samples or more sensitive methods for assessing volumetric changes in small subcortical 

structures may be needed to detect significant increases in caudate nucleus volume in 
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methamphetamine-dependent participants (subthreshold increase in caudate nucleus volume 

seen in Figure 2).   

Control Smokers and Methamphetamine-Dependent Smokers did not differ in right 

orbitofrontal gray-matter volume, but both groups exhibited smaller gray-matter volume in right 

orbitofrontal cortex than Control Nonsmokers. Our findings are consistent with a previous report 

indicating that compared with nonsmokers, smokers have focal gray-matter deficits in 

orbitofrontal cortex (Kuhn et al, 2010); however, other studies have found more widespread 

differences in cortex between smokers and nonsmokers (Almeida et al, 2008; Brody et al, 

2004b; Gallinat et al, 2006). Discrepancies may be attributable to the modest sample sizes or to 

the differential patterns of smoking behavior assessed across studies. Like previous studies 

using voxel-wise approaches, voxel-based morphometry did not reveal group differences in 

caudate nucleus (Almeida et al, 2008; Gallinat et al, 2006), but three-dimensional delineation of 

the caudate nucleus using FSL FIRST shows that Control Smokers have smaller volume in 

caudate nucleus than Control Nonsmokers.  

Consistent with previous findings, our results also showed that Methamphetamine-

Dependent Smokers have smaller gray-matter volume in cingulate, superior temporal gyrus, 

insula and dorsolateral prefrontal cortex than Control Nonsmokers (Kim et al, 2006; Nakama et 

al, 2011; Schwartz et al, 2010; Thompson et al, 2004), but only the difference in superior 

temporal gyrus was significant when comparing Methamphetamine-Dependent Smokers to 

Control Smokers. Between the first and fourth weeks of methamphetamine abstinence, increase 

gray-matter volume in superior temporal gyrus in the methamphetamine-dependent but not 

healthy control participants provides converging evidence for an methamphetamine-specific 

effect in this brain region. We did not replicate a previous finding from our laboratory of smaller 

hippocampal volumes in methamphetamine-dependent individuals than in healthy controls, 

perhaps owing to the different methodologies employed (Thompson et al, 2004).  
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Group differences in gray-matter volume may reflect premorbid biological risk factors for 

drug abuse or effects of the drugs themselves. While there is evidence to suggest that 

methamphetamine (Cadet and Krasnova, 2009; Steinkellner et al, 2011), nicotine (Ferrea and 

Winterer, 2009), and other compounds in cigarette smoke (Mactutus, 1989) are neurotoxic, 

there were no significant relationships between drug exposure and gray-matter volumes. This 

lack of correspondence between brain volume and drug abuse has been reported before in 

studies of methamphetamine (Jernigan et al, 2005; Nakama et al, 2008) and cocaine (Franklin 

et al, 2002; Matochik et al, 2005). It may be interpreted as evidence for gray-matter 

abnormalities that predate drug use, but may also reflect a complex and multi-factorial 

relationship between exposure and structural abnormality, with a threshold for structural 

change. It is also possible that methamphetamine abuse interacts with cigarette smoking to 

affect brain structure. For example, pre-exposure to nicotine protects against 

methamphetamine-induced loss of striatal dopamine terminals in mice that express the α4 

nicotinic acetylcholine receptor subunit (nAChR) but not in α4-knockout mice (Ryan et al, 2001). 

This finding suggests that interactions between cigarette smoking and methamphetamine abuse 

may vary depending on regional expression of nAChRs. We could not test this hypothesis 

because a group of methamphetamine-dependent individuals who do not smoke cigarettes was 

not recruited, as these individuals are rare.  

This study extends our understanding of the neurobiological changes taking place with 

methamphetamine abstinence. Previous work has shown increased dopamine transporter levels 

(Volkow et al, 2001b) and increased cerebral glucose metabolism (Wang et al, 2004) with 

abstinence from chronic methamphetamine (Berman et al, 2008b), but this study provides the 

first evidence of changes in gray-matter volume during methamphetamine abstinence. More 

work will be necessary to determine how these changes in gross anatomy map onto 

microstructural changes at the cellular level. One possibility is that increased gray-matter 
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volume reflects methamphetamine-induced inflammation or reactive gliosis (Chang et al, 2007), 

which has been associated with methamphetamine exposure in preclinical models (Asanuma et 

al, 2004; Thomas et al, 2004; Yamamoto et al, 2005) and in human imaging studies (Ernst et al, 

2000; Sekine et al, 2008). Future studies with larger samples will be needed to link structural, 

molecular, and functional changes in brain to potential improvements in mood, behavior and 

cognition associated with methamphetamine abstinence (Simon et al., 2010; Zorick et al., 

2010).  

While the present study extends our understanding of morphological differences 

associated with methamphetamine dependence, it is not without limitations. One of these, 

modest sample size, may have prevented detection of the full range of potential cross-sectional 

and longitudinal differences in gray matter. Although small, the sample in the longitudinal 

assessment was comparable to (Berman et al, 2008b) or exceeded the samples studied in other 

within-subject assessments of methamphetamine dependence using positron emission 

tomography to assess brain metabolism and dopamine transporter levels (Volkow et al, 2001b; 

Wang et al, 2004). This likely reflects difficulties in recruiting methamphetamine-dependent 

individuals willing to participate in sustained abstinence.  

Some differences in drug use and lifestyle, not accounted for in this study design, may 

also affect brain structure. As methamphetamine abuse interrupts education (Dean et al, 2011), 

it is difficult to disentangle the independent effects of each on brain structure. Since 

methamphetamine abuse and participant education are related, inclusion of participant 

education in the statistical model may account for some of the variance associated with 

methamphetamine dependence itself. Despite this, we obtained results that supported those 

obtained without including education in the model, when a more liberal statistical threshold (p < 

0.005 uncorrected) was used. Furthermore, potentially confounding effects of education on 

brain structure may be mitigated by the fact that groups did not differ on mother’s education, 
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which is a better proxy for general cognitive functioning in methamphetamine-dependent 

participants than participant’s education (Dean et al, 2011).  

Substantial abuse of marijuana (daily or almost daily) and alcohol has been associated 

with structural abnormalities in various brain regions, and there were some differneces between 

groups in the use of these substances (Buhler and Mann, 2011; Lorenzetti et al, 2010). While 

Methamphetamine-Dependent Smokers reported more marijuana use than Control Nonsmokers 

and Smokers, on average, they used marijuana on fewer than 2 days a month; and there were 

no significant group differences in alcohol consumption. In addition, individuals meeting criteria 

for either cannabis or alcohol abuse or dependence were excluded from study. Therefore, it is 

unlikely that marijuana or alcohol abuse factors substantially confounded the findings.  

Despite these limitations, this study has several strengths. It focused on a relatively 

narrow period of methamphetamine abstinence, facilitating the detection of previously 

unreported deficits in caudate nucleus and parietal cortical volume that appear to be uniquely 

associated with early abstinence from methamphetamine. Notwithstanding any potential 

confounds, it remains clear that orbitofrontal and caudate nucleus gray-matter deficits seen in 

methamphetamine-dependent research participants are also seen in participants who smoke 

cigarettes but do not engage in notable illicit drug abuse. In addition, a longitudinal assessment 

showed that gray-matter volume changes during early abstinence from methamphetamine. 

Mapping the trajectory of these changes can provide an initial step towards developing a better 

understanding of the biological bases and effects of methamphetamine-dependence.  
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CHAPTER III 

 

Methamphetamine-Induced Increases in 

Putamen Gray Matter Associate with Inhibitory Control 

 

 

This chapter is adapted from a previously published manuscript:  

Groman SM, Morales, AM, Lee B, London ED, Jentsch JD (2013) Methamphetamine-induced 

increases in putamen gray mater associate with inhibitory control. Psychopharmacology 229: 

527-538. 
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Introduction  

Substance use disorders are associated with cognitive abnormalities that are thought to 

reflect, in part, neurobiological dysfunction caused by long-term exposure to drugs of abuse. 

This view is supported by observations that exposure of animals to drugs can produce cognitive 

and neural alterations that resemble those that are exhibited by substance-dependent humans 

(Groman et al, 2012; Jentsch et al, 2002; Nader et al, 2006; Porter et al, 2012; Porter et al, 

2011). The coupling of neural changes following drug exposure with alterations in cognition 

(Groman et al, 2012) underscores the functional impact of such changes on behavior 

Of the drug-induced effects on cognition, impairment in the ability to exert inhibitory 

control over behavior is the topic of much research (Izquierdo and Jentsch, 2012). Difficulty with 

stopping or withholding behaviors has been proposed to be a central feature of substance 

dependence (Jentsch et al, 1999), and emerging evidence indicates that the relationship 

between inhibitory control and substance dependence is bi-directional. Specifically, pre-existing 

differences in inhibitory control predict future drug-taking behaviors (Anker et al, 2009; Dalley et 

al, 2007; Diergaarde et al, 2008; Perry et al, 2008b), and chronic exposure to drugs of abuse 

can cause inhibitory control impairments to emerge (Jentsch et al, 2002; Schoenbaum et al, 

2004; Schoenbaum and Setlow, 2005), indicating that inhibitory control deficits are both a cause 

and consequence of substance dependence (Groman and Jentsch, 2013). Further, variability in 

the degree of inhibitory-control impairments exhibited by substance-dependent individuals has 

been reported to predict measures of sobriety (Aharonovich et al, 2006; Turner et al, 2009), 

suggesting that improving inhibitory control, through behavioral or pharmacological 

mechanisms, may serve as effective intervention and treatments for substance dependence 

(Groman and Jentsch, 2011a). One type of inhibitory control involves the ability to modify 

behavior adaptively when contingencies change, and lesions to the prefrontal cortex impair this 

ability in humans and animals (Dias et al, 1996; Fellows and Farah, 2003; Rygula et al, 2010), 
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suggesting that the prefrontal cortex is critical for the maintenance of flexible, goal-directed 

behaviors (Clarke et al, 2004). Indeed, individual differences in gray-matter volume within the 

prefrontal cortex are related to performance on tasks of inhibitory control in healthy humans and 

monkeys (Haldane et al, 2008; Sridharan et al, 2012; Tabibnia et al, 2011). The dorsal striatum 

also plays a critical role in inhibitory control processes (Bellebaum et al, 2008; Castane et al, 

2010; Clarke et al, 2011), suggesting that inhibitory control relies on an integrated network of 

nuclei within the corticostriatal system. 

Inhibitory control deficits exhibited by stimulant-dependent individuals may reflect 

dysfunction in corticostriatal circuitry (Baicy et al, 2007). Consistent with this hypothesis, on 

average, samples of methamphetamine-dependent research participants have smaller gray-

matter volumes in the prefrontal cortex (Morales et al, 2012; Thompson et al, 2004) and larger 

gray-matter volumes in the striatum (Chang et al, 2005; Jernigan et al, 2005), relative to 

methamphetamine-naive controls. While recent evidence suggests that some differences in 

gray-matter volume between stimulant abusers and healthy individuals are also detected in 

unaffected siblings of stimulant abusers (Ersche et al, 2012), no studies to date have examined 

whether exposure to methamphetamine causally alters gray matter in corticostriatal circuitry and 

whether these changes have a functional impact on measures of inhibitory control. 

In order to address these questions, Study 3 was performed using voxel-based 

morphometry to measure gray matter structure in monkeys trained to acquire, retain and 

reverse visual discrimination problems before and after a 31-day escalating dose-regimen of 

methamphetamine (or saline) administration. Based on the available evidence, we hypothesized 

that exposure to methamphetamine would decrease gray matter within the prefrontal cortex, but 

increase gray matter within the striatum. Further, we expected that the changes in gray matter 

would be correlated with changes in reversal learning performance and dopaminergic markers 

in the same animals reported previously (Groman et al, 2012). 
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Methods 

Subjects 

Fourteen adult, male vervet monkeys (Chlorocebus aethiops sabaeus from the UCLA 

Vervet Research Colony), between the ages of 5 to 9 years of age, were included in the current 

study. The monkeys were housed in a climate-controlled vivarium, where they had unlimited 

access to water and received twice-daily portions of standard monkey chow in amounts that 

exceeded their nutritional needs (Teklad, Harlan Laboratories). Monkeys received half of their 

daily portion of chow after behavioral testing (~1100 hr) and the other half in the afternoon 

(~1500 hr). The total amount of chow was never reduced during the experiment to increase 

motivation for task performance. All monkeys were maintained in accordance with the Guide for 

the Care and Use of Laboratory Animals of the Institute of Laboratory Animal Resources, 

National Research Council, Department of Health, Education, and Welfare Publication No. (NIH) 

85-23, revised 1996. The research protocols were approved by the UCLA Chancellor’s Animal 

Research Committee. 

Drugs and Dosing Regimen: Methamphetamine hydrochloride was purchased from 

Sigma-Aldrich (St Louis MO). Doses of methamphetamine were prepared fresh daily in 0.9% 

saline and were sterile-filtered prior to administration. Injections were administered 

intramuscularly at a volume of 0.1 ml/kg. The dosing regimen was designed to model the 

escalation in both frequency of intake and cumulative daily dose reported by human users of 

methamphetamine (Han et al, 2011). Methamphetamine was initially administered once per day 

at 0.1 mg/kg, but the dose and frequency escalated across the 31 d period, with the final dose 

of 1.0 mg/kg being administered four times per day. Details of the dosing regimen are provided 

in Table 1. The initial daily dose was administered at 0830 h. During week two, a second daily 

dose was administered at 1630 h. During weeks three through five, the second daily dose was 

administered at 1330 h, and a third daily dose given at 1630 h. For the last two weeks of 
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treatment, the second daily dose was administered at 1100 h, the third at 1330 h, and a fourth 

at 1600 h. 

Discrimination Acquisition, Retention and Reversal Learning: As previously described in 

detail (Groman et al, 2011b; Groman et al, 2012), subjects were trained to acquire, retain and 

reverse visual discrimination problems in a modified Wisconsin General Testing Apparatus. On 

each trial, monkeys were allowed to open a single box. A trial ended when the subject made a 

correct response to rewarded stimulus (rewarded with a small piece of fruit), an incorrect 

response, or an omission occurred (no response for 2 min), and a 20-sec inter-trial interval 

followed. The spatial position of the different visual stimuli was varied pseudorandomly across 

trials. 

Each discrimination problem consisted of three phases: acquisition, retention and 

reversal. In the acquisition phase, subjects were required to learn which one of the three visual 

stimuli was associated with reward solely through feedback provided by the task. Once the 

performance criterion was met (seven correct choices within 10 consecutive trials), the session 

was terminated and the monkey returned to the home cage. If the monkey did not reach the 

performance criterion within 80 trials, the session ended and the same discrimination problem 

presented the following day(s) until the performance criterion was met. One day after reaching 

criterion, subjects were assessed in the retention phase, where the stimulus-reward 

contingencies remained unchanged. Immediately after reaching the performance criterion (four 

correct responses within five consecutive trials), unsignaled to the monkey, the reversal phase 

began. In the reversal phase, the stimulus-reward contingencies changed such that the 

previously rewarded stimulus was no longer rewarded and one of the two previously non-

rewarded stimuli was rewarded. The reversal phase continued until the performance criterion 

was met (seven correct choices within 10 consecutive trials) or until 80 trials had been 
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completed, whichever occurred first. The number of trials required to reach criterion in the 

reversal phase was the primary dependent measure.  

Subjects were trained on several novel discrimination problems before and after the 31-

day dosing regimen, each using novel stimuli. Drug effects on behavioral performance were 

determined by comparing data at three time points: (1) behavioral performance of subjects in 

the discrimination problem completed immediately prior to beginning the dosing regimen 

referred to as the “baseline assessment”; (2) performance during 3 weeks within the course of 

the treatment regimen (referred to as the “3 week assessment”; to limit the anorectic effects of 

methamphetamine, this test occurred after at least 36 h had elapsed since the last 

methamphetamine or saline administration); and (3) performance at 5 d after the last drug 

administration (referred to as the “5 d post-exposure assessment”). The baseline data for 12 of 

the 14 monkeys used in the current study have been reported (Groman et al, 2011b), as were 

the behavioral data before and after the dosing regimen (Groman et al, 2012). 

After completion of the dose regimen, two additional behavioral assessments were 

conducted, but the performance criterion was increased (nine correct choices in 10 completed 

trials for the acquisition, retention, and reversal phases) to augment the cognitive demands of 

the task. Specifically, the additional acquisition and retention training was expected to increase 

the likelihood of perseverative responding; these two “high-difficulty” sessions were conducted 

at 8 d and 2 weeks after cessation of drug administration (referred to as the “8 d post-exposure 

assessment” and the “2 week post-exposure assessment,” respectively).  

For the purposes of the current study, changes in gray matter were compared to the 

change in reversal learning performance between the baseline assessment and the 5 d post-

exposure assessment, as these assessments used the same performance criterion. The 

number of trials required to reach criterion in reversal phase of the baseline assessment was 
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subtracted from the number of trials required to reach criterion in the reversal phase of the 5 d 

post-exposure assessment to calculate a behavioral difference score.       

Magnetic Resonance Imaging Scanning Procedures: Each subject underwent structural 

magnetic resonance (MR) imaging twice: 2-3 weeks prior to initiating the dosing regimen 

(referred to as the ‘Baseline’ scan) and 3½ weeks after completion of the dosing regimen 

(referred to as the ‘Post-Dosing Regimen’ scan). On scan days, monkeys received an 

intramuscular injection of ketamine hydrochloride (10 mg/kg) and atropine sulfate (0.01 mg/kg). 

Once the monkey was sedated, an endotracheal tube was placed to provide inhalation of 2-3% 

isoflurane gas (in 100% O2) for the duration of the scan (approximately 1 hr). Nine T1-weighted 

volumes with three-dimensional, magnetization-prepared, rapid-acquisition, gradient-echo 

(MPRAGE) images were acquired (TR=1900 ms TE=4.38 ms, FOV=96 mm, flip angle 15 

degrees, voxel size 0.5 mm, 248 slices, slice thickness 0.5 mm) using a 1.5-T Siemens Sonata 

scanner and an 8-channel, high-resolution, knee-array coil (Invivo Corporation).   

Positron Emission Tomography Scanning Procedures: Three Positron Emission 

Tomography (PET) scans were collected, as previously described (Groman et al, 2012): (1) ~2 

weeks prior to initiating the dosing regimen (referred to as the “baseline scan”), (2) ~2 weeks 

after the last drug administration to examine the immediate effects of methamphetamine 

(referred to as “2-week post exposure scan”) and (3) ~7 weeks after the last drug administration 

to examine the stability of neural changes (referred to as the “7-week post exposure scan”). 

PET scanning was completed using [11C]WIN-35428 and [18F]fallypride as radioligands for 

assessing DAT and D2-like receptor availability, respectively. For the current study, D2-like and 

DAT availability measurements collected at the 2-week post-exposure scan were used, as these 

measurements were closest in time to when the second MR image was collected. Difference 

scores were calculated by subtracting the availability measurements obtained at the 2-week 

post-exposure scan from the baseline scan.  
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Data Processing 

MR image pre-processing: The nine MPRAGE sequences were motion-corrected using 

Statistical Parametric Mapping 5 (SPM; Institute of Neurology, University College London, 

London, England) and averaged. The images were aligned such that the anterior and posterior 

commissures were in the same plane, field-bias corrected and manually skull-stripped. 

Developing tissue class priors for MR image segmentation in vervet monkey: Tissue 

class priors, which indicate the likelihood of finding a given tissue class at a given location, were 

created by manually defining and smoothing (3 mm FWHM Gaussian kernel) gray matter, white 

matter, and cerebrospinal fluid on a vervet monkey template. Ten vervet monkey scans, 

collected for a different study (Fears et al, 2009), were segmented using SPM5, with the 

following changes to the default parameters: human tissue classification priors were replaced 

with the maps of tissue classification created from the vervet template, no affine regularization 

was conducted, and the sampling distance was changed from 3 mm to 1 mm. The resulting 

segmentations were averaged to create probability maps of gray matter, white matter and 

cerebrospinal fluid. 

Baseline and post-dosing regimen MR images for each subject were moved into a 

position located halfway between the two images, using Advanced Normalization Tools (Avants 

et al, 2011), and the baseline and post-dosing scans were averaged to create a mean image. 

The mean, baseline, and post-dosing regimen MR images were then segmented into gray 

matter, white matter and cerebrospinal fluid, using SPM5. The following segmentation 

parameters were changed from the default settings: human priors were replaced with the vervet 

monkey priors, no affine regularization was conducted, and the sampling distance was changed 

from 3 mm to 1 mm. Diffeomorphic Anatomical Registration using Exponential Lie Algebra 

(DARTEL) was then used to register each subject’s mean gray-matter image to template space. 

Baseline and post-dosing regimen gray-matter images were moved to template space using the 
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nonlinear deformation parameters generated by the registration of each subject’s mean gray-

matter image to template space (summarized in Figure 3). In the resulting gray-matter images, 

intensity at each voxel represents the proportion of gray matter with a region. 

 PET images were reconstructed as previously described (Groman et al, 2012). Activity 

was extracted from each subjects’ PET image using previously defined regions of interest and 

imported into the PMOD kinetic analysis program (PMOD v3.15). Time-activity curves were fit 

using the Multilinear Reference Tissue Model (Ichise et al, 2003), using the activity from the 

cerebellum as the reference. K2′, the rate constant of tracer transfer from the reference region 

(cerebellum) to plasma, was extracted from the high-activity areas of the caudate nucleus and 

putamen and averaged together. The time-activity curves were then refit with MRTM2 using the 

average fixed k2′ value applied to all brain regions.   

    
Figure 3. Preprocessing of Structural Magnetic Resonance Images. A diagram depicting the 
processing stream used in the current study.  
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Statistical Analysis 

In order to determine whether exposure to methamphetamine had a different effect on 

gray matter than saline treatment, difference images were created by subtracting the intensity of 

gray-matter images obtained from the post-dosing regimen scan from that of the baseline scan. 

These difference images were then smoothed using a 5 mm FWHM Gaussian function 

(McLaren et al, 2010). A general linear model (GLM) was created to statistically test the 

following: 1) whether the difference in gray matter within saline-exposed monkeys was greater 

than that in methamphetamine-exposed monkeys, 2) whether the difference in gray matter 

within methamphetamine-exposed monkeys was greater than that in saline-exposed monkeys 

3) whether the difference in gray matter between the baseline and post-dosing regimen was 

statistically significant in saline-exposed monkeys and 4) whether the difference in gray matter 

between baseline and post-dosing regimen was statistically significant in methamphetamine-

exposed monkeys. The GLM was then implemented in FSL RANDOMISE v2.1 tool 

(Permutation-based nonparametric inference, Oxford University, Oxford UK) with a variance 

smoothing of 5 mm (FWHM Gaussian). Threshold-free cluster enhancement (TFCE) (Smith and 

Nichols, 2009) was used to detect significant clusters of change; this method provides the ability 

to perform cluster-based inference without the need to specify an arbitrary cluster-forming 

threshold, as is necessary when using Gaussian random field theory. For each analysis, 10,000 

randomization runs were performed. Statistical maps were thresholded at p < 0.05 and 

corrected for the search volume contained in the following regions of interest, selected based on 

evidence that gray-matter volume or density in methamphetamine-dependent individuals is 

altered in these regions (Chang et al, 2005; Jernigan et al, 2005; Morales et al, 2012; 

Thompson et al, 2004): orbitofrontal cortex, ventral medial prefrontal cortex, cingulate cortex, 

insula, caudate, putamen and ventral striatum. 
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To determine the dependency between changes in gray matter and changes in the 

number of trials required to reach criterion in the reversal phase in the methamphetamine-

exposed monkeys, the difference in the number of trials required to reach criterion in the 

reversal phase before and after the dosing regimen was regressed against the difference in 

gray matter using RANDOMISE with variance smoothing of 5 mm (FWHM) and, based on the 

results of the analysis described above, confined to the search volume of the bilateral putamen. 

Ten thousand randomization runs were performed, and TFCE was used to detected significant 

correlation clusters. Statistical maps were thresholded at p<0.05 and corrected for the entire 

search volume of the putamen. 

The relationship between changes in gray matter and changes in D2-like receptor and 

DAT availability were examined by regressing the difference in the availability of these 

dopaminergic markers within the right putamen (2-week post-exposure scan - baseline) against 

the difference in gray matter using RANDOMISE with variance-smoothing of 5 mm (FWHM) 

and, based on the results of analysis described above, confined to the search volume of the 

bilateral putamen. Ten thousand randomization runs were performed, and TFCE used to 

detected significant correlation clusters. Statistical maps were thresholded at p<0.05 and 

corrected for the entire search volume of the putamen. Effect size maps (Cohen’s d) were 

created by taking the square root of the mean difference in intensity of the gray-matter images 

in methamphetamine-exposed monkeys to that of saline-exposed monkeys divided by the 

pooled standard deviation in the difference values. Correlation coefficients, obtained from 

Pearson’s product-moment correlations, were compared between data from methamphetamine- 

and saline-exposed monkeys using Fisher’s r-to-z transform.  

Results 

Voxel-wise analysis examining whether methamphetamine produced changes in gray 

matter that differed from changes in the control condition detected a significant cluster, located 
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within the caudal portion of the right putamen (Figure 4A). A similar cluster was observed in the 

left putamen; however, it did not survive corrections for multiple comparisons. The simple-

effects contrasts examining the difference in gray matter in saline or methamphetamine 

monkeys indicated that the interaction was due to a significant change in gray matter within the 

right putamen of methamphetamine-exposed monkeys (Figure 4B), as no significant clusters 

were detected in the saline-exposed monkeys. Values extracted from the significant interaction 

cluster revealed that, on average, gray matter increased in methamphetamine-exposed 

monkeys by 5.2% (+/-1.2% SEM), while gray matter decreased in saline-exposed monkeys by 

0.8% (+/- 1.5%; SEM). The overlap between the significant interaction cluster and simple-effect 

cluster are plotted in Figure 4C, and the raw gray-matter intensity values are plotted in Figure 

                
 
Figure 4. Methamphetamine (MA)-induced Changes in Gray Matter. Statistical maps (p values) for 
the voxel-wise analysis of changes in gray matter with exposure to an escalating dose regimen of 
saline (SAL; N=7) or MA (MA; N=7). The significant time-by-drug exposure interaction detected in the 
right putamen is presented in panel A and the simple effects contrast presented in panel B. The 
overlap between the interaction cluster and the simple effect cluster is presented in panel C. For 
illustrative purposes, the intensity of the gray-matter images at the baseline and post-dosing scan in 
monkeys exposed to saline (closed circles) or MA (open circles) are presented in panel D.  
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4D. Effect size (Cohen’s d) maps, comparing changes in gray matter between 

methamphetamine- and saline-exposed monkeys within the regions of interest (Figure 5), allow 

for qualitative comparison of differences between groups that did not reach the prescribed 

statistical threshold. 

Acquisition, retention and reversal performance: As previously described (Groman et al, 

2012), analysis of behavioral performance of monkeys before, during and after the dosing 

regimen revealed no significant differences between the groups for the number of trials required 

to reach criterion in the acquisition phase or retention phase. However, the number of trials 

required to reach criterion in the reversal phase significantly diverge between the groups across 

the behavioral assessments (group by discrimination session: p<0.001). Post-hoc analyses 

confirmed that this was due to a significant increase in the number of trials required to reach 

              

Figure 5. Effect Size Maps. Cohen’s d maps for the comparison between change in gray matter 
between Methamphetamine (MA)- and saline-exposed monkeys. Cooler values are indicative of gray 
matter loss (darker to lighter blue represents lower to greater negative effects) in the MA-exposed 
monkeys compared to the saline-exposed monkeys, while hotter values are indicative of increases in 
gray matter (darker to lighter red represents lower to greater positive effects) in MA-exposed monkeys 
compared to saline-exposed monkeys.  
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criterion in the methamphetamine-exposed monkeys between baseline and the three-week 

assessment (p<0.001); however, no other pairwise comparisons were significant (all p’s>0.81).     

 Correlation of changes in inhibitory control with changes in gray matter morphometry: To 

determine whether the change in putamen gray matter detected in the methamphetamine-

exposed monkeys was behaviorally relevant, we tested for a correlation between the change in 

the number of trials required to reach criterion in the reversal phase after methamphetamine 

exposure and the difference in gray matter within the putamen. The voxel-wise analysis of this 

regression revealed a significant cluster located within the caudal portion of the right putamen 

(Figure 6A), overlapping with the time-by-dosing regimen cluster detected above (Figure 6B). 

         
Figure 6. Associations Between Changes in Gray Matter, D2-like Receptor Availability, and 
Dopamine Transporter Availability. Statistical maps (p values) for the voxel-wise regression of 
changes in gray matter within the putamen on change in reversal learning performance. The 
change in the number of trials required to reach criterion in the reversal phase was positively 
related to the change in gray matter, which is presented in panel A. This cluster overlapped with 
the time-by-dosing regimen interaction on gray matter as presented in panel B. The relationship 
was only detected in the methamphetamine-exposed monkeys (panel D), as the change in gray 
matter did not significantly correlate with the change in reversal learning performance within the 
saline-exposed monkeys (panel 4C). Scatter plots are for illustrative purposes only.  
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The change in gray matter was positively correlated with the change in reversal-learning 

performance, such that the increased gray matter was associated with a greater number of trials 

needed to reach criterion in the reversal phase in methamphetamine-exposed monkeys (Figure 

6D). The relationship was not statistically significant in saline-exposed monkeys (Figure 6C).   

 

Covariation of dopaminergic markers with gray-matter morphometry: Previously, we 

demonstrated that exposure to an escalating dose of methamphetamine significantly reduced 

D2-like receptor and DAT within the striatum of the animals tested here (Groman et al, 2012). 

    
 
Figure 7. Associations Between Changes in Gray Matter, D2-like Receptor Availability, and 
Dopamine Transporter Availability. Statistical maps (p values) from the voxel-wise regression of 
changes in gray matter on changes in D2-like receptor availability (panel A) and changes in DAT 
availability (panel B) within the putamen. Scatter plots demonstrating the relationship between the 
difference in gray matter (X axis) and the difference in D2-like receptor availability (Y axis; panel C) or 
difference in DAT availability (Y axis; panel D) are presented in both saline-exposed monkeys (closed 
circles) and MA-exposed monkeys (open circles).  
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To determine whether changes in markers of the dopamine system were correlated with 

changes in gray matter, the change in these dopaminergic markers within the right putamen 

before and after the dosing regimen was regressed against changes in gray matter within the 

putamen. The voxel-wise analysis revealed a significant cluster located within the caudal portion 

of the right putamen for the change in D2-like receptor availability (Figure 7A) as well as the 

change in DAT availability (Figure 7B). The correlation coefficients did not differ between saline- 

or methamphetamine-exposed monkeys for D2-like receptor availability (Figure 7C) or for DAT 

availability  (Figure 7D). 

Discussion  

These data provide the first evidence that exposure to a prolonged, escalating dosing 

regimen of methamphetamine designed to mimic aspects of human use patterns produces long-

lasting alterations in the structural integrity of the striatum that can be measured in vivo with 

sMRI, and suggest that the structural abnormalities previously detected in methamphetamine-

dependent humans are, at least in part, a consequence of drug use. The degree of change in 

gray matter within the right putamen correlated with change in reversal-learning performance, 

providing evidence that the structural alterations have a functional impact on inhibitory control, a 

process that may be central to addiction. Finally, changes in dopaminergic markers within the 

putamen were correlated with the change in gray matter, suggesting that the 

methamphetamine-induced biochemical alterations may be related to the structural change. 

Previous studies have indicated that gray-matter volume within the putamen is greater in 

methamphetamine-dependent humans compared to control subjects (Chang et al, 2005; 

Churchwell et al, 2012; Jernigan et al, 2005). Although these morphometric differences have 

long been presumed to be an effect of chronic drug use (Chang et al, 2007), recent evidence 

has suggested that greater putamen gray-matter volume may be present prior to drug use 

(Ersche et al, 2012), with these structural differences possibly influencing the development of 
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substance abuse and/or dependence. The results of the current study support the former 

hypothesis, demonstrating that gray matter in the putamen increased following exposure to 

methamphetamine in a manner similar to the differences detected in human-methamphetamine 

users. This is not to say that gray-matter volume differences in the putamen are not both a 

cause and consequence of stimulant dependence.  

Unlike previous studies that have detected gray-matter abnormalities in the prefrontal 

cortex of methamphetamine-dependent humans (Morales et al, 2012; Thompson et al, 2004), 

prefrontal gray matter was not significantly different in monkeys exposed to methamphetamine 

than in monkeys exposed to saline. The discrepancy between the human studies and the 

current study could reflect a variety of factors. One possibility is that changes in prefrontal gray 

matter produced by 31 days of methamphetamine exposure may be on a smaller scale than that 

those in putamen, requiring a larger sample size than that used here to detect the change (as 

evidenced by the effect size maps presented in Figure 3). Changes in prefrontal cortical 

structure may occur at a slower rate than those in the putamen, emerging only after extensive 

periods of drug use (several years). Supporting this hypothesis is evidence that prefrontal gray-

matter volume/density in heroin- and cannabis-dependent individuals is negatively correlated 

with duration of drug use (Stone et al, 2012b; Yuan et al, 2009). It is also possible that some of 

the abnormalities in prefrontal cortex detected in methamphetamine-dependent individuals are 

attributable to factors other than methamphetamine exposure. For example, a large proportion 

of methamphetamine-dependent individuals smoke tobacco cigarettes, and some abnormalities 

in prefrontal gray-matter volume observed in methamphetamine-dependent individuals may be 

attributable to cigarette smoking (Morales et al, 2012). Finally, given that prefrontal gray-matter 

volume is smaller in drug-naive individuals who are at greater than normal risk for developing 

alcoholism (Benegal et al, 2007), it is also possible that the differences in prefrontal gray-matter 

volume observed in methamphetamine abusers predate drug use may reflect and increased 

vulnerability to developing methamphetamine dependence.   
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Although several studies have indicated that gray matter in the striatum is altered in 

methamphetamine-dependent individuals (Chang et al, 2005; Churchwell et al, 2012; Ersche et 

al, 2012; Jernigan et al, 2005; Morales et al, 2012), the mechanism by which these alterations 

occur is unknown. Greater gray-matter volume/density in the putamen may be indicative of 

increased neuronal density (Tulloch et al, 2011), alterations in the morphology of the existing 

neurons (e.g., increased spine density) (Jedynak et al, 2007), or, as had been previously 

proposed, an inflammatory response to methamphetamine exposure (Kousik et al, 2012). In 

animals, administration of methamphetamine increases activation of astroglia, microglia and 

other markers of inflammation that have been proposed to mediate the neurotoxic effects of 

methamphetamine on the dopamine system (Asanuma et al, 2003), and administration of drugs 

that prevent microglial activation prevents the methamphetamine-induced dopamine alterations 

(Thomas and Kuhn, 2005). Measurements of microglial activation in methamphetamine-

dependent people suggest that reactive gliosis can persist for at least two years following the 

initiation of abstinence from methamphetamine (Sekine et al, 2008). The changes in gray matter 

detected in the current study were still present 3 weeks after the final dose of methamphetamine 

was administered and were correlated with changes in measures of D2-like and DAT 

availability, suggesting that changes in putamen morphometry are long-lasting and co-occur 

with changes in the putamen dopamine system, possibly arising from inflammation. 

The increase in gray matter observed here was greater in the right putamen, with a 

similar, nonsignificant trend observed in the left putamen; however, nonsignificant decreases in 

gray matter were observed in the caudate nucleus (see effect size map, Figure 3). An emerging 

literature suggest that exposure to methamphetamine has differential effects in striatal 

subregions. Repeated exposure to methamphetamine increases spine density on medium spiny 

neurons in the dorsolateral striatum, but decreases spine density in the immediately adjacent 

dorsomedial striatum (Jedynak et al, 2007), the rodent striatal subregions believed to be 

orthologous to the primate putamen and caudate, respectively. Methamphetamine exposure 
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also results in alterations in the vasculature of the dorsal but not ventral striatum (Kousik et al, 

2011), possibly producing a spatially restricted hypoxic environment and inflammatory 

response. Data from human studies suggest that stimulant-dependent individuals have smaller 

gray-matter volume in the caudate than stimulant-naive individuals (Morales et al, 2012; 

Moreno-Lopez et al, 2012), in contrast to findings indicating greater volume in the putamen. 

Taken together, this evidence suggests that methamphetamine exposure differentially alters 

regions within the striatum, which may differentially alter the behavioral effects of 

methamphetamine by simultaneously altering the neural circuits that underlie goal-directed 

(dorsomedial striatum) and habitual (dorsolateral striatum) behaviors. However, additional 

studies with larger samples are needed.  

Emerging evidence indicates that the ability to exert inhibitory control over behaviors 

relies on several regions within the corticostriatal circuit (Castane et al, 2010). Lesions to the 

orbitofrontal cortex and dorsal striatum produce similar impairments in reversal-learning 

performance, indicating that the ability to modify behaviors adaptively, upon a change in 

contingencies, depends upon the coordinated activity of nuclei within the corticostriatal circuit. In 

the current study, the methamphetamine-induced increases in gray matter in the putamen were 

positively correlated with the change in reversal-learning performance, demonstrating that the 

morphometric changes had a detrimental impact on a behavioral process that is altered in 

human methamphetamine users (Ghahremani et al, 2011).  

Conversely, striatal gray-matter volume in human methamphetamine-dependent 

subjects is negatively correlated with measures of cognitive function (Chang et al, 2005; Jan et 

al, 2012). The discrepancy between the current findings and this observation may reflect 

temporal differences in the effects of methamphetamine. For example, during the initial phases 

of drug use, the effect of methamphetamine on the putamen may be the greatest, producing the 

largest inflammatory response and alterations to the dopamine system. Consistent with this 

hypothesis, in adolescent methamphetamine abusers, number of lifetime doses of 
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methamphetamine are positively correlated with gray-matter volume in the putamen (Churchwell 

et al, 2012). In adults who abuse methamphetamine, however, years of methamphetamine 

abuse are negatively correlated with gray-matter volume in the putamen (Chang et al, 2005), 

suggesting that as use of the drug continues, tolerance develops and compensatory 

mechanisms are recruited as an adaption to the persistent presence of methamphetamine, 

which may then impact cognitive processes in a different way than when methamphetamine use 

initially began.   

These data highlight the neural and behavioral variability that exists between individuals 

in response to methamphetamine. Despite receiving identical doses and cumulative amounts of 

methamphetamine, the impact of methamphetamine on gray matter was minimal in some 

individuals (<2%) and great in others (~11%) suggesting that unidentified biological and/or 

genetic factors may mediate the neural response of individuals to methamphetamine. The 

current study found that changes in gray matter within the methamphetamine-exposed monkeys 

correlated with the changes in reversal learning performance, suggesting that individual 

differences in methamphetamine-induced gray matter changes have a functional and 

meaningful impact on behaviors that may contribute to the pathophysiology of 

methamphetamine dependence. 

These data support the notion that greater putamen gray-matter volume in 

methamphetamine-dependent than in methamphetamine-naïve individuals is, in part, a 

consequence of drug use; however, the etiology and reversibility of these methamphetamine-

induced changes remains unknown. Future studies in animals, combining sMRI assessments of 

brain structure with histological measurements have the potential to link gross anatomical 

changes to changes at the cellular level. In humans, multimodal neuroimaging, incorporating 

measures of microglial activation (Sekine et al, 2008) may be used to test the hypothesis that 

changes in gray matter reflect inflammation. Since the current study found that exposure to 

methamphetamine produced an changes in morphometry that functionally impacted behaviors 
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previously shown to predict aspects of sobriety in substance-dependent individuals 

(Aharonovich et al, 2006; Turner et al, 2009), determining the etiology of these morphometric 

changes may identify novel targets for the treatment of methamphetamine dependence.  
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Craving for Methamphetamine and Impulsivity 

Are Associated with Regional Gray-Matter Volumes 
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Introduction 

Drug craving and impulsive behaviors are two factors that are believed to contribute to 

continued drug use despite negative consequences (Jentsch et al, 1999; Perry and Carroll, 

2008a; Robinson et al, 1993). Consistent with this view, a prospective study of individuals in 

treatment for methamphetamine substance use disorder showed that craving for 

methamphetamine predicted subsequent drug use (Hartz et al, 2001). Furthermore, there is 

evidence to suggest that higher levels of impulsivity are associated with worse treatment 

outcomes for individuals with stimulant use disorders (Moeller et al, 2001; Patkar et al, 2004) 

and methamphetamine users commonly cite impulsive choices as one reason for relapse 

(Newton et al, 2009). While many of the physiological and psychological effects of 

methamphetamine abuse resolve during the first week of abstinence from the drug, craving for 

methamphetamine (Zorick et al, 2010) and impulsivity (Heil et al, 2006) are still present after 

approximately one month of abstinence from methamphetamine or cocaine. Furthermore, 

craving for methamphetamine is positively associated with impulsivity in methamphetamine-

dependent individuals (Heil et al, 2006). Taken together, the relevant literature suggests that 

some of the neurobiological mechanisms that underlie craving and impulsivity persist even after 

drug use ceases and that there may be overlap in the relevant neural circuitry that underlies 

cognitive processes associated with craving and impulsivity.  

Positron emission tomography and functional magnetic resonance imaging have been 

used to help elucidate the neural circuits associated with the induction and regulation of craving 

in subjects with drug-use disorders. Laboratory studies that incorporate induction of craving in 

stimulant abusers have consistently shown that drug cues elicit increased activation in 

orbitofrontal cortex (Bonson et al, 2002; Grant et al, 1996; Volkow et al, 1999), dorso- and 

ventro-lateral prefrontal (Bonson et al, 2002; Breiter et al, 1997; Grant et al, 1996; Maas et al, 

1998), anterior cingulate (Breiter et al, 1997; Childress et al, 1999; Garavan et al, 2000; Maas et 

al, 1998; Volkow et al, 1999) and insular cortices (Breiter et al, 1997). Furthermore, self-reports 
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of craving in these studies are positively correlated with activation in the striatum, and 

orbitofrontal cortex, dorsolateral prefrontal and anterior cingulate cortex (Hommer, 1999). The 

induction of craving also changes activation in subcortical regions such as the ventral striatum 

(Breiter et al, 1997) and amygdala (Bonson et al, 2002; Childress et al, 1999; Garavan et al, 

2000; Grant et al, 1996); however, the direction of the change varied, depending on the study. 

These studies suggest that distributed cortical networks involved in motivation, emotion, 

interoception and executive functioning contribute to the psychological experience of drug 

craving. A recent study found that craving for methamphetamine is negatively associated with 

gray-matter volume in the right inferior gyrus (Tabibnia et al, 2011), however, gray-matter 

volume in other relevant brain regions was not examined.  

Many studies have also been conducted to determine the chemical, functional and 

structural features of neural circuitry that underlies self-report assessments of impulsivity. 

Positron emission tomography studies using [18F]fallypride found that healthy individuals who 

are more impulsive have lower D2/D3 autoreceptor binding in the midbrain and greater 

dopamine release in the striatum (Buckholtz et al, 2010). Furthermore, D2/D3 receptor 

availability in the striatum is negatively related to self-reported impulsivity in a sample that 

included healthy control and methamphetamine-dependent subjects, with a much more robust 

effect in the methamphetamine users (Lee et al, 2009). Impulsivity also has been negatively 

associated with activation in the ventromedial prefrontal cortex during decision-making in a 

functional magnetic resonance imaging study (Sripada et al, 2010). These studies support the 

hypothesis that impulsivity is related to the integrity of frontostriatal circuits (Jentsch et al, 2014; 

Jentsch et al, 1999). This view is supported by diffusion tensor imaging studies showing that 

fractional anisotropy?, which may be an index of white-matter integrity, in lateral prefrontal 

cortex and corpus callosum is negatively associated with impulsivity in patients with bipolar 

disorder (Matsuo et al, 2010), schizophrenia (Hoptman et al, 2002), and alcohol use disorder 

(Liu et al, 2010). Impulsivity also is negatively related to gray-matter volume in the ventromedial 
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prefrontal and anterior cingulate cortices in healthy and psychiatric populations (Lee et al, 2013; 

Matsuo et al, 2009a; Matsuo et al, 2009b); however, more studies are needed to determine the 

associations between self-reported impulsivity and gray-matter volume in methamphetamine-

dependent samples.  

Studies using structural magnetic resonance imaging (sMRI) have shown gray-matter 

differences in many brain regions that are implicated in drug craving and impulsivity, in 

comparisons of methamphetamine-dependent and healthy control subjects. Methamphetamine-

dependent individuals have less gray-matter volume in prefrontal, anterior cingulate and insular 

cortices than healthy controls (Morales et al, 2012; Schwartz et al, 2010; Thompson et al, 2004). 

Compared with healthy control participants, individuals with a history of methamphetamine-

induced psychosis also have less gray-matter volume in the amygdala (Orikabe et al, 2011). In 

contrast, several studies have found that methamphetamine-dependent individuals have greater 

gray-matter volume in the striatum than healthy control participants (Chang et al, 2005; Jernigan 

et al, 2005); and greater gray-matter volume in the putamen is negatively correlated with years 

of methamphetamine use (Chang et al, 2005). In the present study, we sought to extend 

previous research by examining the correlations between craving for methamphetamine, 

impulsivity, and gray-matter volume. We hypothesized that higher levels of craving and 

impulsivity would be associated with less gray-matter volume in cognitive control, motivational, 

and limbic networks. We also expected that higher craving for methamphetamine would be 

associated with greater self-reported impulsivity and predicted overlap in the brain regions 

implicated in craving for methamphetamine and impulsivity.  

Methods 

Participants 

A total of 76 methamphetamine-dependent and 83 healthy control participants were 

recruited for this study. Fifty-eight methamphetamine-dependent participants completed 

assessments of craving for methamphetamine using the visual analog scale and were included 
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in this study. Eighteen participants completed a different assessment of craving for 

methamphetamine, and were excluded from this study. Screening procedures and 

inclusion/exclusion criteria are detailed in Chapter II. In this study, 11 methamphetamine-

dependent individuals completed study procedures on a non-residential basis whereas the 

others resided at UCLA Hospital for the duration of the study.  

Self-Report of Drug Use, Craving, and Impulsivity  

Drug use and demographic variables were collected using the Addiction Severity Index 

(McLellan et al, 2006) and a drug use survey prepared for this study. Craving for 

methamphetamine was assessed during 1 of the first 5 days of abstinence using a self-report 

scale. Subjects were instructed to select, on a 10-point scale of 0 (“not at all”) to 100 (“strongest 

ever”), the number that corresponded with craving level for “the past 24 hours.”  

Impulsivity was measured using the 11th version of the Barratt Impulsiveness Scale 

(BIS-11) (Patton et al, 1995; Stanford et al, 2009). The BIS-11 is a 30-item questionnaire that 

asks a participant to rate how much each of the 30 statements applies to them on a 4-point 

Likert Scale. On the basis of factor analysis, the BIS-11 has been used to separate impulsivity 

into three dimensions: motor impulsivity or acting without thinking, non-planning impulsivity or 

acting without forethought and attentional impulsivity or inability to focus attention. Despite 

prevalent use of the BIS-11 subscale scores, relatively little work has been done to examine the 

reliability and validity of these subscales (Stanford et al, 2009). Recent work suggests that the 

theory that impulsivity can be divided into three subdomains is not supported by the data; 

therefore, alternative ways of scoring responses on the BIS-11 have been developed (Reise et 

al, 2013; Steinberg et al, 2013). In the current study, therefore, one unidimensional score (Brief 

BIS) was generated from 8 of the 30 items in the BIS-11 (Steinberg et al, 2013).  

Magnetic Resonance Imaging 

 Methods for image acquisition and preprocessing are detailed in Chapter II under Voxel-

Based Morphometry Analysis of Cross-Sectional Data (page 25).  
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Statistical Analyses 

 Other than the data that pertained to sMRI measurements, data were analyzed in SPSS 

21. Student’s t-tests and Chi-squared tests were used to evaluate differences in demographic 

and drug-use variables between groups. Bivariate correlations and Student’s t-tests were used 

to examine the relationships between demographic variables and impulsivity or craving in each 

the groups. To test for relationships between gray-matter volume and impulsivity or craving, 

FSL’s Randomise (http://www.fmrib.ox.ac.uk/fsl/randomise, version 5.1) was used to implement 

voxel-wise permutation-based nonparametric inference. The relationship between craving for 

methamphetamine and gray-matter volume was tested using a general linear model that 

included sex, days since last methamphetamine use, and frequency of methamphetamine use 

(days of use over the course of the 30 days preceding entry into the study) as covariates. A 

general linear model, with group, frequency of marijuana use, smoking status, and mother’s 

education as covariates, was used to test for group differences in the relationship between 

Brief-BIS scores and gray-matter volume. Correlations between Brief-BIS scores and gray-

matter volume were also tested in each group separately. For each of the contrasts tested, 

10000 randomizations were performed. Threshold-free cluster enhancement (Smith and Nichols 

2009) was used to correct for multiple comparisons, and a statistical threshold of p < 0.05 

corrected for the entire search volume was applied to each of the resulting statistical maps. A 

conjunction, using the revised minimum statistic approach, was used to determine where brain 

regions showing negative correlations between gray-matter volume and craving for 

methamphetamine or impulsivity overlapped (Nichols et al, 2005). 

Results 

Participant Characteristics 

 Methamphetamine-dependent and control groups did not differ in age, sex, or frequency 

of alcohol use. On average, the users smoked marijuana more frequently (t = 3.9, p < 0.001), 

were more likely to be tobacco cigarette smokers (Chi-Square = 44.9, p < 0.001) and had 
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mothers who received fewer years of education (t = -3.1, p < 0.005) than healthy controls. 

Compared with healthy controls, 

methamphetamine-dependent individuals 

reported higher levels of impulsivity (Figure 8), 

and this difference between groups remained 

significant after controlling for frequency of 

marijuana use, smoking status and mother’s 

education (ANCOVA: (1, 144) F = 25.1, p < 

0.001; years of mother’s education was missing 

for 10 participants).  

 Craving for Methamphetamine 

 Spontaneous craving, during the first 5 days of abstinence from methamphetamine, was 

not correlated with years of heavy methamphetamine use, age of first methamphetamine use, 

Table 5. Relationships Between Impulsivity, Craving for Methamphetamine, and 
Demographic and Drug Use Variables 

Brief BIS Scores Craving for MA  
Demographic and  

Drug Use Variables MA-dependent      
n=76 

Healthy Control      
n=83  

MA-dependent 
n=58 

Age r = 0.20; p = 0.08 r = -0.20; p = 0.08 r = -0.11; p = 0.42 

Sex t = -1.41; p = 0.16 t = 0.24; p = 0.81 t = -2.19; p = 0.03 
Education r = -0.11; p = 0.35 r = 0.03; p = 0.81 r = -0.09; p = 0.52 

Mother's Education r = -0.09; p = 0.46 r = 0.05; p = 0.67 r = -0.13; p = 0.34 

Frequency of alcohol use r = 0.08; p = 0.49 r = 0.08; p = 0.49 r = -0.01; p = 0.97 

Frequency of marijuana use r = -0.17; p = 0.14 r = 0.13; p = 0.26 r = 0.04; p = 0.78 

Pack-year smoking history  r = 0.11; p = 0.35 r = -0.17; p = 0.13 r = 0.13; p = 0.32 

Cigarettes per day r = 0.10; p = 0.38 r = -0.04; p = 0.72 r = -0.21; p = 0.12 

Frequency of MA use r = 0.19; p = 0.11 -- r = 0.25; p = 0.06 
Age of first MA use r = -0.11; p = 0.93 -- r = -0.10; p = 0.46 

Years of MA use  r = 0.24; p = 0.03 -- r = 0.22; p = 0.10 

Years of heavy MA use  r = 0.19; p = 0.11 -- r = 0.02; p = 0.88 

  
 
Figure 8. Methamphetamine-Dependent 
individuals are More Impulsive Than 
Healthy Control Participants. Error bars ± 2 
standard errors of the mean. 
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frequency of alcohol use, frequency of marijuana use, lifetime cigarette exposure (pack-years) 

or cigarettes smoked per day (p’s > 0.1) (Table 5). Recency of methamphetamine was positively 

associated with craving (r = -0.36, p = 0.006) and women exhibited stronger craving than men (t 

= -2.19, p = 0.033). Furthermore, there was a statistical trend for those who use 

methamphetamine more often to report stronger craving (r = 0.26, p = 0.06). Whole-brain voxel 

wise analysis revealed that craving for methamphetamine was negatively correlated with gray-

matter volume in bilateral insula, orbitofrontal cortex, rostral anterior cingulate, paracingulate 

gyrus, precentral gyrus, middle termporal gyrus, lateral occipital cortex, cerebellum and 

thalamus; and in right inferior frontal gyrus, supramarginal gyrus and amygdala after adjusting 

for the effects of sex, frequency of methamphetamine use, and days since last 

methamphetamine use (p < 0.05 corrected, Figure 9). 

Impulsivity  

 Impulsivity was not significantly associated with any demographic or drug use variables, 

except for years of methamphetamine use (p’s > 0.08, Table 5). Individuals with a longer history 

  
 
Figure 9. Craving for Methamphetamine is Negatively Associated with Gray-Matter Volume. 
Negative correlations between gray-matter volume and craving for methamphetamine were detected 
in bilateral rostral anterior cingulate, orbitofrontal cortex, paracingulate gyrus, thalamus, cerebellum 
and occipital cortex (A), bilateral insula, temporal and occipital cortices (B), and right middle and 
inferior frontal gyri (C). Horizontal and coronal slices (B, C) are displayed in radiological convention 
such that the right hemisphere is on the left side. Correlations included sex, frequency of 
methamphetamine use, and time since last methamphetamine use as covariates and are displayed at 
a statistical threshold of p < 0.05 corrected.  
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of methamphetamine use reported greater impulsivity (r = 0.24; p = 0.03). No group-by-

impulsivity interactions on gray-matter volume were detected. Data from the healthy control 

group showed no significant correlations between gray-matter volume and impulsivity, even at 

very liberal statistical threshold (p < 0.01, uncorrected). Impulsivity was negatively correlated 

with gray-matter volume in bilateral orbitofrontal and temporal fusiform cortex, right anterior 

cingulate, and left inferior frontal cortex in data from the methamphetamine-dependent group (p 

< 0.05, corrected, Figure 10); however, these relationships did not remain significant after 

controlling for years of methamphetamine use.  

Relationships Between Craving and Impulsivity 

 A positive correlation was detected between craving for methamphetamine and Brief BIS 

scores indicating that indicating that the individuals with stronger craving reported greater 

impulsivity (r = 0.289, p = 0.029); this association remained significant after controlling for 

frequency of methamphetamine use and days since last methamphetamine use before the 

assessment of craving (r = 0.272, p = 0.044). Results from the conjunction analysis gray-matter 

  
 
Figure 10. Impulsivity is Negatively Correlated with Gray-Matter Volume in 
Methamphetamine-Dependent Individuals. Methamphetamine-dependent individuals who are 
more impulsive have smaller gray-matter volume in right anterior cingulate (A), left inferior frontal 
cortex (B) and bilateral orbitofrontal cortex (C). Horizontal and coronal slices (B, C) are displayed in 
radiological convention such that the right hemisphere is on the left side. Bivariate correlations are 
displayed at a statistical threshold of p < 0.05 corrected.  
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volumes in bilateral orbitofrontal, right anterior cingulate, left ventromedial prefrontal and left 

inferior frontal cortex are associated with both craving for methamphetamine and impulsivity. 

Figure 11 provides a qualitative depiction of the regional distribution of brain regions where 

gray-matter volume is associated with impulsivity and/or craving for methamphetamine.  

Discussion 

The findings show that, in methamphetamine users, individual differences in gray-matter 

volume are associated with self-reported craving for the drug and with impulsivity, two factors 

believed to hinder the success of treatment for methamphetamine dependence. Although 

previous studies have found differences between healthy and methamphetamine-dependent 

individuals in gray-matter morphometry in orbitofrontal, anterior cingulate and insular cortices 

(Morales et al, 2012; Nakama et al, 2011; Schwartz et al, 2010; Thompson et al, 2004), this 

study advances the field by showing that individual differences in brain structure are linked with 

psychological states and behaviors that are particularly relevant to substance use disorders. As 

no statistically significant associations between impulsivity and gray-volume were detected in 

the healthy control group, correlations between impulsivity and gray-matter volume in 

methamphetamine-dependent individuals may be related to duration of methamphetamine 

abuse, a variable correlated with both impulsivity and gray-matter volume. Consistent with prior 

findings, individuals with stronger craving for methamphetamine also reported being more 

impulsive (Heil et al, 2006). This study shows that common neuroanatomical substrates may 

underlie this association.  

 Smaller gray-matter volume in the insular cortex and anterior cingulate was associated 

stronger craving for methamphetamine, consistent with a critical role of these brain regions in 

substance use disorders (Goldstein et al, 2009; Naqvi and Bechara, 2010). As the insula is 

implicated in interoception of bodily states (Craig, 2009), the finding that transient inactivation of 

the insular cortex disrupts conditioned place preference for methamphetamine in rats was 

interpreted as evidence for the hypothesis that drug cues produce interoceptive states that 
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promote drug seeking behavior (Contreras et al, 2007). This interpretation is supported by 

evidence from functional imaging studies indicating that the insula and anterior cingulate are 

involved in sensing salient internal and external stimuli and subsequently guiding behavior 

(Menon and Uddin, 2010). The role of the insular cortex in maintaining addiction likely 

generalizes to other drugs of abuse, as damage to the insular cortex in humans and animals 

disrupts cigarette-smoking behavior and nicotine conditioned place preference, respectively 

(Naqvi et al, 2007; Scott and Hiroi, 2011). Furthermore, thinner cortex in right ventral anterior 

insula is associated with greater craving for cigarettes in young smokers (Study 5, Appendix). 

Since damage to the insula disrupts drug use, one might expect that smaller insula volumes 

would be associated with less drug craving; however, these studies suggest that the relationship 

between insula structure and function is complicated. More studies are needed to understand 

the microstructures that underlie individual differences in insular morphometry in individuals with 

substance use disorders (e.g. particular cell types whose morphometry is influenced by drug 

use) and to determine how these differences relate to insula function and behavior. 

 Craving for methamphetamine and impulsivity are related to gray-matter volume in the 

orbitofrontal cortex, a region that is important for guiding behavior on the basis of information 

about outcome expectancies (Torregrossa et al, 2008). As the orbitofrontal cortex has 

bidirectional connections with the nucleus accumbens (Haber et al, 1995; Ray and Price, 1993), 

damage to the orbitofrontal cortex has profound impact on reward-related behaviors. For 

example, studies measuring performance on reversal learning tasks in animals and humans 

have consistently shown damage to the orbitofrontal cortex disrupts to ability to inhibit 

previously learned responses when reinforcement contingencies change (Hornak et al, 2004; 

Izquierdo et al, 2004) and that exposure to methamphetamine impairs reversal learning 

performance (Groman et al, 2012). The inability to learn from positive and negative reinforcers 

may contribute to the inappropriate and impulsive behavior. Compared with individuals with 

damage to the dorsolateral prefrontal cortex, those with orbitofrontal cortex damage report 



 74 

greater impulsivity on the BIS-11 (Berlin et al, 2004). The orbitofrontal cortex may also mediate 

cue-induced drug-seeking behavior as neurotoxic lesions to the lateral orbitofrontal cortex 

impair conditioned cue-reinstatement of cocaine self-administration in rodents (Fuchs et al, 

2004). It has been hypothesized that motivational states that promote drug-seeking may be 

experienced as craving or the intense urge to use drugs (Volkow et al, 2000).  

 While no prior studies have examined the associations between self-reported impulsivity 

and gray-matter volume in methamphetamine-dependent individuals, our findings are largely 

consistent with studies of individuals with other psychiatric conditions. As observed in data from 

individuals with bipolar disorder or in individuals at ultra high risk for developing psychosis, 

greater impulsivity was associated with less gray-matter volume in the anterior cingulate of 

methamphetamine-dependent individuals (Lee et al, 2013; Matsuo et al, 2009a; Matsuo et al, 

2009b). These findings are also consistent with results from functional magnetic resonance 

imaging studies showing that methamphetamine- and cocaine-dependent individuals have less 

activation in the anterior cingulate than healthy controls during tasks that measure aspects of 

impulsivity, such as response inhibition (Hester and Garavan, 2004; Kaufman et al, 2003; 

Nestor et al, 2011).  

 Unlike a previous study (Matsuo et al, 2009b), we did not detect significant correlations 

between gray-matter volume and healthy controls in orbitofrontal cortex. In the study by Matsuo 

and colleagues negative associations between impulsivity and gray-matter volume in 

orbitofrontal cortex did not reach statistical significance at the whole-brain level. Furthermore, in 

a relatively large independent sample of 116 healthy control subjects, we found that lateral and 

medial orbitofrontal cortex volumes explained 5.9% (r = -0.24, p = 0.01) and 3.8% (r = -0.20, p = 

0.02) of the variance associated Brief BIS scores, respectively (unpublished results). Taken 

together, these studies suggest that the effect size of associations between gray-matter volume 

and impulsivity are relatively small in healthy individuals and that correlations between the two 

variables may only be reliably detected in large samples. 
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 Methodological limitations associated with self-report measurements of craving and 

impulsivity warrant further investigation. In this study, participants rated their craving for 

methamphetamine in 24 hours before the assessment; however, little is understood about the 

temporal dynamics of craving (Drummond, 2001). More studies are needed to determine if 

short-lived fluctuations in craving induced by exposure to drug cues or mood relate to 

background levels of craving. Individuals included in this study were made aware that 

participation required maintaining abstinence from methamphetamine for at least 7 days; 

therefore, the circumstances surrounding study participation may have influenced craving 

levels. It is possible that more naturalistic assessments of craving for methamphetamine may 

produce different results. Most conceptualizations of impulsiveness characterize it as a 

multidimensional construct; however, the Brief-BIS is a unidimensional assessment, and studies 

employing multidimensional assessments of impulsiveness (Reise et al, 2013) may allow for 

more fine-grained mapping of implicated neurobiology. Lastly, self-report assessments of 

craving and impulsivity are limited by participants’ ability and/or inclination to answer honestly, 

by the amount of insight they have into their own psychological states, and by their perception of 

how the behavior compares to others. Task-based assessments of impulsive action and 

impulsive choice may provide more objective measurements of more narrowly constrained 

aspects of impulsivity.  

 Notwithstanding any limitations, these results provide evidence that the structural 

integrity of the orbitofrontal cortex and anterior cingulate are associated with both craving for 

methamphetamine and impulsivity in methamphetamine-dependent individuals. Furthermore, 

craving for methamphetamine was negatively correlated with gray-matter volume in distributed 

set of brain regions which included in the insular cortex, dorso- and ventro-lateral prefrontal 

cortex, temporal and occipital cortices and cerebellum that have been implicated in craving for 

drugs in studies of brain function. Future studies are needed to determine how the structural 

and functional connections between these brain regions impact behavior. As discussed in more 
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detail in Chapter V, interventions designed to alter brain structure in individuals who abuse 

methamphetamine may complement existing treatments for substance use disorders by 

producing corresponding changes on cognition and behavior.   
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 These studies used structural magnetic resonance imaging to investigate which factors 

influence gray-matter volume in methamphetamine-dependent individuals and to determine the 

behavioral relevance of individual differences gray-matter volume. In Study 1, we showed that 

individuals who abuse methamphetamine and/or smoke tobacco cigarettes have smaller gray-

matter volume in the orbitofrontal cortex and caudate than individuals who have not abused 

either methamphetamine or cigarettes. Individuals who have abused both methamphetamine 

and cigarettes have smaller gray-matter volumes in superior and inferior temporal, 

supramarginal, and precentral gyrus, than individuals who did not abuse methamphetamine but 

have comparable histories of cigarette smoking. Study 2 examined changes in gray-matter 

volume during the first month of abstinence from methamphetamine. Gray matter increased in 

inferior frontal, angular, and superior temporal gyri, precuneus, insula, and occipital pole in 

abstinent methamphetamine-dependent individuals but not in control participants; the 

cerebellum showed a decrease in gray-matter volume with abstinence. Study 3 established that 

exposure to a methamphetamine-dosing regimen that resembles human use results in 

increased gray-matter volume in the putamen in vervet monkeys and that changes in gray-

matter volume were associated with changes in cognitive flexibility. This study suggests that 

gray-matter abnormalities detected in human methamphetamine users are due, at least in part, 

to the pharmacological effects of the drug. Finally, Study 4 used self-report assessments of 

craving for methamphetamine and impulsivity to determine the behavioral relevance of 

individual differences in gray-matter volume. The results show gray-matter volumes in the 

orbitofrontal and anterior cingulate cortices are negatively associated with both craving for 

methamphetamine and impulsivity.  

 The findings from these studies can be extended in a variety of important ways. 

Interpretations about the biological significance of indices of gray-matter integrity derived from 

magnetic resonance imaging are complicated by limitations associated with the technique, such 

as those related to spatial resolution, the ratio of signal to noise, and uncertainty about underling 
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tissue composition that contributes to variability in measurement. Improvements in spatial 

resolution and signal-to-noise ratios may facilitate our ability to measure the structure of small 

nuclei, such as the substantia nigra and ventral tegmental area, which play an important role in 

substance use disorders. More importantly, future studies combining in vivo structural magnetic 

resonance imaging with histology, other brain imaging techniques, or pharmacological 

interventions in humans and animals are necessary to ascertain how tissue composition 

influences individual differences in gray matter measured with structural magnetic resonance 

imaging. For example, positron emission tomography with radiotracers that bind to activated 

microglia, could be combined with structural magnetic resonance imaging to determine the 

extent to which changes in gray-matter volume reflect neuroinflammation.  

 The studies presented in this dissertation focused on determining how gray matter in 

specific brain structures contributed to behaviors and psychological processes associated with 

addiction. Future studies to determine how these brain regions interact at the circuit level will 

likely be critical for improving our understanding of the effects of methamphetamine on 

behavior. Diffusion tensor imaging, which measures water diffusion in the brain, can be used to 

calculate various indices that provide information regarding the composition of white-matter 

tissue. For example, fractional anisotropy measures the extent to which random water diffusion 

is restricted to a single direction and is affected by axon caliber, fiber density and organization, 

and myelination (Beaulieu, 2009). Methamphetamine-dependent individuals have lower 

fractional anisotropy in prefrontal white matter (Chung et al, 2007; Tobias et al, 2010), the genu 

of the corpus callosum (Kim et al, 2009; Salo et al, 2009a; Tobias et al, 2010), midcaudal 

superior corona radiata, and the perforant path (Tobias et al, 2010). These findings suggest that 

methamphetamine dependence is associated with reduced structural connectivity between brain 

regions. Functional connectivity between regions can also be measured while a participant is 

engaged in various cognitive processes or at rest (Sutherland et al, 2013). While little research 

has been done to determine how functional connectivity is affected by chronic 



 80 

methamphetamine use (Kohno et al, under review), available evidence suggests that the 

individual differences in the functional connectivity of the brain are related to impulsivity. For 

example, a study examining the modular organization of networks in the brain at rest showed 

that in highly impulsive individuals, the prefrontal cortex was relatively isolated from subcortical 

structures, whereas the brain regions apparently disconnected in the impulsive participants, 

were clustered into one network in less impulsive individuals (Davis et al, 2013). As there is 

evidence showing that gray matter is related to brain function (Honey et al, 2010), future studies 

should examine how individual differences in gray matter seen in methamphetamine-dependent 

individuals contribute to the function and connectivity between brain regions implicated in drug 

dependence and in relevant cognitive processes.  

 As our understanding of structural and functional neural plasticity improves, future 

studies could produce interventions designed to target specific cognitive deficits in individuals 

with methamphetamine dependence with the goal of influencing the structural or functional of 

underlying neural circuitry. For example, drill-and-practice exercises are thought to improve 

areas of cognitive functioning that are essential for daily functioning such as attention, memory, 

executive skills, visuoperceputal skills and problem solving (Kurtz et al, 2007). Cognitive 

remediation therapies, which require individuals to practice drill-and-practice exercises 

repeatedly, were originally developed for traumatic brain injury or stroke, but an emerging 

literature suggests that these therapies improve treatment of schizophrenia (Bell et al, 2001), 

attention-deficit hyperactivity disorder (O'Connell et al, 2006), and anorexia nervosa (Wood et 

al, 2011). In individuals with schizophrenia, the combination of cognitive remediation and work 

therapy produced greater improvements in executive function, working memory and affect 

recognition than work therapy alone (Bell et al, 2001). The results were durable and 

accompanied by improved daily functioning (Bell et al, 2003; Bell et al, 2005). As cognitive 

impairment is related to poorer treatment outcomes for drug dependence, a few studies have 

explored cognitive remediation as a tool to augment the efficacy of behavioral therapy for drug 
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dependence (Vocci, 2008). The potential of cognitive remdiation for treatment of 

methamphetamine-dependence lies in the probability of transfer of improvement in one 

cognitive task to another task that uses similar underlying neural structures.  

 There is evidence to suggest that alterations in brain structure support changes in brain 

function necessary for improving or learning skills. Experience-induced neuroplasticity is 

accompanied by a variety of changes at the structural level such as fluctuations in the numbers 

of dendritic spines and synaptic buttons (Holtmaat and Svoboda, 2009) and activity dependent 

changes in levels of myelination (Demerens et al, 1996; Ishibashi et al, 2006). In adult monkeys, 

extensive cortico-cortical rewiring is seen following brain lesions (Dancause et al, 2005) and 

novel skill acquisition (Hihara et al, 2006). An emerging literature suggests neural plasticity may 

be detectable in vivo in humans using high-resolution structural magnetic resonance imaging 

and diffusion tensor imaging. Juggling (May and Gaser, 2006; Scholz et al, 2009), mirror 

reading (Ilg et al, 2008), and transcranial stimulation (May et al, 2007) have all been linked to 

changes in gray- and/or white-matter structure. These findings in the healthy adult brain raise 

questions about whether experience-based neural plasticity can be targeted at deficits seen in 

individuals with neuropsychiatric disorders. Cognitive remediation increases brain activation, 

measured with functional magnetic resonance imaging, in the frontal cortex of individuals with 

schizophrenia who received treatment but not in a control group (Bor et al, 2011). Individuals 

with attention deficit hyperactivity disorder who received cognitive remediation displayed focal 

increases in volume in the frontal cortex and cerebellum as compared with a control group 

(Hoekzema et al, 2011). Future studies could help determine if cognitive remediation in 

methamphetamine-dependent individuals helps hasten recovery of brain structure and function.  

 The findings from these studies suggest that differences in gray-matter volume detected 

in methamphetamine-dependent may be attributable to various factors including, but not limited 

to, methamphetamine exposure, duration of abstinence for methamphetamine, and other drug 
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use. As gray-matter volumes are associated with behavioral and psychological processes that 

are known to hinder treatment for substance use disorders, understanding the source of 

individual differences gray-matter volume may be critical for predicting the success of various 

treatments for methamphetamine use disorder. Interventions designed to hasten recovery of 

brain structure and function could improve the efficacy of psychosocial treatments for 

methamphetamine use disorders, which often rely on intact functioning of cognitive control and 

motivational networks in the brain. 
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Cigarette Exposure, Dependence and Craving 

are Related to Insula Thickness In Young Adult Smokers 

 
 
 
This chapter is adapted from a previously published manuscript:  

 
Morales, AM, Ghahremani, D, Kohno, M, Helleman, G, London, ED (2014) Cigarette Exposure, 

Dependence and Craving are Related to Insula Thickness In Young Adult Smokers. 

Neuropsychopharmacology. In press. 
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 Introduction 

Young people in the age range of late adolescence to emerging adulthood (18 to 25 

years of age) have the highest prevalence of cigarette smoking in the United States, and 

approximately 33% are considered smokers (USDHHS, 2012). Most smokers start smoking in 

their teenage years with half of adolescent smokers transitioning into heavy smoking during 

emerging adulthood (White et al, 2009). During adolescence and emergent adulthood, the brain 

is still undergoing development (Sowell et al, 2003), and it has been hypothesized that tobacco 

use during this critical period produces neurobiological changes that promote tobacco 

dependence later in life (DeBry and Tiffany, 2008). Understanding the relationship between 

smoking behavior and gray-matter integrity in emergent adults, therefore, has the potential to 

help clarify the neurobiological mechanisms that underlie the transition to tobacco dependence 

in adulthood and to aid in the development of treatment strategies tailored for this large 

subpopulation of smokers in the United States (Stone et al, 2012a). 

Converging lines of evidence suggest that the insular cortex plays a critical role in the 

maintenance of tobacco dependence (Naqvi et al, 2010). Within the human cerebral cortex, the 

insula has the highest density of nicotinic acetylcholine receptors, as indicated by positron 

emission tomography using 2-[18F]F-A-85380 (Picard et al, 2013), a tracer for nicotinic 

acetylcholine receptors containing β2 subunits (Kimes et al, 2003). Damage to the insular 

cortex, but not to other parts of the brain, disrupts smoking behavior in stroke patients and 

animals (Naqvi et al, 2007; Scott et al, 2011). Conversely, many studies have shown that 

smoking-related cues elicit increases in glucose metabolism and blood oxygenated level 

dependent (BOLD) signal in a network of brain regions including the insula (Brody et al, 2002; 

Garavan, 2010). Moreover, self-reported cigarette craving is related to change in glucose 

metabolism of the anterior insular cortex in response to visual cues (Brody et al, 2002), and to 

cerebral blood in the insula elicited by overnight abstinence from smoking (Wang et al, 2007). It 

therefore appears that the insula, particularly the anterior portion, plays an integral role in 
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generating the conscious urge to smoke. Despite progress in understanding how the function of 

the insula impacts smoking behavior, less is known about the importance of individual 

differences in the structural integrity of the insula.  

Structural magnetic resonance imaging (sMRI) has not been used to examine gray-

matter integrity in young smokers despite evidence that exposure to nicotine produces cell 

damage and loss in the brains of adolescent animals (Slotkin, 2002). The majority of studies in 

adult smokers find that individuals who smoke have lower regional gray-matter volume or 

density than nonsmokers in various brain regions (Brody et al, 2004a; Morales et al, 2012) 

including the insular cortex (Gallinat et al, 2006; Zhang et al, 2011b). A single study, however, 

found greater gray-matter density in the left insula in smokers than nonsmokers (Zhang et al, 

2011a). Inconsistencies in the literature may be attributable to the structural and functional 

heterogeneity of the insula. The insula has been divided into three subregions on the basis of 

cytoarchitectonic information in macaques (Mesulam and Mufson, 1982a), and on the basis of 

resting-state functional connectivity, task-evoked activation and structural connectivity (Deen et 

al, 2011; Kelly et al, 2012) in humans. Previous studies have indicated a role of the dorsal 

anterior insula in cognition and executive control, the ventral anterior insula in emotion, and the 

posterior insula in the reception of primary interoceptive and exteroceptive information (Chang 

et al, 2013; Craig, 2002).  

In the current study, therefore, we measured cortical thickness in the whole insula and in 

three insula subregions, and we hypothesized that smokers in emergent adulthood would have 

thinner insular cortex than nonsmokers in the same age group. Although insula lesions disrupt 

smoking behavior, duration of nicotine dependence is negatively correlated with insula volume 

in adult polysubstance abusers (Tanabe et al, 2013); suggesting that there is a complicated 

relationship between insula structure and function. Based on these studies, we predicted that 

cigarette exposure and dependence would be negatively correlated with insula thickness. As the 

ventral and dorsal anterior insula are structurally and functionally connected to the orbitofrontal 
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cortex, anterior cingulate, and dorsolateral prefrontal (ACC) (Deen et al, 2011; Mesulam and 

Mufson, 1982b), regions commonly implicated in craving and in the ability to control the urge to 

smoke (Hayashi et al, 2013; Kober et al, 2010; Li et al, 2013), we hypothesized that thickness of 

the anterior insula would be negatively correlated with the urge to smoke.   

Methods  

Participants  

As described in a previous report (Galvan et al, 2011), participants were recruited 

through online and print advertisements. After receiving a detailed explanation of the study 

(approved by the UCLA Institutional Review Board), participants 18 years of age or older gave 

written informed consent. Those under the age of 18 gave assent, and their parents provided 

written informed consent. Twenty-four English-speaking, right-handed nonsmokers and 18 daily 

smokers completed study procedures. No participant reported a medical or neurological 

disorder that would affect brain function or structure. The Structured Clinical Interview for DSM-

IV (First et al, 1995) was used to exclude participants meeting diagnosis for any Axis I 

psychiatric disorder, including current drug abuse or dependence (except nicotine for the 

smokers). Abstinence from substance use (except nicotine for smokers) was confirmed by urine 

drug screening on test days. 

Participants were classified as nonsmokers if they self-reported smoking fewer than 5 

cigarettes in their lifetime, had carbon monoxide (CO) concentrations below 5 p.p.m in expired 

air (Smokelyzer, Bedfont Scientific, Kent, UK), and had urinary cotinine values below the 

threshold of determination (NicAlert test strips, Nymox Pharmaceutical, Hasbrouck Heights, NJ). 

Smokers endorsed daily cigarette smoking, had CO concentrations ≥ 6 p.p.m in expired air 

and/or urinary cotinine ≥ 200 ng/ml. Pack-year smoking history, accounting for periods of 

abstinence and fluctuations in average number of cigarettes smoked per day, was calculated to 

determine lifetime exposure to cigarettes (pack years = packs smoked per day x years as a 

smoker). Severity of cigarette dependence was assessed with the Cigarette Dependence Scale 
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(CDS-12; (Etter et al, 2003)). Participants were only asked to refrain from smoking during the 30 

minutes immediately preceding the scan (average duration of abstinence before scan: 258 ± 

248 minutes).  

Scan Acquisition 

A high-resolution magnetization-prepared rapid-acquisition gradient echo (MPRAGE) 

was acquired on a 3T Siemens Trio MRI scanner for measurement of cortical thickness (TR, 

2.3; TE, 2.1; FOV, 256; matrix, 192 × 192; sagittal plane; slice thickness, 1  mm; 160 slices). 

Structural Magnetic Resonance Imaging Preprocessing 

The FreeSurfer image analysis suite (version 5.0) was used for semiautomatic 

measurement of cortical thickness from MPRAGE images. The methods, fully described 

elsewhere (Dale et al, 1999; Fischl and Dale, 2000; Fischl et al, 1999), are briefly described 

here. The intensity of the images was normalized to remove bias fields and a watershed 

algorithm was applied to remove non-brain tissue (Segonne et al, 2004). White matter was 

segmented from the rest of the brain, and errors in white-matter topology were corrected 

automatically (Fischl et al, 2001). A tessellation was formed along the boundary between gray 

and white matter. The tessellation on the white-matter surface was grown outward towards the 

intensity gradient separating the gray matter from the cerebrospinal fluid (pial surface). White 

matter and pial surfaces were visually inspected for accuracy and manual corrections were 

made in cases where the white matter was not accurately classified (mostly in temporal lobes) 

and in cases where the pial surface included dura or skull. Finally, the cortical surfaces were 

mapped onto a spherical coordinate system and registered to an average template by 

maximizing the correspondence between surface convexity measures.  

Whole insula thickness was determined using the Desikan-Killiany Atlas (Desikan et al, 

2006). The insula was parcellated into three subdivisions based on boundaries determined via 

functional parcellation studies (Deen et al, 2011).  Dorsal anterior, ventral anterior and posterior 

insula labels were created on an average template (Figure 2A) and then mapped back to 
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individual subjects in order to measure average cortical thickness within each of the three 

subdivisions from each participant's data. The posterior and anterior insula were divided along 

the left/right plane of the anterior commissure (MNI Coordinate: Y = 4). Dorsal and ventral 

anterior insula were delineated in the coronal plane based on the convexity of the gyri in anterior 

insula (MNI Coordinates Z = -4). 

Statistical Analysis 

Thickness values were extracted from gray-matter regions of interest (ROIs) and were 

imported into SPSS v20. Group comparisons were conducted using analysis of covariance 

(ANCOVA) with thickness as the dependent variable, group as a between subjects factor with 2 

levels (smoker/non-smoker), and age, sex, alcoholic drinks per week and frequency of 

marijuana use as continuous covariates. Correlations were conducted to test the relationships 

between thickness values, pack years and CDS-12 scores. Multiple-comparison correction was 

performed by controlling for the rate of false discoveries (FDR; 5% α-level) (Benjamini and 

Hochberg, 1995). The insular cortex is thought to play and integral role in generating the 

conscious urge to smoke: therefore, exploratory post hoc analyses correlated responses from 

the CDS question “After a few hours without smoking I feel an irresistible urge to smoke” with 

thickness in ROIs that correlated with the total CDS score. Alcoholic drinks per week and 

frequency of marijuana use were not correlated with pack years, CDS scores, or thickness; 

therefore, they were not included as covariates in the partial correlations. To determine the 

neuroantomical specificity of correlations between thickness and pack years or CDS scores, 

secondary statistical analyses were conducted vertex-wise across the whole-brain. Maps were 

smoothed using a Gaussian kernel of 10-mm full-width half maximum and Monte Carlo 

simulations were performed to identify significant clusters (cluster forming threshold p < 0.01; 

cluster-wise significance threshold p < 0.05).  
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Results 

Participant Characteristics 

No differences were detected between smokers and nonsmokers in sex distribution (Chi-

Square (1, 42) = 0.008, p = 0.93), age (t(40) = -1.02, p = 0.32), Weschler Adult Intelligence 

Scale (WAIS) combined score (t(40) = 0.06  p = 0.95), years of education (t(40) = -0.47, p = 

0.64), or ethnicity (Chi-Square (1, 42) = 6.21, p = 0.18). Young smokers and nonsmokers 

differed on alcoholic drinks per week (t(40) = -2.90, p = 0.009, unequal variance) and on 

marijuana use in the last 30 days (t(40) = -2.33, p = 0.032, unequal variance). On average, 

young adult smokers started smoking at 15.1 years of age (SD = 2.4), smoked 6.7 (SD = 2.3) 

cigarettes per day, had a 0.9 (SD = 0.7) pack-year smoking history and a cigarette dependence 

score of 35.0 (SD = 7.3) (Table 6).   

Table 6. Participant Characteristics a   

  
Nonsmokers 

(n=24) 
Smokers 
(n=18) 

Sex (M/F) 13/11 10/8 
Age (years) 19.5 (1.4) 19.9 (1.3) 
WAIS combined score 93.3 (10.6) 93.1 (6.4) 
Education (years) 13.4 (1.4) 13.6 (1.2) 
Ethnicity    
    White Caucasian 4 6 
    African American 5 1 
    Hispanic 2 5 
    Asian 9 4 
    Other 4 2 
Marijuana (days used in past 30 d)* 0.08 (0.3) 0.9 (1.6) 
Alcohol (drinks/week)* 0.8 (1.3) 4.0 (4.6) 
Cigarette Smoking   
    Age of first use (years)  15.1 (2.4) 
    Cigarettes per day  6.6 (2.4) 
    Pack years  0.9 (0.7) 
    Cigarette dependence score   35.0 (7.3) 
a mean (standard deviation) 
* Significant group differences by Student's t-test p < 0.05 
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Cortical Thickness  

No differences in cortical thickness were detected between nonsmokers and smokers in 

bilateral insula thickness or in the thickness of bilateral dorsal anterior, ventral anterior, or 

posterior insula (p’s > 0.4, Figure 12A). In data from young adult smokers, pack-year smoking 

history was negatively correlated with the thickness of the right insula (r = -0.639, p = 0.004; 

FDR threshold for significance: p < 0.00625), but no correlation was detected on the left (r = -

0.059, p = 0.817) (Figure 12B). Pack-year smoking history was also negatively correlated with 

right dorsal anterior (r = -0.581, p = 0.011) and right posterior insula (r = -0.497, p = 0.036) 

         
 

Figure 12. Group Differences in Whole Insula Thickness and Correlations of Insula Thickness 
with Cigarette Exposure. In an anatomically defined right and left insula regions of interest (left 
hemisphere depicted in A), there were no statistically significant group differences in average 
thickness (p > 0.05; error bars: mean ± 2 standard deviations). Correlations show that pack year 
smoking history was correlated with right insula thickness, but no correlation was detected with left 
insula thickness. 
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thickness; however, these associations did not reach statistical significance after controlling for 

the rate of false discoveries.  

 CDS scores did not correlate with whole insula thickness (right hemisphere: r = -0.301, p 

= 0.224; left hemisphere: r = -0.035, p = 0.892), but were negatively correlated with right ventral 

anterior insula thickness (r = -0.653, p = 0.003; FDR threshold for significance: p < 0.003125, 

Figure 13) with a similar trend was observed in the right dorsal anterior insula (r = -0.507, p = 

0.032). Similarly, the urge to smoke was correlated with right ventral anterior insula thickness (r 

 

       

Figure 13. Relationships Between Cigarette Dependence, Craving and Insula Thickness. The 
insula was parcellated into three subregions: dorsal anterior (red), ventral anterior (blue) and posterior 
insula (green). Correlations show that right ventral anterior insula thickness is negatively correlated 
with total score on the Cigarette Dependence Scale (CDS-12) and the urge to smoke after a few hours 
without smoking.  
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= -0.593, p = 0.01, Figure 13). No other correlations were detected and whole-brain voxel-wise 

analyses did not yield any significant results.  

Discussion 

This study provides evidence that cigarette exposure, dependence, and craving are 

related to thickness of the insula in emergent adults with relatively little smoking experience. 

Although brain structure has been studied extensively in adult smokers, studying the neural 

correlates of smoking behavior in emerging adulthood is of utmost importance, as it may help us 

understand why smoking during this developmental epoch has such a profound impact on 

lifelong smoking behavior (Sussman, 2002). Unlike studies in adult smokers (Brody et al, 2002; 

Morales et al, 2012), this examination of young participants did not reveal group differences in 

cortical thickness between smokers and nonsmokers, suggesting that differences seen in adults 

develop as a result of prolonged cigarette smoking or that they arise later in the developmental 

trajectory due to other factors.  

Negative correlations between cortical thickness and cigarette exposure may be 

attributable to the neurotoxic effects of nicotine or to other constituents of tobacco smoke. 

Participants in this study began smoking in adolescence (mean age of initiation: 15.1 years old), 

and studies in animals indicate that exposure to nicotine during adolescence reduces the 

number of cells in the cerebral cortex by 5-10% as indexed by DNA content; however, DNA 

content was measured in fairly gross anatomical regions precluding determination of anatomical 

specificity and possibly masking the true magnitude of the effect (Slotkin, 2002). Effects of 

continued exposure may explain reports of lower gray-matter density in insula in adult smokers 

than nonsmokers (Gallinat et al, 2006; Zhang et al, 2011a). Although one study reports greater 

insula gray-matter density in adult smokers than nonsmokers, left insula density was correlated 

with symptoms of alexithymia, but not with cigarette exposure or dependence (Zhang et al, 

2011a), suggesting that other factors co-morbid with smoking may contribute to the discrepant 
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results. Differences in the methods used to index gray-matter integrity could also contribute to 

the heterogeneity in the literature.  

This study focused on the insular cortex because of its central role in the maintenance of 

tobacco dependence; however, studies of adult smokers suggest that cigarette use is 

associated with gray matter abnormalities throughout the brain. These studies have shown a 

dose-dependent effect of tobacco exposure on gray-matter integrity in prefrontal cortex (Zhang 

et al, 2011a), temporal cortex, and cerebellum (Gallinat et al, 2006); however, such effects were 

not observed in whole-brain vertex-wise analyses conducted in this sample. These 

discrepancies may be attributable to the low levels of exposure in this sample (0.9 pack years 

on average). Notably, a study of adult smokers found that individuals with high levels of 

exposure (18.6 pack years on average) but not those with lower levels of exposure (7.2 pack 

years on average), had lower gray matter density in the prefrontal cortex than nonsmokers 

(Zhang et al, 2011a). Furthermore, correlations between exposure, dependence and prefrontal 

gray matter density were only present in the high-exposure group (Zhang et al, 2011a).  

 The Cigarette Dependence Scale assesses an individual’s subjective experience of 

symptoms such as craving, compulsion to use, levels of stress when unable to smoke, and 

difficulty quitting or controlling intake (Etter et al, 2003). Overall experience of these subjective 

feeling states and the severity of the urge to smoke were negatively correlated with the 

thickness of the right ventral anterior insula, a brain region which integrates primary 

interoceptive information with emotional information and which is believed to generate 

conscious awareness of feeling states (Craig, 2002; Gray and Critchley, 2007). While this is the 

first report to link cigarette dependence and craving to insula thickness, studies of adult smokers 

have found that craving is negatively correlated with resting-state functional connectivity 

between the right anterior insula and the ventromedial prefrontal cortex (Sutherland et al, 2013). 

More work is necessary to determine if individual differences in gray-matter thickness influence 

the circuit-level interactions of the insula with other brain regions implicated in craving. 



 94 

Future studies should directly examine neurobiological differences between the right and 

left insula in smokers. Although differences between right and left insula were not explicitly 

tested in this study, results indicate that cortical thickness of the right insula is related to 

cigarette exposure, dependence, and craving, but no correlations between smoking behavior 

and left insula thickness were detected suggesting that the right insula may be particularly 

relevant to smoking behavior. Although lesions to both the right and left insula disrupt smoking 

behavior, a greater proportion of those with right insula lesions experience a disruption in 

smoking behavior (Naqvi et al, 2007). Another study found that rsFC connectivity between the 

right (but not left) anterior insula and ventromedial prefrontal cortex was related to tobacco 

craving and alexithymia (Sutherland et al, 2013). Given the importance of the anterior cingulate 

in smoking behavior (Azizian et al, 2010; Sharma and Brody, 2009; Sutherland et al, 2012), it is 

also of interest that the right ventral anterior insula shows greater rsFC with anterior cingulate 

cortex than left ventral anterior insula (Cauda et al, 2011). Despite this evidence, however, the 

left insular cortex is also implicated in cigarette dependence (Gallinat et al, 2006; Moran et al, 

2012) and studies specifically designed to clarify the differential roles of right and left insula in 

cigarette smoking behavior are needed.  

Neuroimaging and animal studies suggest that cigarette smoking is linked to other 

aspects of brain structure and function in adolescence and emergent adulthood. Adolescent 

smokers exhibit higher fractional anisotropy (FA) in the brain than nonsmokers, and FA is 

positively correlated with cigarette exposure (Jacobsen et al, 2007). These differences in white 

matter microstructure persist into adulthood (Hudkins et al, 2012) and may be related to the 

effects of nicotine on the expression of myelin genes (Cao et al, 2013) or on oligodendrocytes 

precursor cells (Bartzokis, 2007). Studies in adolescent animals also show that exposure to 

nicotine results in suppressed neural activity and persistent desensitization of cholinergic 

responses (Slotkin, 2008). Furthermore, prior studies by our research group using functional 

magnetic resonance imaging to study a subset of the participants in the present study, have 



 95 

shown that the Heaviness of Smoking Index is related to brain activation during response 

inhibition and risky decision-making in emergent adults (Galvan et al, 2011; Galvan et al, 2013), 

suggesting that alterations in brain function related to smoking may have a meaningful impact 

on behavior. Together, these studies begin to reveal a holistic picture of the effects of smoking 

on the developing brain and future work to integrate these findings may lead to a better 

understanding of the neural mechanisms that support addiction. 

This work is not without limitations. The cross-sectional study design makes it impossible 

to dissociate causal effects of cigarette exposure and dependence from biological susceptibility 

factors that promote drug use. Our sample was relatively small, precluding our ability to test how 

other factors, such as sex (Brown et al, 2012) and genetic vulnerability for tobacco addiction 

(Hong et al, 2010), may influence the relationship between smoking and brain measures. 

Although nonsmoking and smoking groups differed on alcoholic drinks per week and frequency 

of marijuana use, these variables were included in statistical models used to test for group 

comparisons. Alcoholic drinks per week and frequency of marijuana use were not correlated 

with pack years or cigarette dependence scores and correlations between clinical features of 

cigarette use and brain structure remained significant with these variables included in the 

statistical model. Furthermore, levels of alcohol and marijuana use were low in all groups and 

no participants met DSM-IV criteria for substance abuse or dependence.  

In emergent adult smokers, anterior insula thickness is negatively correlated with 

cigarette exposure, dependence and craving. We found no group differences in insula 

thickness, suggesting that interventions that result in early smoking cessation may prevent the 

development of neurobiological differences commonly observed between adult smokers and 

nonsmokers. Prospective studies are needed to determine if abnormalities in insula thickness 

during emergent adulthood serve as a neurobiological susceptibility factor for cigarette 

dependence in adulthood. This study extends previous studies that implicate the insula in 
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addiction among adult smokers, as these results may reflect the initial effects of cigarette 

smoking on insula thickness.   
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