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Abstract
Difficulty monitoring and inhibiting impulsive behaviors has been reported in marijuana (MJ)
smokers; neuroimaging studies, which examined frontal systems in chronic MJ smokers, have
reported alterations during inhibitory tasks. Diffusion tensor imaging (DTI) provides a quantitative
estimate of white matter integrity at the microstructural level. We applied DTI, clinical ratings,
and impulsivity measures to explore the hypotheses that chronic, heavy MJ smokers would
demonstrate alterations in white matter microstructure and a different association between white
matter measures and impulsivity relative to nonsmoking control subjects (NS). Fractional
anisotropy (FA), a measure of directional coherence, and trace, a measure of overall diffusivity,
were calculated for 6 locations including bilateral frontal regions in 15 chronic MJ smokers and 15
NS. Subjects completed clinical rating scales, including the Barratt Impulsivity Scale (BIS).
Analyses revealed significant reductions in left frontal FA in MJ smokers relative to NS and
significantly higher levels of trace in the right genu. MJ smokers also had significantly higher BIS
total and motor subscale scores relative to NS, which were positively correlated with left frontal
FA values. Finally, age of onset of MJ use was positively correlated with frontal FA values and
inversely related to trace. These data represent the first report of significant alterations in frontal
white matter tracts associated with measures of impulsivity in chronic MJ smokers. Early MJ use
may result in reduced FA and increased diffusivity, which may be associated with increased
impulsivity, and ultimately contribute to the initiation of MJ use or the inability to discontinue use.

Keywords
diffusion tensor imaging; marijuana; impulsivity; white matter; age of onset

Marijuana (MJ) remains the most widely used illicit drug in the United States, with an
estimated 14.4 million past month users; 72.8% of current illicit drug users report using MJ,
and 53.3% report that it is the only drug they use (SAMHSA, 2008). Moreover, numerous
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investigations have reported reductions in cognitive functions, specifically behavioral
response inhibition, a process mediated by the frontal cortex, in individuals who abuse MJ
(Bolla, Rothman, & Cadet, 1999; Gruber & Yurgelun-Todd, 2005; Pope & Yurgelun-Todd,
1996; Ramaekers et al., 2006; Vadhan et al., 2007), making this a critical area of
investigation. In a recent neuroimaging study by Gruber and Yurgelun-Todd (2005),
processing deficits were demonstrated during frontally mediated cognitive tasks in MJ
smokers that resulted in altered response inhibition when compared to nonsmoking controls.
These findings are consistent with studies of neurocognitive function, which have reported
alterations in frontal/executive function in MJ smokers (Pope & Yurgelun-Todd, 1996;
Solowij et al., 2002; Verdejo-Garcia, Bechara, Recknor, & Perez-Garcia, 2006; Whitlow et
al., 2004). Pope and Yurgelun-Todd (1996) reported lower performance scores in MJ
smokers relative to control subjects on tests designed to measure mental flexibility and the
ability to shift attention, processes mediated by frontal cortical regions. Solowij and
colleagues (2002) reported significantly worse performance in heavy MJ smokers relative to
both lighter smokers and nonsmoking control subjects on a battery of measures including
assessments of attention, memory, and executive function. Taken together, these findings
underscore the likelihood of alterations within the frontal system of these subjects.

Investigations of the cognitive effects of MJ following a brief abstinence period also have
reported that heavy MJ use is associated with deficits in cognitive tasks mediated by the
frontal system (Bolla, Brown, Eldreth, Tate, & Cadet, 2002; Fletcher et al., 1996; McHale &
Hunt, 2008; Pope & Yurgelun-Todd, 1996). Bolla et al. (2002) reported persistent, dose-
related cognitive decrements on a battery of neurocognitive tasks, including frontal/
executive measures in heavy MJ smokers despite a full 28-day abstinence period. In a study
of chronic MJ smokers abstinent for 24 hr, McHale and Hunt (2008) reported deficits in
executive function in the smoking cohort as compared to both a nonsmoking and a former
smoking cohort. Results from neuroimaging studies also support frontal/executive
dysfunction in adult MJ smokers. Using positron emission tomography (PET) techniques,
Eldreth, Matochik, Cadet, and Bolla (2004) examined abstinent MJ smokers between the
ages of 21 and 35 during the performance of a modified Stroop test and reported
hypoactivity of the anterior cingulate cortex (ACC) and lateral prefrontal cortex (LPFC) and
increased hippocampal activity relative to control subjects, despite a lack of performance
differences between the groups (Eldreth et al., 2004), suggesting that MJ smokers may
recruit alternative networks as a compensatory strategy for the completion of the task. Bolla,
Eldreth, Matochik, and Cadet (2005) administered the Iowa Gambling Task (Bechara et al.,
1994) to abstinent MJ smokers during PET scanning and reported both poorer task
performance and reduced activation in dorsolateral prefrontal and orbitofrontal regions as
compared to control subjects. Overall, results from these investigations are in agreement
with those from other studies (Gruber & Yurgelun-Todd, 2005; Kanayama, Rogowska,
Pope, Gruber, & Yurgelun-Todd, 2004; Pillay et al., 2004), which provide evidence for the
view that heavy MJ smoking individuals demonstrate alterations in frontal function, most
notably during tasks that require executive control, inhibition, and decision making.

A complex and multidimensional construct, impulsivity has been well-documented in
individuals with substance use problems (Brady et al., 1998; Heil et al., 2006; Vitaro et al.,
1998). Higher levels of both behavioral impulsivity and risk taking have previously been
reported in substance abusing individuals (Gruber et al., 2005; Lejuez et al., 2002, 2003),
and an impulsive personality style has previously been identified as both a risk factor and
predictor of substance abuse and dependence (Guy et al., 1994). Although few studies have
focused on the specific relationship between impulsivity and MJ use, Vangsness et al.
(2005) examined the role of positive and negative MJ related expectancies in MJ users and
reported that individuals with higher levels of impulsivity held fewer negative expectancies
related to MJ, and in turn, used MJ more often than those with lower levels of impulsivity.
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In a recent study of delay discounting, widely considered a behavioral index of impulsivity,
Johnson and colleagues (2010) reported that MJ dependent subjects demonstrated a trend
toward increased delay discounting relative to controls and former MJ smokers. Further, the
dependent MJ users scored significantly higher than controls on the impulsiveness subscale
of the Eyesenk Impulsiveness–Venturesomeness–Empathy (IVE) questionnaire (Eysenck &
Eysenck, 1978). Taken together with the previously described findings from neuroimaging
studies of MJ smokers, which report alterations in response inhibition as well as decision
making, impulsivity may in fact reflect a stable trait in those who smoke MJ relative to those
who do not.

Diffusion tensor imaging (DTI) has evolved into a reliable technique for acquiring
quantitative information regarding white matter tract integrity. Two DTI measures that have
been shown to have physiological relevance include the apparent diffusion coefficient
(ADC) or “trace,” which averages diffusion over multiple directions and fractional
anisotropy (FA), which measures the degree of directionality and coherence of the fibers.
FA has been used as an index of white matter tracts, or coherence of a fiber bundle, as the
high degree of directionality of white matter tissue reflects axonal direction, while trace, a
measure of the magnitude of molecular motion, has been used successfully to identify
ischemia. Thus, the visualization of anisotropic diffusion within the brain based on the
application of DTI methods allows for noninvasive examination of white matter
microstructure in vivo in chronic heavy MJ users.

To date, a limited number of investigations have utilized DTI in studies of substance
abusers, and the number of studies that have focused on heavy MJ smoking adults is even
more limited. In an investigation conducted at 3T in which BOLD fMRI data and DTI
measures were acquired in chronic, heavy MJ smoking adults and nonsmoking healthy
controls, we found that MJ smokers demonstrated a trend toward lower FA and higher trace
values relative to the controls in the genu and splenium of the corpus callosum and bilateral
anterior cingulate white matter regions (Gruber & Yurgelun-Todd, 2005). These findings
suggested that white matter fiber tracts may be altered in MJ smokers and may affect
functional activity and behavior associated with these regions. In a more recent investigation
that utilized tract based spatial statistics (TBSS) to examine DTI data from young adult
heavy MJ smokers and control subjects, Arnone et al. (2008) reported significantly
increased mean diffusivity (i.e., trace) in the prefrontal area of the corpus callosum in the
smokers relative to the control subjects. Further, a trend toward a positive correlation
between diffusivity levels and length of MJ use was noted, suggesting the possibility of a
cumulative effect of MJ on white matter integrity over time. The authors suggested that the
finding of increased diffusivity in the prefrontal white matter bundles in the MJ smokers
could be an expression of the micropathology affecting this region in smokers relative to
control subjects. These few findings reflect the paucity of DTI studies conducted to date
aimed at identifying the consequence of heavy MJ use on white matter fiber tract integrity in
adults and suggest further investigation is warranted. In the current study, we utilized DTI
and administered clinical rating scales and measures of impulsivity to evaluate the potential
relationship between measures of white matter integrity and behavioral changes in adult MJ
smokers compared to non-MJ smoking control subjects, which to our knowledge has not
previously been done. We hypothesized that MJ smokers would demonstrate alterations in
white matter microstructure relative to nonsmoking controls, have higher levels of reported
impulsivity, and exhibit a different pattern of association between white matter measures
and measures of impulsivity.
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Method
Fifteen adult chronic, heavy MJ smokers who had smoked at least 3,000 joints in their
lifetime, smoked at least four of the last 7 days and tested positive for urinary cannabinoids
and 15 non-MJ smoking control subjects who were age, sex, and education matched were
included in the study (see Table 1). Subjects were recruited from the greater Boston, MA
area, and all subjects received the Structured Clinical Interview for DSM–IV (SCID–P; First
et al., 1994) to ensure that no Axis I pathology was present (except for MJ abuse, a
requirement for the MJ smoking group) and had no history of head trauma or medical
condition. No subjects met diagnostic criteria for current or previous alcohol abuse or
dependence; subjects were excluded if they reported more than 10 lifetime episodes of using
any category of illicit drugs (including sedative-hypnotics, stimulants, cocaine, opioids,
hallucinogens, and Methylenedioxymethamphetamine (MDMA)) except for MJ in the case
of the smokers. Subjects were required to provide a urine sample to be tested for MJ,
amphetamines, opioids, phencyclidine, barbiturates, benzodiazepines, and cocaine
(TRIAGE, Biosite Diagnostics, San Diego, CA) just prior to imaging to ensure that subjects
did not test positive for other substances of abuse, to determine whether subjects had used
MJ recently enough to have a positive urine screen, and to encourage subjects, as requested,
to abstain from MJ from the previous evening until arriving at the laboratory so that subjects
were not acutely intoxicated at the time of the visit. Subjects were repeatedly reminded that
they would be tested for MJ use on their arrival at the lab, and were led to believe that we
would be able to determine if they had smoked within the previous 12 hr. An aliquot of the
sample was sent to an outside laboratory for quantification of urinary cannabinoid
concentration via gas chromatography mass spectrometry (Quest Diagnostics, Cambridge,
MA). All study subjects completed clinical rating scales, which included the Addiction
Severity Index (ASI; McLellan et al., 1980), Positive and Negative Affect Scale (PANAS;
Watson, Clark, & Tellegen, 1988), Beck Depression Inventory (BDI; Beck, 1987), Hamilton
Anxiety Scale (HAM–A; Hamilton, 1959), and the Profile of Mood States (POMS; McNair,
Lorr, & Droppleman, 1971) prior to their scanning sessions to evaluate their clinical state at
time of testing. A subgroup of subjects also completed the Barratt Impulsivity Scale (BIS;
Patton, Stanford, & Barratt, 1995), an instrument that measures impulsivity, and provides
subscales covering the domains of attention, motor, and planning as well as a total
impulsivity score. Prior to their participation in any study related activity, study procedures
were explained and all subjects were required to read and sign an informed consent form,
which described in detail the scanning procedures and had been approved by the McLean
Hospital Institutional Review Board.

Images were acquired using a 3.0T Siemens magnetic resonance scanner (Siemens Medical
Solutions, Malvern, PA) and an eight channel phased array coil. Sagittal scout images were
acquired for alignment and localization using a fast spin echo sequence (FSE) with the
following imaging parameters: repetition time (TR) = 2 ms, echo time (TE) = 75 ms, field of
view (FOV) = 240 mm, matrix size = 256 × 256, slice thickness = 5 mm, and flip angle =
90°. DTI data were acquired in the axial plane using a diffusion weighted standard single
shot, double spin echo, echo planar protocol. Multiple-diffusion-weighted images were
acquired using a single diffusion “b” weighting value of 1,000 s/mm2. MRI acquisition
parameters were: TE/TR = 81ms/5 s; matrix = 128 × 128 on a 210 mm FOV; slice thickness
= 5 mm with a gap of 0. The DTI six-direction gradient scheme used was a modification of
the method described previously (Basser & Pierpaoli, 1998; directions [1, 0, 1], [−1, 0, 1],
[0, 1, 1], [0, 1, −1], [1, 1, 0], [−1, 1, 0]). Eight averages were collected using an image
magnitude averaging mode. Apparent diffusion coefficient tensor values were calculated
using a pixel-wise least squares fit to log images.
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The FA measure of Basser and Pierpaoli (1996) and the trace (diffusivity) of the calculated
tensor were values calculated in pixel-wise maps determined from axial images. Diffusion-
weighed image data were converted into pixel-wise FA and diffusivity maps using an in
house Interactive Data Language IDL-based fMRI processing program (fMRI Analysis Tool
[FAT]; Maas, Frederick, & Renshaw, 1997). FA, a measure of intravoxel coherence, ranges
from 0 (lowest FA) to 1 (highest FA) and represents a fractional measure of directional
diffusion in white matter, which is influenced by fiber organization, myelination, and
integrity. Trace, a measure of the total magnitude of water diffusion in three dimensions,
was expressed as millimeters per second (mm/s). Using a region of interest (ROI) approach,
3 × 3 pixel regions were drawn by trained raters, with a total ROI voxel volume per region
= .12 cm3 (or 121.5 mm3), calculated as 2.7 mm2 (in-plane resolution) × 5 mm (slice
thickness) × 9 pixels. Drawing and placement of the ROIs was done by two individuals with
high interrater reliability in voxel placement (intraclass coefficient = 0.96, p < .001) and
who had considerable experience with DTI data analyses. Regions were drawn on a single
slice of the echoplanar image in the genu of the corpus callosum, and two bilateral regions
of the forward projecting arms of the white matter adjacent to the anterior cingulate cortex
(see Figure 1). A 3 × 3 region also was drawn in the midline of the posterior corpus
callosum (splenium). Image analysis was performed using callosal tract regions to avoid
confounds of fiber tract crossing, as occurs in more lateral white matter regions (i.e.,
dorsolateral prefrontal cortex; Tuch, Reese, Wiegell, & Wedeen, 2003). ROIs were selected
with reference to an anatomic atlas (Kretschmann et al., 1992), and placements were made
on the basis of gyral boundaries and structural landmarks that were visible on the T1
weighted magnetic resonance images (Damasio et al., 1989).

Results
Demographic and clinical variables for all subjects are included in Tables 1 and 2. The
subject groups did not differ with regard to any demographic or clinical variable, and no
subject tested positive on the urine toxicology screen for illicit substances, with the
exception of MJ in the case of the smokers. MJ smokers had an average age of onset of 14.9
years, smoked an average of 25.5 joints per week and had a mean urinary cannabinoid
concentration, normalized to their creatinine level, of 505.8 ng/ml on the day of scanning.
One subject within each of the study groups endorsed using tobacco in an occasional
fashion. Subjects did not differ on their past use of illicit substances, no subject in either
group met diagnostic criteria for past abuse or dependence for any illicit substance (other
than MJ in the case of the MJ smokers), and no subject in either group reported use of any
illicit substance greater than 10 times in their lives. However, the chronic, heavy MJ
smokers reported using alcohol more days per month (9.6 days) than the non-MJ smoking
control subjects (4.0 days). This difference was statistically significant (p < .05), yet there
were no significant differences between the groups for the number of days intoxicated in the
past month (chronic heavy MJ smokers = 4.8 days/month; non-MJ smoking control subjects
= 2.3 days/month), no subject in either group met diagnostic criteria for alcohol abuse or
dependence, and analyses did not reveal any significant relationship between any of the DTI
variables and alcohol use. With regard to clinical state, as seen in Table 2, no significant
between-groups differences were detected for the BDI, PANAS, or POMS, or HAM–A,
suggesting that the samples were equally matched for clinical state at the time of testing. No
subject in either study group demonstrated clinically elevated scores on any of the clinical
scales, and overall, scores for both groups suggested that the study samples were affectively
stable at the time of testing. Given that one female subject was included in each sample, we
completed analyses with and without these subjects. As all measures were unchanged with
the female subjects excluded, we report data for the entire sample intact.
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As seen in Table 2, significant differences between the groups were demonstrated for
measures from the BIS. In general, as compared to the non-MJ smoking control subjects, MJ
smokers had higher BIS scores for all domains, which reached statistical significance for
both the Motor subscore (p = .02) and total BIS score (p = .02).

DTI values for both groups are reported in Table 3 and include measurements of both FA
and trace. As hypothesized, a significant difference in FA was detected between the groups
in the left frontal region, F(29) = 4.43, p = .04, with chronic MJ smokers having reduced FA
relative to the nonsmoking controls. Further, FA within the right genu approached statistical
significance, with MJ smokers having reduced right genu values relative to the nonsmoking
controls, F(29) = 3.20, p = .08. With regard to overall diffusivity or trace, MJ smokers
demonstrated an increase in the right genu relative to nonsmoking controls, F(29) = 4.38, p
= .04.

To examine the potential relationship between impulsivity and measures of white matter, we
completed correlations for each of the BIS subscores and the measures of FA and trace for
both subject groups. As illustrated in Figure 2, a significant positive relationship was
detected for FA in the left frontal region and the BIS Total and Motor subscores for the MJ
smoking subjects (BIS Total r = .70, p = .02; BIS Motor r = .66, p = .03) but not for the
nonsmoking control subjects. Further, measures of FA in the right frontal region were also
significantly associated with BIS Total and Attention subscores for the MJ smokers (BIS
Total r = .70, p = .02; BIS Attention r = .73, p = .01), but not for the nonsmoking control
subjects. Specifically, for both the left and right frontal regions of chronic MJ smokers,
higher measures of FA were positively correlated with higher levels of impulsivity.

To assess the potential impact of age of onset of first regular MJ use on measures of white
matter, we completed correlation analyses on the MJ smoking subjects, who were asked to
report the age of their first regular MJ use, which ranged from 11 to 20 years of age. As seen
in Figure 3, within the left frontal region, age of onset of MJ use was significantly positively
correlated with FA values (r = .43, p = .05) and inversely correlated with trace (r = −.52, p
= .02). Similarly, within the right genu, age of onset was significantly positively correlated
with FA values (r = .58, p = .01) and inversely correlated with trace (r = −.55, p = .02),
indicating lower white matter and higher diffusivity in these regions. It is of note that
duration of MJ use was inversely correlated with FA values (r = −.65, p = .01) and positively
correlated with trace (r = .64, p = .01) within the right genu, suggesting a relationship
between length of MJ use and white matter measures in this region.

Discussion
As hypothesized, analyses of the DTI data revealed significant reductions in frontal FA,
particularly on the left side, reflective of lower white matter fiber tract integrity in MJ
smokers relative to healthy, nonsmoking control subjects. In addition, increased trace or
calculated overall diffusivity was detected within the right genu of MJ smokers relative to
nonsmoking controls. MJ smokers had significantly higher BIS scores, both for the Motor
subscale and the total BIS score, indicating higher levels of impulsivity in MJ smokers
compared to healthy nonsmoking controls, despite the fact that no significant between-
groups differences were detected for any clinical mood rating. Furthermore, a significant
relationship was detected between the BIS scores and FA measures for the MJ smokers but
not for the control subjects, suggesting that the observed alterations in white matter are
associated with levels of impulsivity in MJ smoking individuals.

Findings from this investigation are consistent with the previous studies of white matter
measures in MJ smokers. As noted above, Arnone et al. (2008) utilized TBSS techniques in
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young adults and reported increased mean diffusivity (i.e., trace) in the prefrontal area of the
corpus callosum in the MJ smokers relative to the control subjects and a trend toward a
positive correlation between diffusivity levels and length of use. Ashtari et al., (2009) used
both voxel-wise and tractography techniques to examine white matter in heavy MJ smoking
adolescents and young adults and reported reduced FA and increased trace in fronto-
temporal regions relative to non-MJ smoking control subjects. It is of note, however, that a
subset of MJ smokers in this study also met criteria for alcohol abuse, which, although
unlikely, may have impacted the findings. Bava and colleagues (2009) recently reported
decreases in FA in adolescents who used both MJ and alcohol relative to control subjects in
10 regions, which included inferior frontal and temporal areas. The authors concluded that
the fronto-parietal network in adolescents may be heavily impacted by the use of both MJ
and alcohol, and that the between-groups differences detected may be a reflection of altered
axonal and myelin maturation. It is of note, however, that subjects in the Bava et al.
investigation were classified as those who used both alcohol and MJ or were nonusing
control subjects; no pure MJ using group was included.

In a related DTI study, Jacobus et al. (2009) also used TBSS methods to examine
adolescents who were classified as binge drinkers, binge drinkers who were also heavy MJ
users, or control subjects. The authors reported significant between-groups differences in the
binge drinkers as compared to the controls in several white matter regions. Adolescents who
were both binge drinkers and MJ smokers showed a smaller difference in white matter
measures as compared to the pure binge-drinking sample. In fact, increasing FA values were
associated with more MJ use in the left superior longitudinal fasiculus and left superior
corona radiata, raising the question of the potential effect of both substances on the
developing brain. The authors hypothesize that MJ use may yield neuroprotective properties
in reducing alcohol related oxidative stress or excitotoxic cell death, which has previously
been reported in animal models of neuronal death (Crews & Nixon, 2009).

Although these investigations included adolescent subjects, and the current study is focused
on adults, they lend support to the finding of white matter alterations in MJ smokers. Studies
of other substance abusing populations also lend support to the finding of reduced FA in
frontal regions that are associated with measures of impulsivity in the MJ smokers. An early
study by Lim, Choi, Pomara, Wolkin, and Rotrosen (2002) reported reductions in inferior
frontal FA in cocaine users relative to nonusing control subjects, consistent with the idea
that cocaine dependence involves disruptions of orbitofrontal connectivity, critical for
decision making. Moeller and colleagues (2005) reported reduced FA in both the genu and
rostral body of the anterior corpus callosum in cocaine dependent subjects, as well as
increased BIS scores and errors of impulsivity on a continuous performance task relative to
controls. The authors concluded that reductions in white matter coherence were associated
with impulsivity and consistent with prior theories regarding frontal cortical involvement in
impaired inhibitory control in cocaine dependence. In a recent DTI study of
methamphetamine (MA) abusers, Salo et al. (2009) examined FA and trace in the genu and
splenium of the corpus callosum and also administered the Stroop color word test, a measure
of cognitive control and inhibitory function. Compared to control subjects, MA abusers had
lower levels of FA in the genu relative to the control subjects, which were also correlated
with poorer performance on the interference condition of the task; no differences were
detected within the splenium. These findings lend support to the growing hypothesis that
substance abuse is related to white matter microstructural changes, which are associated
with compromised ability to perform tasks requiring cognitive control and greater difficulty
regulating impulse control.

Given the importance of frontal regions for the completion of tasks requiring cognitive
control and inhibition, it is not surprising that the MJ smokers exhibited lower levels of
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white matter FA in this region. Numerous studies have reported that MJ smokers
demonstrate alterations in frontal function, most notably during tasks that require executive
control, inhibition, and decision making (Eldreth et al., 2004; Gruber & Yurgelun-Todd,
2005; Pillay et al., 2004; Tapert et al., 2007). Further, fibers that cross through the genu
connect the left and right dorsolateral prefrontal cortex (DLPFC), which has strong
interconnections to the ACC (Pandya & Seltzer, 1982; Park et al., 2008). Both the ACC and
DLPFC are components of the cingulo-fronto-parietal cognitive attention network, which
plays a critical role in executive control, attention, target and error detection, response
selection, and inhibition as well as feedback-based decision making (Bush et al., 2008). The
finding of increased diffusivity or trace within the right genu and a trend toward
significantly lower FA in the MJ smokers relative to the controls in this region may be due
to the fact that fibers within the genu are thinner than those in other regions, such as the
splenium, and may therefore be more vulnerable to damage following long term exposure to
MJ or other substances of abuse (Aboitiz, Rodriguez, Olivarez, & Zaidel, 1996).

The significant association between BIS scores and FA and trace white matter measures in
the MJ smokers but not the healthy control subjects observed in the present study
underscores the importance of understanding the structure of the BIS and the content for
each of the subscales. The BIS provides scores for three subscale domains, attention, motor,
and nonplanning as well as an overall total score. It appears that some of the items within
each of the subscales are more indicative of what is commonly considered impulsivity, and
that the subscale headings (i.e., Motor) may not accurately describe the behaviors assessed
by that subscale. For example, within the Motor subscore, items such as “I do things without
thinking” or “I act on impulse” are included. These items represent impulsive behaviors that
are not primarily or solely motor in nature. Scores on the Motor subscale were found to be
significantly different between the groups and may index what is commonly referred to as
general impulsivity. Regardless of the categorization, MJ smokers produced significantly
higher scores of impulsivity, which appear to be related to white matter, a relationship that
was not detected in the control subjects.

The significant relationship detected between FA and age of onset of MJ use for both the left
frontal and right genu may help to explain the significant differences in FA and trace
between the MJ smokers and controls. During development, age appropriate myelination is
represented by progressive increases in FA and decreases in trace (Morriss, Zimmerman,
Bilaniuk, Hunter, & Haselgrove, 1999). These changes over time are thought to parallel the
dynamic process of cognitive development, with notable improvements in executive
function, memory and emotional processing. Although MJ may be neuroprotective and
prevent oligodendrocyte death (Molina-Holgado, Molina-Holgado, Guaza, & Rothwell,
2002), early or chronic exposure to MJ may cause alterations of CB1 receptor function or
myelination disturbances during neurodevelopment. Cannabinoids have been demonstrated
to bind to myelin basic protein with high affinity (Nye, Voglmaier, Martenson, & Snyder,
1988), and exposure to MJ during developmentally vulnerable periods may result in lasting
morphologic alterations, as has previously been shown in animal (Cha, White, Kuh, Wilson,
& Swartzwelder, 2006; Schneider & Koch, 2003) and human studies (Wilson et al., 2000;
Yucel et al., 2008). In a study that examined whole brain morphometry and MJ use, Wilson
et al. (2000) reported larger percentage white matter brain volumes (adjusted for whole brain
volume) in subjects who began smoking prior to age 17 relative to those who had a later
onset of use. In a more recent morphometric study, which included gyrification indexes and
measures of cortical thickness, Mata and colleagues (2010) reported significantly flatter
sulci and decreased sulcal cortical thickness in the frontal lobes of chronic MJ smokers
compared to controls. In addition, measures of cortical thickness in the MJ smokers did not
show the expected dependency on age, and instead, smokers appeared to have flatter, thinner
sulci at earlier ages relative to the control subjects. The authors concluded that MJ use
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during adolescence may result in premature alterations in cortical gyrification and proposed
a disruption of normal neurodevelopment.

An effect of age of onset for MJ use has also been suggested in fMRI based studies. Tapert
and colleagues (2007), examined adolescents with and without a history of MJ use during
the performance of an inhibitory task, and reported increased frontal activation in MJ users
relative to nonusers despite 28 days of abstinence from the drug and no significant
performance differences between the groups. They noted that increased activation may
reflect a neural compensation for successful task completion in MJ smokers, and in fact, a
significant inverse relationship was detected between activation during the task and age of
onset of MJ use, duration of use and number of MJ hits per month. In an fMRI study
designed to assess the impact of age of onset of MJ use, Becker, Wagner, Gouzoulis-
Mayfrank, Spuentrup, and Daumann (2010) reported increased activation in adults with
early onset of MJ use (prior to age 16) relative to those who began smoking later on one
condition of the N-back task. The authors suggested that as the maturing brain may be more
vulnerable to the effects of MJ, early MJ use may result in suboptimal cortical efficiency
during cognitive tasks. Our finding of a positive relationship between age of onset of MJ use
and measures of FA, as well as an inverse relationship between age of onset of MJ use and
trace suggests that early use may result in altered white matter and increased diffusivity in
specific brain regions. This is further supported by the relationship noted between duration
of MJ use and white matter measures within the right genu; years of MJ use was inversely
correlated with FA and positively correlated with trace. It is therefore not surprising that the
regions reported to be different between the MJ smokers and controls are also those that are
impacted by age of onset of MJ use. These data support the perspective that in some
individuals with early onset of MJ smoking, brain changes emerge during development that
either predate drug use or result from MJ use and result in both functional and structural
changes in MJ smokers. Although our sample of MJ smokers was not large enough to
directly compare early onset smokers to those who began smoking later, future
investigations should focus on this important area of study.

It should be noted that the current investigation has several limitations. First, although we
did not find any statistically significant difference between the subject groups on any
measure of clinical state or demographic variable, it is possible that the groups differed on
measures that we did not assess, including social style and personality traits. In addition, our
MJ smoking sample reported more alcohol use than the control subjects; however, no
significant difference was detected for number of days of intoxication between the groups.
Further, no subject in either group met diagnostic criteria for alcohol abuse or dependence,
therefore, this difference in alcohol consumption is likely related to lifestyle differences and
is not expected to account for the study findings. This is underscored by the fact that we
found no significant association between any of the alcohol-related variables and the DTI
measures. In addition, the current study utilized a ROI approach rather than whole brain
analyses, and a DTI scheme that acquired data from only six directions. Future
investigations should capitalize on the evolution of DTI methodology and include ROI and
whole brain methods as well as TBSS and tractography. Nevertheless, the methods used in
the current study have been successfully utilized by others in previous investigations (Silveri
et al., 2006; Yurgelun-Todd, Silveri, Gruber, Rohan, & Pimental, 2007), and have allowed
the study of the hypothesis of between-groups white matter differences and the association
with measures of impulsivity. Our sample size (15 per group) is moderate in size, which
limits the generalizability of the study findings. It is of note, however, that our findings are
consistent with other DTI studies of substance abusing individuals, and the first to report a
significant association between measures of white matter and impulsivity in chronic MJ
smokers. Finally, although only a subset of subjects in each group received the BIS (N =
10), the associations between white matter and impulsivity are only present in the MJ
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smoking sample, and are statistically significant, underscoring the importance of examining
the potential relationship between impulsivity and white matter measures in future studies.

Although we hypothesized a priori differences in white matter measures between the subject
groups, and in fact demonstrated that they are present in frontal regions critical for
regulation of inhibitory processes and impulsive behavior, the direction of the association
between white matter and impulsivity may at first seem counterintuitive. Fractional
anisotropy is a measure of white matter fiber tract coherence, and because frontal brain
regions play a role in the regulation of impulsive behavior, the expectation would likely be
that lower levels of FA would be correlated with higher levels of behavioral impulsivity, as
measured by the BIS. It would seem that measures of lower tissue integrity or coherence
could easily result in a reduced ability to successfully modulate frontally mediated
processes, which include those related to inhibition. Data from the current investigation,
which reports a positive association between FA levels and impulsivity in the MJ smokers,
may therefore be suggestive of a neurodevelopmental alteration of MJ use. As previously
noted, because the developing brain is vulnerable to exogenous agents during adolescence, it
is possible that early exposure to MJ results in anomalous myelination patterns and/or a
potential failure to prune within some brain regions.

These data represent the first report of significant alterations in frontal white matter fiber
tract integrity that are associated with self-report measures of impulsivity in chronic, heavy
MJ smokers, and appear to be related to age of onset of MJ use. The reductions in FA
observed may be a reflection of demyelination or axonal damage that occur following
chronic exposure to MJ or may reflect delayed brain development in MJ smokers. Future
investigations should include additional measures of behavioral impulsivity and their
relationship to age of onset of MJ use to more fully explore the potential
neurodevelopmental aspects of white matter changes in MJ smokers. Findings from this
study suggest that changes in white matter microstructure may be predictive or associated
with increased impulsivity, and may ultimately contribute to the initiation of MJ use or the
inability to discontinue use.
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Figure 1.
Diffusion tensor imaging regions of interest (ROI). Axial images illustrating the placement
of .12-cm3 ROIs in left and right frontal regions, left and right forward-projecting arms of
the genu, genu and splenium on the (A) echoplanar image and (B) corresponding ROI
placements with labels on the fractional anisotropy map.
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Figure 2.
BIS–II = Barratt Impulsivity Scale–II; FA = fractional anisotropy; ROI = region of interest.
Correlation scatterplots for impulsivity and white matter in frontal regions.
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Figure 3.
MJ = marijuana; FA = fractional anisotropy; ROI = region of interest. *p ≤ .05. Correlation
scatterplots for age of MJ onset and white matter in frontal regions.
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Table 1

Subject Demographics

Variable
Normal controls

(n = 15)
MJ smokers

(n = 15) p value

Age 25.2 ± 8.4 25 ± 8.7 .81

Education 15.5 ± 2.9 13.8 ± 2.1 .32

Sex (male/female) 14/1 14/1 —

Handedness (right/left) 13/2 13/2 —

Verbal IQ 116.15 ± 12.9 113.33 ± 14.4 .59

Performance IQ 121.71 ± 17.8 123.67 ± 19.5 .78

MJ smokers

    Average age of onset (years) of use — 14.9 ± 2.5 —

    Average smokes per week (joints) — 25.5 ± 27.8 —

    Average duration (years) of use — 10.1 ± 9.7 —

    Average urinary THC concentration (ng/ml) — 505.8 ± 734.7 —

    Alcohol use (days/month) 4.0 ± 4.5 9.6 ± 5.4 .05

    Alcohol use to intoxication (days/month) 2.3 ± 3.0 4.8 ± 4.1 .07

Note. Scores are averages plus or minus standard deviations. MJ = marijuana.
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Table 2

Clinical Measures

Variable Normal controls MJ smokers p value two-tailed

Beck Depression Index

    Total score   1.85 ± 3.4   3.08 ± 4.8 .46

Positive and Negative Affect Scale

    Positive Item Score 36.23 ± 4.2 34.00 ± 4.9 .20

    Negative Item Score 11.92 ± 2.8 13.37 ± 3.5 .28

Profile of Mood States

    Vigor 21.96 ± 3.3 20.93 ± 3.9 .48

    Anger   3.67 ± 5.0   6.14 ± 3.8 .16

    Confusion   6.67 ± 2.8   7.57 ± 2.3 .38

    Tension   6.29 ± 4.6   7.71 ± 2.3 .32

    Fatigue   3.63 ± 3.6   4.36 ± 2.4 .54

    Depression   2.79 ± 3.3   4.93 ± 3.5 .12

    Total 45.50 ± 17.9 51.64 ± 11.5 .26

Hamilton Anxiety Scale

    Total score   2.42 ± 3.3   3.00 ± 2.5 .61

Barratt Impulsivity Scale

    Attention 15.00 ± 3.5 17.90 ± 3.4 .07

    Motor 19.36 ± 5.1 24.60 ± 4.01 .02

    Planning 24.64 ± 5.1 27.30 ± 4.6 .23

    Total 59.00 ± 9.7 69.80 ± 9.6 .02

Note. Scores are averages plus or minus standard deviations. MJ = marijuana.

Exp Clin Psychopharmacol. Author manuscript; available in PMC 2013 May 21.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Gruber et al. Page 19

Ta
bl

e 
3

D
T

I 
M

ea
su

re
s

V
ar

ia
bl

e
R

eg
io

n
N

or
m

al
 c

on
tr

ol
s

M
J 

sm
ok

er
s

F
(2

9)
p 

va
lu

e

FA
G

en
u

0.
81

 ±
 0

.0
7

0.
82

 ±
 0

.0
8

0.
28

.6
0

L
ef

t
0.

85
 ±

 0
.0

8
0.

83
 ±

 0
.1

0
0.

19
.6

7

R
ig

ht
0.

94
 ±

 0
.0

9
0.

88
 ±

 0
.1

1
3.

20
.0

8

L
ef

t F
ro

nt
al

0.
50

 ±
 0

.1
0

0.
43

 ±
 0

.0
7

4.
43

.0
4

R
ig

ht
 F

ro
nt

al
0.

50
 ±

 0
.0

9
0.

46
 ±

 0
.0

8
1.

73
.2

0

Sp
le

ni
um

0.
92

 ±
 0

.0
5

0.
89

 ±
 0

.0
6

2.
78

.1
1

T
ra

ce
G

en
u

2.
44

 ±
 0

.2
2

2.
51

 ±
 0

.2
1

0.
91

0
.3

5

L
ef

t
2.

55
 ±

 0
.4

3
2.

60
 ±

 0
.2

6
0.

14
6

.7
1

R
ig

ht
2.

40
 ±

 0
.2

8
2.

64
 ±

 0
.3

5
4.

38
7

.0
4

L
ef

t F
ro

nt
al

2.
46

 ±
 0

.1
5

2.
47

 ±
 0

.1
2

0.
02

8
.8

7

R
ig

ht
 F

ro
nt

al
2.

49
 ±

 0
.1

5
2.

48
 ±

 0
.1

2
0.

14
5

.7
1

Sp
le

ni
um

2.
08

 ±
 0

.2
0

2.
14

 ±
 0

.1
5

0.
83

0
.3

7

N
ot

e.
 S

co
re

s 
ar

e 
av

er
ag

es
 p

lu
s 

or
 m

in
us

 s
ta

nd
ar

d 
de

vi
at

io
ns

. D
T

I 
=

 d
if

fu
si

on
 te

ns
or

 im
ag

in
g;

 M
J 

=
 m

ar
iju

an
a;

 F
A

 =
 f

ra
ct

io
na

l a
ni

so
tr

op
y.

Exp Clin Psychopharmacol. Author manuscript; available in PMC 2013 May 21.


