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Abstract
Background—There is growing evidence that adolescence is a key period for neuronal
maturation. Despite the high prevalence of marijuana use among adolescents and young adults in
the United States and internationally, very little is known about its impact on the developing brain.
Based on neuroimaging literature on normal brain developmental during adolescence, we
hypothesized that individuals with heavy cannabis use (HCU) would have brain structure
abnormalities in similar brain regions that undergo development during late adolescence,
particularly the fronto-temporal connection.

Method—Fourteen young adult males in residential treatment for cannabis dependence and 14
age-matched healthy male control subjects were recruited. Patients had a history of HCU
throughout adolescence; 5 had concurrent alcohol abuse. Subjects underwent structural and
diffusion tensor magnetic resonance imaging. White matter integrity was compared between
subject groups using voxelwise and fiber tractography analysis.

Results—Voxelwise and tractography analyses revealed that adolescents with HCU had reduced
fractional anisotropy, increased radial diffusivity, and increased trace in the homologous areas
known to be involved in ongoing development during late adolescence, particularly in the fronto-
temporal connection via arcuate fasciculus.

Conclusions—Our results support the hypothesis that heavy cannabis use during adolescence
may affect the trajectory of normal brain maturation. Due to concurrent alcohol consumption in
five HCU subjects, conclusions from this study should be considered preliminary, as the DTI
findings reported here may be reflective of the combination of alcohol and marijuana use. Further
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research in larger samples, longitudinal in nature, and controlling for alcohol consumption is
needed to better understand the pathophysiology of the effect of cannabis on the developing brain.

Keywords
Brain; Cannabis; Adolescent; Diffusion tensor imaging; Tractography; Magnetic resonance
imaging

According to the Substance Abuse and Mental Health Services Administration (2006), one
in two adolescents/early adults have tried cannabis at least once in their lifetime. A recent
national survey also reported a history of cannabis (i.e., marijuana) use in approximately
45% of twelfth graders in the United States, with five percent reporting current daily use
(Terry-McElrath, Johnston, O’Malley, & Yamaguchi, 2005). In addition, recent studies
support the hypothesis that adolescent cannabis use is a gateway to illicit drug use in early
adulthood (Fergusson, Boden, & Horwood, 2006).

In addition, there is increasing concern regarding the potential long-term effects of early
cannabis use on neurodevelopment, as data from several epidemiological studies have linked
early cannabis use (before age 15 years) with the subsequent development of psychiatric
disturbances. Several lines of evidence suggest that long-term cannabis use may be more
detrimental to the developing brain than for the mature brain in samples of preclinical
individuals (Cha, White, Kuhn, Wilson, & Swartzwelder, 2006; Landfield, Cadwallader, &
Vinsant, 1988; Stiglick & Kalant, 1985), adolescent cannabis users (Medina et al., 2007a),
and adult cannabis users with previously documented neuropsychological deficits
(Ehrenreich et al., 1999; Pope et al., 2003). Furthermore, morphometric studies involving
adult marijuana users have documented, albeit inconsistently (Block et al., 2000), alterations
in brain tissue composition among members of this cohort (Matochik, Eldreth, Cadet, &
Bolla, 2005), particularly among adults with a history of early use (i.e., use prior to age 17
years) (Wilson et al., 2000). Previous studies have also reported early-age cannabis users to
be more vulnerable to manifest psychosis in adulthood than adult users (Arseneault, Cannon,
Witton, & Murray, 2004; Caspi et al., 2005).

Most recently, a structural brain imaging investigation examining white matter abnormalities
among adolescent cannabis users yielded evidence that both marijuana use and white matter
volume are each independent predictors of depressive symptomatology (Medina, Nagel,
Park, McQueeny, & Tapert, 2007b). It has also been hypothesized that long-term exposure
to cannabis may be associated with the downregulation of the CB1 receptors and suppress
oligodendrocyte function over time (Molina-Holgado et al., 2002). In support of this
hypothesis, long-term cannabinoid exposure has been found to be associated with decreased
expression of myelin-related genes (Grigorenko et al., 2002). Together, these data provide
support for a hypothesis that recurrent exposure to cannabis during adolescence may
adversely affect white matter development.

Diffusion tensor imaging (DTI) is a powerful magnetic resonance imaging (MRI) technique
suited to the study of white matter (WM) axonal structure because it can be used to quantify
the magnitude and directionality of tissue water mobility in three dimensions. DTI has been
utilized for the characterization of developmental changes in WM diffusion properties
throughout the first two decades of life (Ashtari et al., 2007a; Barnea-Goraly et al., 2005;
Guo et al., 2007; Schmithorst, Wilke, Dardzinski, & Holland, 2002). Results of DTI studies
in typically developing children have shown prominent age-related increases in fractional
anisotropy (FA) in numerous brain regions, including the left arcuate fasciculus (Ashtari et
al., 2007a; Guo et al., 2007; Schmithorst et al., 2002), prefrontal cortex (Barnea-Goraly et
al., 2005), internal capsule (Ashtari et al., 2007a; Barnea-Goraly et al., 2005; Guo et al.,
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2007; Schmithorst et al., 2002), corpus callosum (Ashtari et al., 2007a; Barnea-Goraly et al.,
2005), right inferior longitudinal fasciculus (Guo et al., 2007; Schmithorst et al., 2002) and
ventral visual stream WM (Barnea-Goraly et al., 2005), as well as areas extending from
sensorimotor regions that appear to correspond to the corticothalamic and cortico-spinal
tracts (Schmithorst et al., 2002).

To our knowledge, only a handful of studies have utilized DTI to examine the effect of
chronic cannabis use on white matter integrity in adults. Gruber & Yurgelun-Todd (2005)
used a region of interest (ROI) approach in 9 heavy cannabis users (HCUs), aged 18–47
years, and 9 healthy comparison subjects. The authors used four ROIs and placed them on a
single slice covering only the frontal regions and reported no significant differences in FA,
but did find a trend-level (p = 0.09) increase of the trace value parameter among HCUs.
Similarly, Delisi and colleagues (2006) reported no evidence of WM integrity loss in young
adults aged 18–27 years (n=10) who were frequent cannabis users during adolescence,
relative to 10 age- and sex- matched controls, using whole brain voxelwise analysis. Arnone
and colleagues (2006) compared 11 HCUs with demographically matched normal controls
using a histogram approach and reported a median FA decrease among marijuana users (p =
0.03). In a more recent study by Arnone and colleagues (2008), the authors reported
decreased FA and mean diffusivity in the corpus callusom in a group of adult HCUs. The
lack of consistency in findings across these initial studies of adult cannabis users could be a
reflection of small sample sizes, sample heterogeneity (e.g., duration and severity of
marijuana use, variation in abstinence duration prior to DTI scanning, etc.), and varied
methods of image acquisition and analysis.

In the current, preliminary study, we have employed a DTI technique with fifteen gradient
directions and isotropic slices using a whole brain voxelwise analysis and diffusion
tractography to examine potential relationships between white matter tissue organization
(microstructure) and adolescent heavy cannabis use. In addition, we carried out analyses for
all diffusion indices, including fractional anisotropy and radial, axial, and mean diffusivity,
to study differences in brain structure between adolescent HCUs and healthy comparison
subjects without a history of cannabis use. Based on our previous study of normative brain
development (Ashtari et al., 2007a) and earlier investigations outlining the areas of brain
maturation during adolescence, as well as brain areas where the endogenous cannabinoid
system has been documented to influence the development of brain white matter, we
hypothesized that subjects with a history of HCU would have diminished FA and increased
mean and radial diffusivity in the following brain regions undergoing developmental change
during adolescence, as documented by Ashtari and colleagues (2007a): the arcuate
fasciculus, internal capsule/thalamic radiation, corpus callosum (documented at a more
relaxed threshold in Ashtari, Cervellione, et al., 2007) and regions of the prefrontal cortex.

Materials and Methods
Subjects

Fourteen male adolescents and young adults (mean age = 19.3; SD = 0.8) with a history of
heavy cannabis use throughout adolescence, and who were currently enrolled in a residential
drug-treatment rehabilitation center to reduce cannabis consumption, were recruited. All
individuals were court-ordered after being repeatedly prosecuted for crimes related to
possession, sale, or purchase of marijuana. No patient had been court-ordered for other
crimes, such as violent offenses. All individuals had been undergoing residential treatment
for the duration of the drug-free period reported here (at least 3 months; mean duration = 6.7
months). In addition, all patients were required to have routine in-patient urine toxicology
tests for the duration of their in-patient treatment, thus confirming their continued
abstinence. All individuals met DSM-IV criteria for cannabis dependence, in remission
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(American-Psychiatric-Association, 1994). Patients reported using cannabis daily for at least
one year prior to enrolling in treatment (mean = 5.8 joints per day). Patients were excluded
if they had a lifetime history of more than 10 uses of any illicit substances besides cannabis.
Additionally, patients were excluded if they had a history of any serious psychiatric illness,
including any psychotic disorder, bipolar disorder, or major depressive disorder. Due to the
very high incidence of cannabis abuse with comorbid heavy tobacco use and/or alcohol
consumption, use of these substances were not considered exclusionary for this pilot study.
Five patients met DSM-IV criteria for past alcohol abuse: the other 9 reported no more than
regular use (i.e. one day per week). All patients were alcohol-free for the duration of
inpatient rehabilitation.

Fourteen healthy male comparison subjects (mean age = 18.5; SD = 1.4) were recruited from
an adolescent medical clinic at Schneider Children’s Hospital (New Hyde Park, NY, USA)
via community fliers and word-of-mouth referral. These subjects were similar to cannabis
users in terms of demographic and socioeconomic makeup (Table 1). Controls were
excluded if they had any current or past DSM-IV diagnosis, history of psychological
counseling, a self-reported history of more than 5 lifetime exposures to any illicit drug, or
more than occasional use of alcohol (defined as more than 5 drinks per month) at any point
in the past. Additional exclusion criteria for all subjects included mental retardation (as
evidenced by intelligence test scores, DSM-IV diagnosis or documented history), known
neurological illness, history of head injury with loss of consciousness for more than 30
seconds, any focal findings revealed by routine clinical scan at the time of research MRI and
current use of psychotropic medications. All participants were interviewed by a research
psychologist or trained psychometrician under the supervision of a board-certified child and
adolescent psychiatrist (Kaufman et al., 1997).

Study procedures were approved by the North Shore-Long Island Jewish Health System
Institutional Review Board. Written informed consent, or parental consent with participant
assent, were obtained as appropriate. Patients provided written approval for research staff to
review in-patient rehabilitation charts to collect more detailed information about history of
drug use and psychological functioning and to corroborate self-reports gathered during
clinical interviews.

Magnetic Resonance Imaging
The imaging protocol and analysis methods have been described in detail elsewhere (Ashtari
et al., 2005). MRI scans were conducted at the Long Island Jewish Medical Center on a 1.5T
GE Neuro Vascular Interactive (NV/i) system. This unit was equipped with a high strength
(50 mT/m) and high-speed gradient system (Slew Rate = 150 T/m/sec).

The diffusion tensor sequence used in this study utilized 15 gradient directions with b-factor
of 1000 s/mm2, two b0, 50 isotropic slices (2.5×2.5×2.5 mm3) through the whole brain.
Images were acquired parallel to the anterior-posterior commissures (AC-PC) using a dual
spin-echo prepared sequence to reduce eddy current related image geometric distortions
(Reese, Heid, Weisskoff, & Wedeen, 2003) and a ramp-sampled spin-echo, single shot echo-
planar imaging (EPI) method with TR = 14 s, TE = 77 ms, matrix size = 88×88 (zero-filled
to 256×256), FOV = 22×22 cm2, slice thickness = 2.5 mm with no gap, NEX = 2, and a total
acquisition time of 8:24 minutes. All images were investigated to be free of motion or
ghosting, high frequency and/or wrap around artifacts at the time of image acquisition.

In addition to the diffusion tensor images, a matching fast spin echo (FSE) double-echo
sequence was acquired as well as a fluid-attenuated inversion recovery (FLAIR) sequence
for clinical purposes. A 3D spoiled gradient-echo (SPGR) sequence with inversion
preparation pulse (IR-Prep) was also obtained for registration purposes.
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Image Processing: Spatial Normalization
Details of normalization methodology used here are presented in earlier reports (Ardekani et
al., 2005; Ashtari et al., 2005; Kumra et al., 2005). Briefly, inter- and intra-subject
registrations were carried out to ensure image alignment prior to vector and voxel averaging.
We implemented an elastic registration algorithm for correction of the EPI image geometric
distortions (Ardekani et al., 2005). In this algorithm, a subject image (b = 0 DTI image) is
elastically deformed to match a target image (T2 FSE image). The algorithm is used for two
purposes in the present paper: (a) for distortion correction of the DTI echo-planar images;
and (b) for spatial normalization of the subjects’ SPGR images. Rigid-body registration was
used (Ardekani, Nierenberg, Hoptman, Javitt, & Lim, 2003) for intra-subject registration to
control for any subtle head motion or possible subject motion that may have occurred
between or within sequence acquisitions. A single subject with the median brain volume
among all participants was used as the template image. The whole-brain 3D SPGR of the
template image was transformed into Talairach space using AFNI
(http://afni.nimh.nih.gov/afni/). The diffusion-weighted images of each subject were
spatially normalized to this template image. The transformations from all three registrations
were combined mathematically into a single transformation to reduce multiple
interpolations.

Eigenvalues and eigenvectors of the diffusion tensor matrix for each voxel were computed
from the 17 DTI volumes (15 gradient directions and two b = 0 images) for each subject
using methods described by Basser (1995) and Pierpaoli and Basser (1996). Using the
computed eigenvalues (λ1, λ2, and λ3), the magnitude images for radial diffusivity λ⊥[(λ2
+λ3)/2], axial diffusivity λ|| (λ1), trace of the diffusion tensor (apparent diffusion coefficient
or mean diffusivity) Dtr (λ1+ λ2 +λ3), and FA were calculated. Axial (λ||), radial (λ⊥), mean
diffusivity (Dtr) and FA maps were transferred into Talairach space using the above
registration procedures. It should be noted that the λ||, λ⊥, and FA maps are first computed in
the subject’s native image space and then transformed into the common Talairach
coordinates using the above mentioned three-step registration process. All images were
smoothed with a 6 mm full-width-half-maximum (FWHM) Gaussian kernel in 3D. Using
the above transformations, we obtained 28 1 mm isotropic FA maps (14 patients and 14
healthy volunteers) in common Talairach space.

Tractography Procedures and Extraction of Specific Fibers
Fiber tractography was performed using DTIStudio, which is based on the fiber assignment
by continuous tracking (FACT) method (Mori et al., 2002; Xue, van Zijl, Crain,
Solaiyappan, & Mori, 1999). Fibers are selected based on initiating a seed pixel in the
anatomy of choice. From this seed point a line is propagated which follows the principal
eigenvector in 3D contiguous space from voxel to voxel (Mori et al., 2002). A more detailed
description of the DTIStudio and its functionalities is presented in a recent paper by Jiang
and colleagues (2006). A threshold of 0.20 for FA value was used (Mori et al., 2002) and a
turning angle of 41° (Okada et al., 2006; Wakana, Jiang, Nagae-Poetscher, van Zijl, & Mori,
2004) was used to perform tractography.

We used the results of our voxelwise analyses as a guide to place the seeds for tractography
(Ashtari et al., 2007b). Since the posterior internal capsule/thalamic radiation is known to
have complex projections to various parts of the brain (Behrens et al., 2003) we limited our
tractography to the left and the right arcuate fasciculi. The left and the right motor tracts
were extracted as control fibers. Similar to the study by Mori et al. (2002) the left and the
right arcuate fibers were extracted by placing a single ROI in the densely concentrated fiber
bundle along the superior segment of the arcuate fibers (between Broca’s and Wernicke’s
areas). To clearly identify the arcuate fiber bundles, placement of ROI was performed on
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color-coded diffusion images (Figure 5; Images B &D). A subset of projections that were
not part of arcuate tracts were excluded using the “NOT” operation of the DTIStudio. As is
depicted in Figure 5 (Images A & C) arcuate fibers occupy extensive areas with branches
penetrating the frontal, parietal, and temporal cortex.

Motor tracts were extracted using two ROI’s (Lee et al., 2005; Mori et al., 2002; Okada et
al., 2006; Wakana et al., 2004). Initial ROI was placed in the posterior segment of the
internal capsule (Figure 6; Images B & E) using the “OR” function of the DTIStudio. This
region is known to encompass both the pyramidal tract and somatosensory fibers. Since
anatomically motor fiber must pass through the precentral gyrus, the second ROI was placed
in the precentral gyrus using the “AND” function of the DTIStudio (Figure 6; Images C &
F). Fiber branches to the cerebellum and pons or other non-motor brain areas were excluded
using the “NOT” function. The resultant left and the right motor fibers are depicted in
Figure 6; Images A & D respectively.

Group Averaging of Diffusion Tensor Data for Tractography
Similar to single subject tractography in DTIStudio, group tractography needs an average
FA and an ‘average’ principal eigenvector for all subjects. Using the above mentioned
rigorous registration procedure, also reported in our earlier reports (Ashtari et al., 2005;
Szeszko et al., 2005), a deformation field specific to each subject, that can be used for
spatial normalization of the subject’s DTI images to a standardized space (i.e., Talairach
space) is obtained. This deformation field is a vector-valued function of a vector variable
that maps the coordinates of any given grid point in the standardized space to its
corresponding point in the subject’s original DTI image space (Ardekani et al., 2005).
Deformation field of each subject is then applied to the subject’s FA image and an
arithmetic average of all spatially normalized group FA images is then calculated. The
principal eigenvector field for the group was obtained by first computing the Jacobian
matrix (Kaplan, 2003) of the deformation field at each grid point on the standardized space
for each subject. The eigenvector in each subject’s original DTI image space that would be
mapped to the particular grid point in the standardized space was then reoriented by pre-
multiplying it with the computed Jacobian, as suggested by (Alexander, Pierpaoli, Basser, &
Gee, 2001). Since DTIStudio only requires the principle eigenvector to perform
tractography, we have not applied reorientation to the remaining two radial eigenvectors.
Reorientation of the principle eigenvector was subsequently repeated for all subjects at all
grid points in the standardized space. Thus, for each grid point, we obtained as many (re-
oriented) eigenvectors as there were subjects in the study (N=28). Finally, at each grid point,
a principal component analysis (PCA) (Kent, Bibby, & Marida, 1980) was performed on the
n=28 eigenvectors. The principal eigenvector of this PCA was then taken to represent the
whole group at the grid point in question.

Statistical Analyses
All analyses examining demographic and clinical characteristics of the study sample were
conducted using SPSS (SPSS Inc., Chicago, Illinois). Demographic differences between
cannabis users and comparison subjects were analyzed using independent samples t tests and
Fisher’s exact tests, as appropriate. WRAT3 (Wilkinson, 1993) reading scores were used as
to estimate for intelligence. Since WRAT3 reading score was significantly different between
groups (t = 3.29, p < .01), statistical analyses were performed controlling for this variable.

Voxelwise Analyses—Voxelwise analysis of covariance (VANCOVA) was performed
for the FA, axial, radial and mean diffusivity images between patients and controls
covarying for subject’s estimates of premorbid intelligence (WRAT3 scores). To control for
Type I errors (false positives) we used the false discovery rate (FDR) measure (Benjamini &
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Hochberg, 1995) provided by the ‘FDR’ program as part of the FSL software package
(http://www.fmrib.ox.ac.uk/fsl/). FDR represents the expected proportion of rejected
hypotheses that are false positives. In the present study, we used a 1% false discovery rate
(FDR = 0.01) for a significance level of p = 0.001, unless no significant clusters were
observed. Specifically, for the current study: FA analyses FDR = 0.01, p < .001; axial and
mean diffusivity FDR = 0.015, p < .005; radial diffusivity FDR =0.04 and p < .005. As an
additional safeguard against false positives, clusters greater than 100 voxels in size for FA
and 200 for the other diffusion index maps were retained. Tract based analyses were
performed using ANCOVA on all extracted fibers controlling for reading scores (WRAT3)
between HCUs and healthy comparison subjects.

Results
Sample Characteristics

Sample characteristics are summarized in Table 1. HCUs with mean age of 19.3 years
(range: 18.0–21.2 years) reported a mean age of first cannabis use of 13.1 years (range: 9.0–
15.0 years) and were drug-free for a median duration of 6.7 months (range: 3–11 months)
prior to MRI scan. In the one-year prior to the current period of abstinence, HCUs reported
using an average of 5.8 joints per day. Five HCUs met DSM-IV criteria for past alcohol
abuse; the remaining nine reported no more than regular use. Alcohol use was not quantified
to any further extent. Two HCUs had a history of attention deficit hyperactive disorder
(ADHD) and three others had a comorbid diagnosis of conduct disorder. Comparison
subjects, with mean age of 18.5 years (range: 17.30–21.50 years), were similar to cannabis
users in distributions of age, gender, parental socio-economic status (SES), ethnicity and
handedness.

Voxelwise Analysis
At a statistical significance level of p < .001 (i.e., corrected p < .01) and a cluster size extent
threshold of ≥100 contiguous voxels, four clusters with decreased FA were identified in the
left posterior internal capsule/thalamic radiation, left middle temporal gyrus, right posterior
internal capsule and right superior temporal gyrus (Figure 1). Significant increase in radial
(λ⊥) and trace values (Dtr) at p < .005 (corrected p < .015) and 200 contiguous voxels in
HCUs, as compared to healthy comparison subjects, are shown in Figures 2 and 3 in the
homologous brain areas that showed decreased FA (see Figure 2 and 3 and compare the
locations with Figure 1).

Decreased axial diffusivity for HCUs in some homologous areas with decreased FA and
increased radial and mean diffusivity was observed at p < .005 (corrected p < .04) and extent
threshold of ≥200 voxels (see Figure 4). A summary of these findings with their respective
Talairach coordinates and cluster sizes are presented in Table 2.

Tractography
The left and the right arcuate fibers and the left and the right motor fibers were extracted ten
times using DTIStudio. The tract-specific fibers were superimposed as an anatomical ROI
onto the Talairach-transferred FA, λ11, λ⊥, and Dtr images for each subject to obtain the
scalar values for their respective diffusion parameters. Results of the tractography analyses
comparing these scalar values between HCUs and healthy comparison subjects (controlling
for WRAT3 reading score) are presented in Table 3. HCUs exhibited decreased FA in the
left arcuate tract at a trend level (p = .11) and at a significant level for the right arcuate (p = .
02). HCUs showed a significant increase in λ⊥ for the left arcuate (p = .02) and the right
arcuate (p = .01). HCUs showed a significant increase in Dtr for the left arcuate (p = .04) and

Ashtari et al. Page 7

J Psychiatr Res. Author manuscript; available in PMC 2012 March 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.fmrib.ox.ac.uk/fsl/


the right arcuate (p = .03). HCUs showed decreased λ11 for the left (p = .01) and the right (p
= .02) motor tracts.

Clinical Correlates
As a set of post-hoc exploratory analyses, we examined the relationship between
neuroimaging measure results and clinical variables, specifically age at onset of cannabis
use, duration of use, amount of use, and time abstinent. Among HCUs, Spearman
correlations were performed between each of the clinical variables and values for each of the
significant brain regions specified in Tables 2 and 3. Results of all analyses were non-
significant at p < .05.

Discussion
In the current preliminary invetigation, voxelwise analysis and tractography were used to
compare the WM fiber tract integrity of adolescents/young adults with HCU throughout
adolescence to demographically-matched healthy comparison subjects. In the first set of
analyses, VANCOVA at an FDR corrected statistical threshold (p < .01, 100 extent
threshold) revealed four clusters of decreased FA among HCUs relative to healthy
comparison subjects, including: bilateral posterior internal capsule/thalamic radiation, the
left middle temporal gyrus and the right superior temporal gyrus. In addition, HCUs had
increased radial diffusivity, increased trace values and decreased axial diffusivity in some
homologous brain regions where decreased FA was observed. Decreased FA with a
simultaneous increase in radial diffusivity and trace values within the same brain regions is
suggestive of decreased myelination, which could reflect an arrest or delay in the
myelination process. As such, the results of the current study indicate that heavy cannabis
use during adolescence may lead to decreased myelination during adolescence.

The second set of analyses involved fiber tractography for the right and left arcuate fiber
tracts, and was guided by the results of the voxelwise analysis. Tractography results, for
most diffusion parameters, showed a similar pattern of abnormality as found in the
voxelwise analysis, including decreased FA, increased λ⊥, and increased Dtr. Temporal lobe
damage (i.e., damage to the arcuate regions) has been reported in previous functional brain
studies of HCUs (Amen & Waugh, 1998; Mathew, Wilson, Humphreys, Lowe, & Wiethe,
1992).

In order to provide divergent validity and specificity to our findings, the left and the right
motor fiber bundles were extracted as control tracts. Analysis of the control tracts showed no
significant differences in FA, or in radial or mean diffusivity, but revealed significantly
lower axial diffusivity in HCUs for both the left and right motor fibers. Though we did not
expect to observe any changes in the control fibers, this finding may be an indication of
early changes in these fibers in HCUs, as compared with healthy comparison subjects.

Evidence that Heavy Cannabis Use Disrupts Normal White Matter
Neurological effects of cannabis are largely mediated by the binding of its active ingredient,
delta9-tetrahydrocannabinol (THC) to cannabinoid CB1 receptors in the brain and CB2
receptors the outside brain (Martin, Compton, Prescott, Barrett, & Razdan, 1995; Matsuda,
Lolait, Brownstein, Young, & Bonner, 1990; Munro, Thomas, & Abu-Shaar, 1993).
Although it has been recently shown that CB2 receptors are present in the brain (Onaivi et
al., 2006) it appears that the abuse-related effects of cannabinoids are mostly, if not
exclusively, mediated by CB1 receptors.

Cannabinoid receptors have been known to interact with brain WM in early and late
gestation periods (Berrendero et al., 1998), thus supporting the potential influence of the
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endogenous cannabinoid system in brain WM development processes, such as neuronal
migration, axonal elongation and myelin formation. Hence, it is possible that long-term
exposure to cannabis may have profound effects on the number and/or function of
oligodendrocytes (Molina-Holgado et al., 2002). Abnormalities of oligodendroglial cells
could easily lead to abnormalities in myelin integrity, including myelin initiation,
deposition, compaction and maintenance (Davis et al., 2003). Long term cannabis effects on
the brain have also been shown in other animal (Kittler et al., 2000) and human studies
(Arnone et al., 2006, 2008; Matochik et al., 2005) examining the influence of HCU on white
matter density. Consistent with previous human and animal studies, the voxelwise analyses
of the current report reveals patterns of altered water diffusion along the axons of several
white matter fiber bundles in a group of HCUs, relative to healthy comparison subjects.
Clusters of reduced FA along the posterior internal capsule/thalamic radiation areas and
bilateral temporal regions were found in some of the same regions reported to undergo
significant brain development during adolescence (Ashtari et al., 2007a; Barnea-Goraly et
al., 2005; Guo et al., 2007; Schmithorst et al., 2002). These clusters of reduced FA were
accompanied by increases in measures of trace and radial diffusivity, suggesting a pattern of
myelination deficits within the axons (Ashtari et al., 2007a). Together, these results suggest
that HCU during adolescence may interfere with the normal development of myelin, the
insulating material around axons. Furthermore, our tractography findings for two critical
fiber tracts involved in brain development during late adolescence (i.e., bilateral arcuate
fiber tracts) (Ashtari et al., 2007a; Barnea-Goraly et al., 2005; Guo et al., 2007) showed a
similar pattern of water diffusion abnormality along the entire fiber bundles (i.e., decreased
FA accompanied by increased radial and mean diffusivity). If the diffusion abnormalities
along the entire arcuate fiber bundles were limited to only those clusters reported in the
voxelwise analyses, no significant effects would have been observed using the averaged
diffusion parameters of the whole arcuate tracts. Therefore, we consider the tractography
results an independent outcome of our data to further support the voxelwise findings in
suggesting that HCU during adolescence may interfere with normal brain development.

To date, very few studies have been conducted using neuroimaging techniques to assess
structural abnormalities in the brains of patients with HCU. One of the most recent studies
on the effects of HCU on the brain was conducted by Yücel and colleagues (2008). Results
of this study provide new evidence for the cannabis effect on brain structural abnormalities
in the hippocampus and amygdala in long-term HCUs. In this report, Yücel and colleagues
concluded that while modest use of cannabis may not lead to significant neurotoxic effects,
heavy daily use of cannabis might indeed be toxic to human brain tissue (Yücel et al., 2008).
It should be mentioned that the white matter changes of the arcuate fasciculi reported in the
current study are in line with the volumetric changes of medial temporal structures reported
by Yücel and colleagues. Although we did not find clinical correlates between measures of
cannabis use and diffusion parameters, Yücel and colleagues reported the hippocampal
volume to be inversely associated with cumulative exposure to cannabis. As there may be a
link between these structures, future studies are needed to carefully examine the relationship
between the fiber bundles of the arcuate fasciculus and medial temporal structures such as
hippocampus and amygdala.

Clinical neuroimaging of marijuana users to assess changes in neurovasculature, blood flow,
and presence of infarct or other ischemic processes, were presented in a review by Rojas
(2005). Structural and functional effects of marijuana use on the brain were recently
published in a review by Quickfall and Crockford (2006), who reported inconsistent
structural, but robust functional, brain abnormalities in HCUs. This review, however, did not
cover diffusion studies conducted with cannabis users. A comprehensive review of the
diffusion imaging in the addiction literature was subsequently published by Arnone (2006),
whereby only three DTI studies related to cannabis use were documented: some of which
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reported contradictory results to those presented here. There are a number of possible
reasons why our results differed from previous DTI studies. Gruber and Yurgelun-Todd
(2005) were the first to report on the neurotoxic effects of cannabis using DTI; however,
DTI was performed as an adjunctive component to a functional paradigm in that initial
investigation, and was limited to the frontal lobe regions of the brain. In addition they used
ROI as the method of choice for their DTI analysis, reporting no diffusion changes in the
frontal lobe for the cannabis users. Similar to Gruber and colleagues (2005), we did not
observe white matter abnormalities in frontal regions for HCUs, as compared to healthy
comparison subjects. However, since we utilized a whole brain analysis which revealed
differences in regions other than the frontal regions, the areas reported on in the current
study were not assessed by Gruber and Yurgelun-Todd (2005). A second DTI study
(published in abstract form) by Arnone and colleagues (2006) also used a limited ROI
approach, thus examining a limited number of brain regions, and similarly reported a general
reduction of FA for cannabis users. Both of these studies had methodological DTI
acquisition limitations, in that they did not use optimal gradient directions to increase signal-
to-noise ratio; they used thick image slices (i.e. 5 mm as compared to 2.5 mm in the current
report); and, they did not perform a whole brain analysis. In a more recent report by Arnone
and colleagues (2008) the authors used a more sophisticated diffusion imaging
methodology, but they limited their analyses to the corpus callosum and its projections
connecting to various brain regions. Although similar to our findings Arnone and colleagues
(2008) showed reduced FA and increased mean diffusivity in HCUs, the authors failed to
match their HCUs with normal controls on measures of IQ and socioeconomic status (SES),
and no abstinence period was reported.

In an investigation most similar to the current study, especially in terms of image analysis
methodology, DeLisi and colleagues (2006) reported no evidence of WM integrity loss in
young adults who were frequent cannabis users during adolescence. This investigation,
however, differed from the current study in numerous ways, particularly in terms of sample
demographics and image acquisition characteristics. First, in DeLisi and colleagues’
investigation, the minimum-use threshold for inclusion in the study (i.e., a minimum of 21
times during any single year, during adolescence) was much lower than that within the
criteria set forth by Bolla and colleagues (2005). In addition, DeLisi and colleagues reported
on a sample with a wide age range (17–37 years) and a small number of subjects (n=10), as
well as a longer duration of elapsed time since last use. This time lapse may have increased
the potential for a history of drug use recall bias. Furthermore, DeLisi and colleagues did not
provide data on variables related to the chronology of drug use and the period of highest use
(e.g., during early, middle or late adolescence), which potentially could have influenced the
DTI results. In the current study, cannabis users began smoking marijuana approximately at
age 13, and, on average, continued to do so until about ages 18–19: This reflects the
potential neurotoxic exposure to cannabis during a critical period of brain development in
adolescence. The amount of cannabis use was also substantially greater in our cohort, who
reported consuming about 5.8 joints per day during the final year, prior to abstinence.
Therefore, results reported by DeLisi may not be generalizable to samples other than those
of recreational cannabis users. Aside from sample differences, our study also differed
moderately from DeLisi and colleagues’ in terms of methods of diffusion image acquisition.
In the current study, we employed a larger number of gradient directions (15 diffusion
directions, and 2 b=0 images) covering the whole brain with fifty 2.5-mm isotropic slices.
DeLisi and colleagues, however, used six gradient directions and one b=0 image with non-
isotropic 5-mm slice thickness.
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Clinical Correlates
Based on the results of the clinical-related analyses of the current study, the relationship
between cannabis use patterns and WM structural abnormalities remains unclear. As with
the few prior examinations that have utilized MRI technology to examine the long-term
effects of cannabis use on the brain (Quickfall et al., 2006), there were no significant
correlations between clinical and imaging measures. The most straightforward reason for
these null findings is the small sample size of the current, and prior, studies. Hence, paired
with the small range of variability in the clinical measures, the statistical power to detect an
association was very low. Additionally, subjects were recruited from within a limited age
range and were very similar in drug use characteristics. Furthermore, the clinical measures
we used to characterize the sample were not well defined: e.g., “Amount used” was
operationalized as ‘joints’ per day, which does not account for variability in the respondent’s
definition of a ‘joint’; “length of use” was defined in our study as the time from initial use to
time of current abstinence period, since individuals may have had different accelerations of
use from time of first experimentation to heavy use, this may have affected the measure of
clinical variables. Clinical measures were based on self-report; therefore the accuracy of the
data and the reliability of the results of analyses including these measures is also
questionable. It is also possible that early life trauma, stress, alcohol consumption and other
background variables that co-vary with cannabis use could be significant predictors of WM
abnormalities in HCUs (i.e., HCU is a non-specific factor associated with altered white
matter development). Hence, further studies that are prospective in design should attempt to
better classify and more accurately assess these clinical variables. Longitudinal studies
assessing the same study cohort - before and after a carefully monitored abstinence period
from marijuana use - are needed to determine whether brain changes are permanent or can
be remediated by rehabilitation and intervention.

Strengths and Limitations
There are a number of limitations to report for the current study, many of which are also
present in other investigations of this type. The sample size in this study was small, partially
due to the difficulty in recruiting a sample that would meet all necessary inclusion/exclusion
criteria. Due to the paucity of research that has been conducted in this area, we believe that
keeping strict study criteria, and, therefore, a homogenous sample was important to this
preliminary investigation. This sample included only clinically-referred male patients from
mid-to-low socio-economic backgrounds, and with low IQ scores. As mentioned previously,
although we have documented and quantified many aspects of marijuana use/abuse in our
sample (e.g. the amount of use, initial age and length of use, and period of abstinence), these
data are highly dependent on the veracity, validity and reliability of self-reports. Although
we attempted to corroborate self-report information (e.g. by researching patients’ treatment
charts), we were not able to do so in all cases. This limitation, however, is inherent to all
studies using measures of self-report. We did not control for the effects of nicotine
consumption in our sample. A recent paper by Arnone and colleagues (2008) elegantly
explains that structural changes due to nicotine use in cannabis consumers is unlikely.

We also did not control for the amount of alcohol intake in HCUs. Arnone and colleagues
(2006) showed that excessive alcohol consumption has been associated with structural
changes using DTI. Although the DTI changes associated with alcohol abuse, documented
by Arnone and colleagues, were primarily evident in the corpus callosum, conclusions from
our report should be considered preliminary, as the DTI findings reported here maybe the
combination of alcohol and marijuana effects.
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With regards to the nicotine effect on human brain white matter, in a recent report by
Durazzo and colleagues (2007), the authors studied three groups of patient to assess the
effects of nicotine and alcohol on brain gray and white matter, and CSF contents. Regional
volumetric comparisons were made among age-matched smoking heavy drinkers (n = 17),
non-smoking heavy drinkers (n = 16), and non-smoking light drinkers (nsLD; n = 20).
Nicotine effects in this study were only reported for gray matter and not white matter. In a
separate study by Gazdzinski and colleagues (2005), the authors concluded that comorbid
chronic cigarette smoking in heavy drinkers accounts for some of the variance associated
with cortical gray matter loss. In the same paper, the authors reported chronic cigarette
smoking to be associated with decreased parietal and temporal gray matter and increased
temporal white matter. Based on the above preliminary studies, we have assumed that the
breach of white matter integrity observed in the current study is likely not due to nicotine
use.

In terms of sample acquisition and characteristics, this study is cross-sectional in nature,
which makes it impossible to determine the causality of the findings (Di Forti, Morrison,
Butt, & Murray, 2007). For instance, there are a number of plausible trajectories that our
results could indicate: 1) WM myelination deficits in these brain areas may be evident
before the start of cannabis use, and thus may represent a risk factor for drug dependence; 2)
cannabis use may result in deficits in myelination that were observed in this study; 3) there
may be a third variable that causes a predisposition to myelin development dysfunction and
cannabis abuse (e.g., the presence of below-average IQ or environmental factors). Skranes
and colleagues (2007) recently reported a positive relationship between FA in various brain
areas (e.g. posterior internal capsule and arcuate fasciculus) and IQ. Therefore, low IQ
among heavy cannabis users is a potential confound of the current study and needs to be
addressed in future investigations.

There are numerous psychiatric disorders reported to manifest with alterations of brain
diffusion parameters, such as ADHD (Ashtari et al., 2005), depression (Li et al., 2007),
alcoholism (De Bellis et al., 2008), and heroin use (Lim et al., 2008; Moeller et al., 2007). In
the current study, the brain areas reported to have WM deficiencies overlap with those brain
regions reported to be still developing in normal healthy individuals, throughout adolescence
(Ashtari et al., 2007a). We cannot rule out, however, that the presence of comorbid
conditions (especially degree of past alcohol consumption) and low IQ in the group of
HCUs may have influenced the neuroimaging results in our study (Ashtari et al., 2005;
Lyoo, Lee, Jung, Noam, & Renshaw, 2002; Nagel, Schweinsburg, Phan, & Tapert, 2005).

As shown by Catani and colleagues (2007), there is great variability within the normal
population regarding the anatomy of the arcuate tracts with an extreme leftward
lateralization (especially in males) in direct connections between Broca’s and Wernicke’s
language areas. Therefore, hypo-connectivity of the right arcuate fasciculus reported here
may, to some extent, be due to such inherent differences among male controls. However, we
believe since our entire pool of subjects (patients and controls) are composed of males, the
hypo-connectivity of the right arcuate fasciculus in males (Catani et al, 2007) should be
equally presented in both HCU and normal groups and, therefore, should not significantly
influence the results we report here.

The current study has a number of advantages over previous DTI studies: 1) we acquired
images from thin, 2.5-mm slices (as opposed to the 5-mm slices used in all previous studies,
with the exception of the recent report by Arnone and colleagues (2008); 2) the present
study implemented a tractography protocol; 3) our present study used a well-defined sample
of HCUs with a very narrow age range (i.e., between 16–20 years old); and 4) we included a
broader range of diffusion measures (i.e., axial diffusivity, radial diffusivity and trace) to
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characterize the WM abnormalities. In performing tractography, there may exist more than
one fiber crossing the same pixel (Wiegell, Larsson, & Wedeen, 2000). We have assumed
that in a major fiber bundle, such as arcuate fasciculus, there are fewer numbers of fiber
crossings. This may not be an unreasonable assumption as the characteristic C-shaped
trajectory of the arcuate fasciculus (see Figure 5 Images A and C) corresponds well with
what has been postulated by neuroanatomists on the basis of postmortem results (Carpenter,
1976).

Conclusion
In summary, the current study may differ from previous DTI reports in terms of patient
sample characteristics with respect to severity and duration of use, and length of abstinence.
We also differed in terms of our image processing approaches with some of previous DTI
reports that elected an ROI approach as opposed to a whole brain voxelwise analysis.
Furthermore, in order to better understand brain water diffusion behavior in cannabis users,
we employed other diffusion parameters (i.e., axial and radial diffusivity and trace) as well
as FA. Most importantly, to further confirm the diffusion abnormalities found in our
voxelwise analysis, we performed tractography to extract and analyze the entire fiber tracts.
To our knowledge, the study we present here is the first to use a combination of DTI and
fiber tractography to explore the associations between cannabis use and brain white matter
deficits.

In conclusion, there is growing evidence suggesting that adolescence is a key period for
neuronal maturation. The results of the current study support that heavy cannabis use during
adolescence is related to brain damage in areas known to be involved in ongoing
development during late adolescence, particularly in the fronto-temporal connection via
arcuate fasciculus. These results suggest that early-onset substance use may affect the
development of fronto-temporal white matter circuits, potentially resulting in disturbed
memory, and deficits in executive and affective functioning (Lubman, Yücel, & Hall, 2007).
Since five of the HCU subjects were alcohol abusers, conclusions from our report should be
considered preliminary as the DTI findings reported here may be due to combination of
alcohol and marijuana use. Adolescence, however, being marked as a critical time for brain
maturation and development, may be a vulnerable period to partake in risky behaviors, such
as marijuana or alcohol use, for both physiological and psychological reasons.
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Figure 1.
VANCOVA analysis shows decreased FA for ≥100 contiguous voxels at P<.001
superimposed on the averaged Talairach transferred images of all subjects. Reduced FA
clusters are depicted along the left middle temporal lobe (First Column), the right superior
temporal gyrus (Second Column), and the bilateral posterior internal capsules/thalamic
radiations (Third Column).
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Figure 2.
VANCOVA analysis shows increased radial diffusivity (λ⊥) in ≥200 contiguous voxels at
P<.005 superimposed on the averaged Talairach transferred images of all subjects. Increased
radial diffusivity is depicted along the left middle temporal gyrus (First Column), right
superior temporal gyrus (Second Column) and the bilateral posterior internal capsule/
thalamic radiations (Third Column).

Ashtari et al. Page 19

J Psychiatr Res. Author manuscript; available in PMC 2012 March 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
VANCOVA analysis shows increased trace (Dtr) in ≥200 contiguous voxels at P<.005
superimposed on the averaged Talairach transferred images of all subjects. Increased trace is
depicted along the left middle temporal gyrus (First Column), right superior temporal gyrus
(Second Column) and the left posterior internal capsule/thalamic radiations (Third Column).
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Figure 4.
VANCOVA analysis shows decreased axial diffusivity (λ1) in ≥200 contiguous voxels at
P<.005 superimposed on the averaged Talairach transferred images of all subjects.
Decreased axial diffusivity is depicted the right superior temporal gyrus (First Column), the
left posterior internal capsule/thalamic radiations (Second Column).
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Figure 5.
Extraction of the arcuate fasciculus (AF) fiber bundle (left AF; Image A, right AF; Image C)
using the DTIStudio with a FA threshold of 0.2 and tract turning angle of 41 degrees. The
seed ROI locations on the color coronal slices used in conjunction with the “OR” function of
the DTIStudio are depicted for the left and the right AF in Images B and D respectfully.
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Figure 6.
Fiber bundle extraction for the left (Image A) and the right (Image D) motor fibers using the
DTIStudio with a FA threshold of 0.2 and tract turning angle of 41 degrees. Motor fibers
were extracted using two ROIs, first with the “OR” function a seed ROI was placed at the
posterior segment of the internal capsule (left motor; Image B, right motor; Image E). The
“AND” function was used in conjunction with a second ROI (left motor; Image C, right
motor; Image F) encompassing the precentral gyrus projection of the fibers created with the
first ROI.
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Table 1

Subject Demographics

Patients with Cannabis Use (n=14) Healthy Controls (n=14) Statistic Test p

Mean Age (SD), years 19.3 (0.8) 18.5 (1.4) t = −1.88 .07

Age Range 18.00 – 21.20 17.30 – 21.50

Sex (M/F) 14/0 14/0

Ethnicity (Caucasian/non-Caucasian)* 0/14 3/11 .22

Handedness (dextral/non-dextral)* 10/3 12/1 .59

Parental SES (high/low) 1 9/1 13/0 .44

Mean WRAT3 score (SD) 2 84.3 (13.9) 104.0 (17.6) t = 3.29 <.005

Mean Age at Onset of Cannabis Use (SD), years 13.1 (1.6)

Mean Duration of Use (SD) 5.3 (2.1) years

Mean Amount Used (SD)joints per day** 5.8 (2.6)

Mean Time since Last Use (SD), months 6.7 (3.7)

Note: Independent samples t – tests and Fisher’s Exact tests utilized as appropriate.

*
One missing data point for patients and one for controls.

**
Joints per day during the one year prior to current abstinence period.

1
Socioeconomic status (SES) (Hollingshead 1975), missing data for controls and patients

2
Wide Range Achievement Test (WRAT3) Reading subtest (Wilkinson 1993)
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Table 3

Mean of Ten SLF and Motor Tracts Specific Measurements of Diffusion Indices and Statistical Analysis
Between Healthy Cannabis Users and Normal Controls.

Fiber Bundle Healthy Controls (n=14) Heavy Cannabis Users (n=14) Test Statistic* P

Diffusion Measures
10 Measurements (Arbitrary Units) Mean (SD)** Mean (SD)**

Left SLF

 Fractional Anisotropy (FA) 311.07 (15.97) 294.73 (17.89) 2.774 .11

 Radial Diffusivity (λ⊥) 788.58 (68.64) 843.73 (54.22) 5.92 .02

 Axial Diffusivity (λ11) 1376.79 (38.25) 1351.98 (36.91) 0.727 .40

 Trace (Dtr) 2956.53 (145.43) 3042.27 (103.06) 4.655 .04

Right SLF

 Fractional Anisotropy (FA) 306.83 (12.73) 292.57 (14.13) 6.151 .02

 Radial Diffusivity (λ⊥) 774.09 (73.20) 832.56 (53.82) 7.331 .01

 Axial Diffusivity (λ11) 1356.74 (34.31) 1331.24 (42.96) 1.174 .29

 Trace (Dtr) 2904.98 (156.86) 2997.69(114.90) 5.162 .03

Left Motor

 Fractional Anisotropy (FA) 377.81 (20.07) 371.52 (19.88) 1.293 .27

 Radial Diffusivity (λ⊥) 744.49 (98.12) 717.14 (38.55) .001 .97

 Axial Diffusivity (λ11) 1461.65 (118.26) 1340.71 (66.25) 7.739 .01

 Trace (Dtr) 2950.69 (281.76) 2774.40 (93.25) 1.777 .20

Right Motor

 Fractional Anisotropy (FA) 367.41 (18.01) 359.90 (19.88) 1.146 .30

 Radial Diffusivity (λ⊥) 736.37 (79.90) 722.86 (57.12) .189 .67

 Axial Diffusivity (λ11) 1425.58 (110.27) 1319.32 (65.19) 6.519 .02

 Trace (Dtr) 2898.37 (242.93) 2761.29 (139.12) .948 .34

*
All analyses were performed using analysis of covariance, controlling for WRAT3 (Wilkinson 1993) Reading scores.

**
All diffusion parameters were multiple by 1000.
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