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Abstract
Chronic marijuana (MRJ) use is associated with altered cognition and mood state, altered brain
metabolites, functional and structural brain changes. The objective of this study was to apply
proton magnetic resonance spectroscopic imaging (MRSI) to compare proton metabolite levels in
15 young men with MRJ-dependence and 11 healthy non-using (NU) young men. Spectra were
acquired at 4.0 Tesla using 2D J-resolved MRSI to resolve coupled resonances in J-space and to
quantify the entire J-coupled spectral surface of metabolites from voxels containing basal ganglia
and thalamus, temporal and parietal lobe, and occipital white and gray matter. This method
permitted investigation of high-quality spectra for regression analyses to examine metabolites
relative to tissue type. Distribution of myo-inositol (mI)/creatine (Cr) was altered in the MRJ
group whereas the NU group exhibited higher mI/Cr in WM than GM, this pattern was not
observed in MRJ subjects. Significant relationships observed between global mI/Cr and
distribution in WM, and self-reported impulsivity and mood symptoms were also unique between
MRJ and NU groups. These preliminary findings suggest that mI, and distribution of this glial
metabolite in WM, is altered by MRJ use and is associated with behavioral and affective features
reported by young MRJ-dependent men.
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1. Introduction
Cannabis, or marijuana (MRJ), is the most widely used illicit drug in the US, with 3.9
million people using MRJ almost daily in 2008 (SAMHSA, 2009). The highest rate of MRJ
use occurs in 18–25 year olds (16.5%), followed by 16–17 year olds (12.7%), 14–15 year
olds (5.7%), and then those 26 years and older (4.2%). Not only is MRJ most commonly the
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first illicit substance used, with 2.2 million people becoming new MRJ users in 2008,
equating to roughly 6000 initiates per day, but 61.8% of the recent initiates were 18 or
younger. Further, MRJ has the highest rate for illicit drug dependence, accounting for 60.1%
of all illicit drug abuse, and was the second highest substance for which treatment was
received (for alcohol, 2.7 million persons and for MRJ, 947,000 persons reporting receiving
treatment in 2008). Importantly, sex differences in individuals 12 years of age and older
have been reported both for prevalence of past month MRJ use, with males reporting greater
use (7.9%) than females (4.4%), and higher rates of dependence (males 11.5% versus
females 6.4%).

Neuropsychological studies have shown deficits in attention, mental flexibility, learning and
memory in MRJ-users (Block and Ghoneim, 1993; Bolla et al., 2002; Fletcher et al., 1996;
Pope et al., 2001; Pope and Yurgelun-Todd, 1996; Solowij et al., 2002), some of which
persist even after drug use has ceased (Pope et al., 2001; Pope and Yurgelun-Todd, 1996). In
addition to cognitive alterations, greater levels of impulsivity and depressive symptoms have
been associated with MRJ use (Degenhardt et al., 2003; Ramaekers et al., 2006). Although
the neurobiological effects of MRJ have not been fully characterized, neuroimaging studies
have shown that MRJ-users exhibit abnormal brain activation during performance of
functional imaging tasks, including verbal list learning (Block et al., 2002; Bolla et al., 2005;
Chang and Chronicle, 2007; Chang et al., 2006b), decision-making (Iowa Gambling task)
(Bolla et al., 2005), visual-attention (Chang et al., 2006b), and response inhibition (Gruber
and Yurgelun-Todd, 2005) (for review, see Chang and Chronicle, 2007). Altered activation
may be related to reductions in grey matter (GM) volume in regions such as the medial
temporal lobe (MTL) (Matochik et al., 2005; Yucel et al., 2008) (see also Block et al., 2000;
Tzilos et al., 2005), which has a high density of cannabinoid receptors (CB1) (Iversen, 2003;
Sullivan, 2000). Cerebral white matter (WM) is also vulnerable to the effects of MRJ use, as
diffusion tensor imaging (DTI) studies in adolescent and adult MRJ-users demonstrate lower
WM integrity relative to non-using comparison subjects, albeit inconsistently (Arnone et al.,
2006; Arnone et al., 2008; Ashtari et al., 2009; Delisi et al., 2006; Gruber and Yurgelun-
Todd, 2005). Thus, there is compelling evidence that MRJ exposure is associated with
structural and functional alterations that may contribute to the disturbances in memory
performance, executive functioning and affect modulation observed in MRJ-users (Gruber et
al., 2009; Lubman et al., 2007).

Proton magnetic resonance spectroscopy (1H MRS) can be used to examine cellular health
and integrity by measuring in vivo levels of several brain metabolites. N-acetyl-aspartate
(NAA), the most prominent metabolite in brain, is found primarily in neurons, and is
generally regarded as a marker indicating neuronal integrity (Birken and Oldendorf, 1989;
Demougeot et al., 2004; Inglese et al., 2008; Moffett et al., 2007; Pouwels and Frahm, 1997;
Sullivan et al., 2001). Creatine (Cr), with phosphocreatine (PCr), plays a major role in
cerebral energy metabolism, and acts as an energy buffer by maintaining constant brain
energy levels and by distributing energy (Kemp, 2000; Miller, 1991). Choline (Cho) reflects
a number of choline-containing compounds that are involved in cellular membrane synthesis
and degradation (Miller, 1991; Pouwels and Frahm, 1998). Myo-Inositol (mI) serves as an
organic osmolyte by maintaining cell volume, and as a phosphorylated derivative for the
synthesis of secondary messengers (Berridge and Irvine, 1989; Brand et al., 1993; Downes
and Macphee, 1990; Kim et al., 2005; Wolfson et al., 2000). Additional metabolites
quantifiable in the proton spectrum, albeit near the lower limit of detection, include
glutamate (Glu), glutamine (Gln) and gamma amino butyric acid (GABA) (Behar and
Rothman, 2001; Petroff et al., 2000; Shulman et al., 2004). Gln is a precursor for Glu, which
is a major excitatory neurotransmitter found in all brain cell types, with the highest
concentrations generally observed in neurons. Gamma amino butyric acid is the major
inhibitory neurotransmitter in the mammalian brain. In addition to excitatory and inhibitory
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neurotransmission, together with Gln, Glu and GABA play important roles in glucose
metabolism, neuronal energetics and ammonia detoxification (Behar and Rothman, 2001;
Patel et al., 2005). However, these peaks are obscured by peaks of higher concentration
metabolites in brain spectra, such as Cr, and thus can be difficult to resolve. Recently, use of
high field MR scanners and specialized editing techniques have enhanced MR visibility and
quantification of these peaks (Jensen et al., 2009; Keltner et al., 1997; Mescher et al., 1998;
Weber et al., 1997).

To date, only two published reports have examined proton metabolites in MRJ-users. Chang
and colleagues (Chang et al., 2006a), in an investigation of human immunodeficiency virus
(HIV) and marijuana use, acquired single voxel MRS data at 4 Tesla (T) from multiple brain
regions and found significantly lower mI, Cho and Glu in the basal ganglia and elevated Cr
in the thalamus of HIV-negative chronic MRJ-users (36 ± 2 years) relative to HIV-negative
non-using controls (42 ± 2 years), although metabolite differences were negligible after
controlling for age effects. In a study by Hermann and colleagues (Hermann et al., 2007),
magnetic resonance spectroscopic imaging (MRSI) was employed at 1.5 T to examine
several regions of interest in young MRJ-users (22 ± 2 years) and controls (23 ± 2).
Significantly lower ratios of NAA to total Cr (Cr + PCr, or tCr) were observed in the dorsal
lateral prefrontal cortex of the MRJ group relative to non-users. A significant positive
correlation was observed between NAA/tCr levels in the putamen/globus pallidum and
cannabidiol (CBD), a constituent of the cannabis plant that, unlike tetrahydrocannabinol
(THC), is nonpsychotropic.

While the main advantage of MRSI is to examine spectra across multiple regions post
spectral acquisition, the objective of this preliminary study was to use MRSI combined with
tissue segmentation to evaluate relative levels of proton metabolites in GM and WM from a
maximal sample of high-quality voxels (Auer et al., 2001; Doyle et al., 1995; Hetherington
et al., 1996; Jensen et al., 2005; Lim and Spielman, 1997; Pan et al., 1998; Pfefferbaum et
al., 1999; Schuff et al., 2001). This approach permits a thorough and rigorous statistical
regression analysis of metabolite levels relative to tissue type from large brain areas,
including regions known to contain high concentrations of the CB1 receptor, such as the
basal ganglia, the hippocampus and the MTL (Glass et al., 1997; Moldrich and Wenger,
2000). Given the higher prevalence of both use and dependence relative to older and
younger cohorts, as well as relative to women, young adult MRJ-using men who met criteria
for MRJ dependence were examined in this study. Measures of impulsivity and mood were
also examined relative to the distribution of metabolite levels in GM and WM, as previous
structural and functional changes in MRJ-users suggest neurobiological correlates for these
behavioral traits in MRJ users.

2. Methods
2.1. Subjects

Fifteen men diagnosed with MRJ-dependence (MRJ; age=21.2±3.4 years,
education=13.9±2.2 years) and eleven healthy non-using men (NU; age=25.0±4.8 yrs.,
education=16.1±2.7 years) served as participants. Clinical assessments were performed in all
subjects using the Structured Clinical Interview for DSM-IV Non-Patient Edition (SCID-I/
NP), which is widely used to reliably determine Axis I disorders in clinical populations
(First et al., 2002). NU subjects were recruited from the local community, were free of Axis
I psychiatric diagnoses based on the SCID interviews, and reported no psychoactive
substance use other than minimal alcohol use. MRJ subjects met DSM-IV criteria for MRJ-
dependence and were active MRJ-users, with an average age of first MRJ use=15.7±2.2
years and duration of MRJ use=5.5±2.6 years. MRJ subjects reported using MRJ 5.6±1.7
times per week, consuming 12.7±9.2 alcoholic beverages/week and, in only one MRJ
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subject, smoking 1 pack of cigarettes/day. Exclusion criteria for all subjects included DSM-
IV Axis I diagnoses (other than marijuana dependence in the MRJ group), current
psychoactive substance use (other than marijuana use in the MRJ group), history of organic
mental disorder, head trauma, loss of consciousness, seizure disorder or central nervous
system disease, or contraindications to scanning. All subjects underwent a clinical MRI
scan, which was read and interpreted by a clinical neuroradiologist. No clinical brain
abnormalities were present in any of the MRJ or NU subjects included in the MRSI
investigation.

2.2. Procedure
The Institutional Review Board of McLean Hospital approved all aspects of the clinical
research protocol. After complete description of the study, written informed consent was
obtained from all subjects. Subjects were monetarily compensated for their participation.

Subjects provided a urine sample, under the direct observation of the study coordinator,
which was tested for tetrahydrocannabinol (THC), amphetamines/methamphetamines,
barbiturates, benzodiazepines, cocaine, opiates, phencyclidine, propoxyphene and tricyclic
antidepressants (Triage® Drugs of Abuse Panel: Immediate Response Diagnostics, San
Diego, CA). Results of the drug panel confirmed recent MRJ use in MRJ subjects and no
drug use in NU subjects. An aliquot of the urine sample from MRJ subjects was sent for a
standard laboratory urinalysis, which included gas chromatography-mass spectroscopy to
quantify nor-9-carboxy-delta 9-tetrahydrocannabinol levels (Quest Diagnostics, Cambridge,
MA). THC was normalized to urinary creatinine (Cre) for each subject, in order to correct
for individual differences in urine concentration. Average THC/Cre levels observed in MRJ
subjects were 4.1±4.5 ng/ml.

2.2.1. Clinical measures—All participants completed the Barratt Impulsiveness Scale
(BIS-11, Patton et al., 1995), a self-report measure of impulsivity that yields a total score for
trait impulsivity, and subscale impulsivity scores: cognitive (rapid shifts in attention/
impatience with complexity), motor (impetuous action), and non-planning (lack of future
orientation). Participants also completed the Profile of Mood States (POMS; McNair et al.,
1971), a self-report inventory of six mood states (tension-anxiety, depression-dejection,
anger-hostility, vigor-activity, fatigue-inertia, confusion-bewilderment); the Positive Affect
Negative Affect Schedule (PANAS; Watson et al., 1988), yielding scores for positive and
negative affect; and the Beck Depression Inventory (BDI-II; Beck et al., 1996), which
assesses symptoms of depression over the previous week.

2.2.2. Spatial and spectral localization—In vivo proton MRS and structural MRI
scans were acquired using a full-body 4.0 Tesla Varian Unity/Inova MRI/MRS scanner
(Varian, Inc., Palo Alto, CA, USA) and a volumetric TEM design (Bioengineering,
Minneapolis, MN, USA) RF head coil operating at 170.3 MHz for 1H imaging. A rapid two-
dimensional (2D) gradient-recalled echo imaging sequence (12s) was used to acquire
sagittal, coronal, and axial images for rapid determination of head position within the coil.
The global magnetic field was manually shimmed using first and second-order shim coils (x,
y, z, z2, xy, yz, xz, x2-y2), resulting in unfiltered water linewidths ≤ 25Hz. High-contrast,
T1-weighted sagittal and axial images were then acquired, using the following parameters:
TR/TE= 6.2/11.4ms, field of view (FOV) (in-plane)=24x24cm, slice thickness=2.5mm
(sagittal 16 slices, axial 32 slices), matrix size=256x256, to guide placement of a 4cm thick
CSI-PRESS box inferior to the body of the corpus callosum over the mid-sagittal image
(Figure 1a), and readjusted in the axial plane to align the top of the box with the top of the
caudate (Figure 1b). This placement permitted sampling voxels from basal ganglia and
thalamus, temporal and parietal lobe, and occipital white and gray matter.
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2.2.3. Spectral acquisition—A modified 2D J-resolved magnetic resonance
spectroscopic imaging (J-MRSI) sequence and standard point-resolved spectroscopy
(PRESS) selective chemical shift imaging (CSI) scheme was use to incrementally acquire
spectra at multiple phase-encode steps, with increasing echo-times to sample the J-coupling
of proton metabolites. Sixteen individual TE-stepped spectra were collected for each of the
96 circular, sparsely sampled k-space points, with echo-times ranging from 30–330
milliseconds (msec), in 20 msec increments. Acquisition parameters were: TR=1.25 sec,
sampling matrix=14x14 (circular-sparse), spectral bandwidth=2kHz, complex time-
points=1024, FOV=18x18 cm, NEX=1, nominal voxel volume=6.6 cc (10.2 cc effective
voxel size), total spectral acquisition time=32 min. The advantages of TE stepping in the
present study, as opposed to spectral acquisition at a single stable TE, were two-fold. First,
TE-stepping permits the collection of metabolite transverse (T2) relaxation times and
subsequent determination of T2-decay constants for several key metabolites, including
NAA, Cho and Cr. T2 is sensitive to changes in the cellular microenvironment and can
influence metabolite MRS signal decay characteristics, cell volume, molecular structure and/
or metabolite-macromolecular interactions (Frahm et al., 1989; Posse et al., 1995; Traber et
al., 2004). Thus, NAA, Cho and Cr can be T2-corrected, which is particularly important for
Cr when Cr is used as the denominator for calculating metabolite ratios. Second, TE-stepped
data, when Fourier-Transformed in the TE-dimension, yield J-resolved datasets for every
voxel. It has been shown that the J-resolved technique allows for quantification of the entire
J-coupled spectral surface, and accordingly, improved measurement precision of strongly-
coupled resonance species, e.g., mI, Glu, and Gln, as compared to single-echo techniques
(Jensen et al, 2009).

2.2.4. Spectral data processing—The 96 sparsely sampled k-space points per echo-
time were first read into a zero-padded 16x16 matrix for all 16 echo-times. The TE-series
(16 k-space J-MRSI data sets) were zero-filled out to 64 k-space and digitally-apodized prior
to Fourier transforming in the TE dimension. Each J-resolved, 2D MRSI k-space set was
then digitally filtered in kx and ky with a Hanning k-space filter to produce J- and spatially-
resolved spectra. For each subject, the 2D J-MRSI grid was shifted in the x and y
dimensions to position an 11x9 rectangular matrix of voxels inside the volume of interest
(Figure 2a). Automated software developed on-site was used to omit voxels from the entire
J-resolved CSI dataset that contained excessive lipid signal from sub-cranial fat layer.
Remaining spectra were then automatically fitted using an optimized, two-dimensional
LCModel algorithm produced from GAMMA-simulated basis sets (Jensen et al., 2009),
which quantifies all 32 J-resolved spectral extractions within a J-bandwidth of 25Hz and
provides two-dimensional integrals for Cho, mI, Glu, Gln, NAA, NAA + N-acetyl-aspartyl-
glutamate (NAAG), and Cr. To ensure only high-quality spectra were included in the
analysis, the J=0.0 Hz spectrum and LCModel fit for each voxel was inspected by an
experienced spectroscopist (JEJ). The number of voxels that produced high quality spectra
did not differ between groups, MRJ group=44.2±5.6 voxels, NU group=46.3±6.5 voxels,
P=.82. Spectral data from 2 MRJ subjects and 1 NU subject were not useable due to poor
spectral quality, likely resulting from subject movement. Sample spectra (J=0.0Hz) from
parieto-occipital GM voxels (Figure 2B-1, B-2, B-3) and from striatal WM (Figure 2B-4),
and a sample spectrum (J=0.0Hz) with LCModel fit and labeled metabolites are presented in
Figure 2C.

2.2.5. Metabolite Quantification—Metabolite ratios were calculated as raw metabolite
integrals relative to the Cr integral. Although there are disadvantages of using metabolite
ratios, particularly relative to Cr and compared to absolute quantifications (Cheong et al.,
2006; Knight-Scott et al., 2003; Kreis et al., 1993), a series of steps were taken in the present
study to ensure that Cr was an unbiased denominator, i.e., Cr did not differ as a function of
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group. First, using the TE-stepped dataset, each of the 16 TE-stepped spectra were fitted
with the corresponding LCModel template in order to derive T2 values for Cr, Cho, NAA,
and NAA + NAAG, using an automated, least-squares algorithm. NAA, Cr and Cho have
small, coupled components in the proton spectrum, but also dominating singlet resonances
that LCModel can fit with a high degree of precision over the longer echo-times. In contrast,
the highly coupled mI, Glu and Gln are much more difficult to fit properly at longer echo
times, given the high degree of overlap with other resonances, thus producing an undulating
and non-exponential single decay curve due to J-coupling evolution with echo time (Hurd et
al., 2004). Thus, T2 values (msec) were derived for Cr, Cho and NAA on a voxel-by-voxel
basis for each subject, and demonstrated no significant differences in Cr T2, Cho T2, NAA
T2, or NAA + NAAG T2 between MRJ and NU groups. Accordingly, Cr, Cho, NAA and
NAA + NAAG were corrected for each metabolite’s respective T2 value prior to
normalization to Cr by multiplying each raw metabolite integral by 1/exp(-TE/T2)
(TE=30ms and T2=derived T2 decay-constant for each respective metabolite, msec).
Although this correction could not be applied to mI, Glu or Gln as indicated above,
contributions of T2 to NAA, NAA + NAAG and Cho, and importantly, Cr, were likely
minimized.

Second, the ratio of T2-corrected Cr to the partially T2-corrected total integrated proton
signal (which did not differ by group, P=.49) was derived using all fitted metabolites
including T2-corrected Cr, Cho, NAA and NAAG values, and non T2-corrected mI, Glu and
Gln. Ratios of T2-corrected Cr/partially T2-corrected total signal did not differ between
groups (P=.69). Accordingly, all proton metabolites reported were expressed as raw integral
values (T2-corrected when applicable, for Cho, NAA, and NAA + NAAG) divided by T2-
corrected Cr.

2.2.6. Tissue segmentation and linear regressions with metabolite levels—T1-
weighted image sets were segmented into four individual tissue compartments using the
automated commercial software package FSL 4.1 (FMRIB Software Library, Analysis
Group, FMRIB, Oxford, UK), which included GM, WM, cerebral-spinal fluid (CSF) and
subcortical deep GM (i.e., thalamus, putamen, caudate and globus pallidus, SDGM). Binary-
segmented tissue image sets were convolved with the calculated two-dimensional point-
spread function, including effects of digital k-space filtering, to provide partial tissue
estimates for each voxel. Percent relative cortical GM tissue content was estimated per voxel
by dividing the raw GM fraction by the total tissue sum [raw grey fraction/(raw grey fraction
+ raw white fraction + raw subcortical fraction)] x 100%. Subsequently, linear regressions
were calculated between tissue-corrected values for GM content and tissue-corrected
metabolite/Cr ratios for each voxel. For each subject, linear regressions were used to
determine estimates for “pure” WM and “pure” GM metabolite/Cr ratios, based on the y-
intercepts for 0% GM and 100% GM respectively, as well as the slope of the fitted
regression line (Auer et al., 2001; Doyle et al., 1995; Hetherington et al., 1996; Jensen et al.,
2005; Lim and Spielman, 1997; Pan et al., 1998; Pfefferbaum et al., 1999; Schuff et al.,
2001). Given that linear regressions can be influenced by even a single extreme value, a
multistep algorithm was used for voxel filtering to reduce inclusion of potential outliers in
the analyses. In addition to inspection of spectra from all voxels for quality of fit, with
obvious misfits and poor-quality spectra identified and discarded by an experienced MRS
physicist (JEJ), each voxel cluster of metabolites was screened statistically by applying a
filter in which metabolite values falling 3±SD from the mean were omitted.

2.3. Statistical analysis
One-way analyses of covariance (ANCOVAs), with age and education as covariates, were
used to compare MRJ and NU subjects on clinical measures, T2 and metabolite values,
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tissue contributions, and linear regressions of metabolites relative to GM contributions. One-
sample t-tests, conducted separately for each group, determined if average slopes of the
linear regression of metabolites relative to percent GM were significantly different from
zero. Relationships between clinical variables and metabolites were examined using
Spearman’s rho correlation coefficients, a non-parametric statistic that is not sensitive to
outliers. Given the exploratory nature of this preliminary investigation, significance levels
for regressions, group comparisons on extrapolated y-intercepts for WM metabolite
concentrations and correlations, were not corrected for multiple comparisons. SPSS 18.0
(SPSS, Chicago, IL), with a=.05, was used for all statistical analyses.

3. Results
3.1. Clinical measures

MRJ subjects exhibited significantly higher total impulsivity scores than NU subjects on the
BIS-11 (P=.01), as well as higher scores on the BIS-11 cognitive (P=.03), and motor (P=.
04) impulsivity subscales. No other significant differences on clinical measures were
observed between groups. Data for clinical measures are presented in Table 1.

3.2. Tissue segmentation
No significant group differences were observed for the relative GM, WM, CSF or SDGM
measured across all voxels within the MRSI volume of interest. Percent tissue volumes were
as follow: GM, MRJ=39.1±0.8%, NU=37.5±0.9%, P=.22; WM, MRJ=50.2±1.0%,
NU=51.0±1.2%, P=.65; CSF, MRJ=8.7±0.7%, NU=9.8±0.8%, P=.33; and SDGM,
MRJ=2.1±0.4%, NU=1.8±0.5%, P=.66.

3.3. Proton metabolite ratios
Global mI/Cr ratios were significantly lower in MRJ subjects relative to NU comparison
subjects, F1,23=11.85, P=.003. No other significant group differences in global metabolite
ratios, averaged across ~45 voxels for each group, were observed (Table 2).

3.4. Linear regressions: Metabolite ratios vs. percent GM
Significant group differences in the slope of the linear regression were observed for mI/Cr as
a function of percent GM (Table 3, P=.04), with only the NU group exhibiting a negative
slope that differed significantly from zero (P=.05). These data indicate that mI/Cr decreases
as GM content increases in NU subjects (Figure 3b), but not in MRJ-users (Figure 3a). The
MRJ group exhibited significantly lower estimated mI/Cr in pure WM (0% GM, y-intercept)
than the NU group (Table 3, P=.005) (see also, Figure 2a). Similar to the profile observed
for mI, MRJ subjects exhibited a less negative slope of Cho as a function of GM content
than NU subjects (P=.11), although negative slopes for both groups differed significantly
from zero (MRJ: P=.002; NU: P=.003) (Figure 4a, b). No other significant linear regressions
were observed (Table 3).

3.5. Correlations: MRJ use and clinical measures
A greater frequency of reported MRJ use per week was positively associated with higher
urinary THC/Cre levels (r=.55, P=.02) and showed a trend for a negative association with
age of onset of MRJ use (r=−.41, P=.06). A greater frequency of MRJ use per week was
significantly associated with lower BIS motor impulsivity (r=−.60, P=. 009) and trend for
lower BDI total score (r=−.45, P=.06), whereas higher urinary THC/Cr was significantly
correlated with lower BIS motor impulsivity (r=−.46, P=.04) and higher non-planning
impulsivity (r=.58, P=.01), lower POMS tension (r=−.64, P=.009) and less PANAS
negative affect (r=−.66, P=.01) in MRJ subjects.
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3.6. Correlations: Metabolites, MRJ use and clinical measures
Global mI/Cr was not related to current frequency of MRJ use, age of onset or duration of
MRJ use or urinary THC/Cr levels. However, greater frequency of use and earlier age on
onset were significantly associated with a more negative mI/Cr slope (higher in WM than
GM) (r=−.53, P=.03, and r=.62, P=.01, respectively) and higher estimated WM intercepts
(r=.57, P=.02, and r=.66, P=.007, respectively).

Significant correlations observed between impulsivity (BIS-11), mood measures (POMS,
PANAS, BDI) and global mI/Cr, slope of mI/Cr as a function of tissue type and WM
intercept, differed between MRJ and NU groups. Higher global mI/Cr in NU subjects
predicted less BIS cognitive impulsivity, r=−.65, P=.03; motor impulsivity, r=−.71, P=.02;
and total BIS score, r=−.76, P=.01. Higher estimated WM intercept also predicted less BIS
cognitive impulsivity in the NU group, r=−.60, P=.04. In contrast, lower global mI/Cr was
significantly predictive of less non-planning impulsivity in MRJ subjects (r=.51, P=. 04),
who also demonstrated that a higher slope (lower mI in WM) and a lower estimated WM
intercept were correlated with less cognitive impulsivity (r=−.47, P=.05, r=.59, P=. 02,
respectively).

As for mood measures, in NU subjects, lower global mI/Cr significantly predicted higher
POMS tension (r=−.57, P=.05), depression (r=−.66, P=.03), anger (r=−.60, P=.05),
confusion (r=−.70, P=.02), fatigue (r=−.63, P=.03) and total mood disturbance (r=−.78, P=.
007), whereas lower global mI/Cr in the MRJ group only predicated higher POMS tension
(r=−.62, P=.02). Also observed in the NU group was a significant relationship between
lower global mI/Cr and higher PANAS negative affect (r=−.92, P=.001), while MRJ-users
demonstrated that a higher mI/Cr slope (lower mI in WM) and a lower WM intercept
predicted higher depression scores on the BDI (r=.71, P=.007, r=−.66, P=.01, respectively).

4. Discussion
Results of this preliminary study demonstrate lower global mI/Cr in young MRJ-dependent
men compared to NU subjects across several brain regions known to contain high
concentrations of CB1 receptors, including basal ganglia, thalamus and hippocampus.
Importantly, tissue regression analyses showed that distribution of mI/Cr in WM was also
lower in MRJ subjects, measured by a significantly smaller slope (that was not significantly
different from zero) and a lower estimated intercept of mI/Cr in WM tissue, compared to
NU subjects. Trends for a smaller slope and lower estimated WM intercept for Cho/Cr were
also observed in MRJ subjects relative to the NU group in the present study. These data are
consistent with previously reported alterations in mI and Cho from a similar region in MRJ-
users (Chang et al., 2006a). This mI-specific finding was observed in the present study
despite a lack of group differences in the number of voxels with high spectral quality or in
overall tissue percentages across all voxels.

The primary localization and tissue dependence of mI is consistent with reports of
susceptibility of regions, such as the MTL, to chronic MRJ use (Delisi et al., 2006; Matochik
et al., 2005; Yucel et al., 2008). Reduced mI in the current cohort of young men with a
relatively short duration of MRJ use (5.5 years) may reflect an early neurochemical response
to toxicity prior to the manifestation of changes in neuronal integrity (Wu and Zhuo, 2008).
Thus, reduced mI may be suggestive of glial function suppression, as activation of CB1
receptors expressed by microglia has been shown to control their immune-related functions
(Stella, 2009). Lower mI may also result from increased efforts to maintain a constant
cellular volume, since previous work has demonstrated decreased hippocampal cellular
volume following chronic THC exposure (Scallet, 1995). Cellular volume is maintained
through transmembrane influx of Inositol, which is mediated by volume sensitive organic
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osmolyte channels. Compensatory efforts to maintain cell volume would require increased
consumption of Inositol, and subsequently, reduce the availability of the precursor, mI
(Wolfson et al., 2000). Although purely speculative, at the receptor level, reductions in mI
could be secondary to prolonged CB1 receptor activation. CB1 receptors are a family of G-
protein coupled presynaptic receptors that have been shown to influence GABAergic
inhibitory signaling (Hajos and Freund, 2002; Hoffman and Lupica, 2000; Katona et al.,
2000). Reduced GABA release associated with CB1 receptor activation involves multiple
intracellular signal transduction pathways, which is relevant given that mI is a precursor for
Inositol phospholipids, secondary messengers diacylglycerol (DAG) and Inositol 1,4,5-
triphosphate (IP3) (Downes and Macphee, 1990). Examination of secondary messenger
systems in chronic MRJ-users is not possible with MRS, and thus is beyond the scope of this
work, but nonetheless, it seems plausible that changes in mI could be associated with MRJ-
related alterations in neurotransmission. Elevations in mI have been reported in cocaine
(Chang et al., 1999b; Chang et al., 1997), alcohol (Gazdzinski et al., 2008; Meyerhoff et al.,
2004; Schweinsburg et al., 2000) and ecstasy (Chang et al., 1999a) users with longer
histories of abuse than in the MRJ-users examined in the present study. It is important to
consider that mI reductions to overcome acute toxicity may be observed early during use
history. In contrast, later elevations in mI, suggestive of glial hypertrophy associated with
increased duration of drug use, may occur in the presence of changes in neuronal health,
indicated by decreased NAA levels.

The present findings also demonstrate that lower mI/Cr may be a neurochemical correlate of
MRJ dependence and some of its associated behavioral and affective features. Lower global
mI/Cr and WM distribution of mI/Cr significantly predicted a higher level of total
impulsivity in NU, but less non-planning impulsivity in MRJ-users, e.g., I am self-
controlled, I plan for my future. These unique relationships were observed despite evidence
that MRJ-users in the present study were significantly more impulsive than NU subjects,
which is consistent with previous reports (Degenhardt et al., 2003; McDonald et al., 2003;
Medina et al., 2007; Ramaekers et al., 2006). With regard to mood state, lower global mI/Cr
in the NU group predicted a worse mood state across several domains of the POMS (tension,
depression, anger, fatigue and total mood disturbance) and a lower negative affect score on
the PANAS, but lower global mI/Cr was only related to higher POMS tension in MRJ-users.
While global mI/Cr across the entire CSI voxel grid may not be a regionally specific
indicator of MRJ-related influences on this important glial metabolite, tissue regression
analyses demonstrated a significant influence of MRJ use on distribution of mI/Cr in WM.
Reduced distribution of mI/Cr in WM, reflected by a smaller negative slope of the linear
regression of mI/Cr as a function of GM content and a lower estimated mI/Cr WM intercept,
significantly predicted higher depression scores on the BDI in MRJ-users. Taken together,
while lower mI was related to greater impulsiveness in general in young men and may not
discriminate between users and non-users, lower mI was predictive of a worse mood state in
young MRJ-dependent men, suggesting that this latter relationship may have greater
physiological relevance as a neurochemical correlate in addiction.

Frequency of reported MRJ use and urinary THC/Cre levels were associated with lower self-
reports of motor impulsivity, greater non-planning impulsivity, lower negative affect, lower
tension scores and a trend for a lower depression scores on the BDI. Thus, both subjective
and objective indicators of MRJ use were correlated with less impulsivity and a less
negative mood. These results are consistent with predictions of tension-reduction (Buckner
and Schmidt, 2008; Galen and Henderson, 1999; Levenson et al., 1980), motivational
(Buckner et al., 2007; Cooper et al., 2000; Simons et al., 2005), and stress-dampening
(Hyman and Sinha, 2009; Sher and Levenson, 1982) models of substance use, suggesting
that initiation or continuation of use may help mitigate negative emotions, which in turn
increases the risk of substance-related problems. Though only a non-significant trend, there
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was evidence for a correlation between an earlier age of onset of MRJ use and lower
positive affect on the PANAS, suggesting that a consequence of early onset use may be
reduced positive affectivity, which may confer increased risk for depression (Chorpita,
2002). Alternatively, low positive affect may lead some individuals to start using MRJ at a
younger age. It is also noteworthy that while global mI/Cr was unrelated to frequency, age
of onset and duration of MRJ use, or urinary THC/Cre levels, a higher distribution of mI/Cr
in WM (slope and y-intercept) was related to a greater amount of MRJ use and an earlier age
of onset, suggesting that exposure to marijuana could be neuroprotective (Maccarrone and
Finazzi-Agro, 2003; Pope et al., 2009). It cannot be ruled out, however, that mI alterations
and relationships with clinical variables either predated the onset of MRJ use, and/or served
as predisposing factors that contributed not only to initiation, but also to continuation of
MRJ use.

There are strengths and weaknesses of the study that deserve attention when considering the
findings. This investigation included a modest sample size limited to men who were well
characterized as young chronic MRJ-users, clinically diagnosed with MRJ dependence.
Importantly, MRJ-users did not meet criteria for any other substance use disorders, and
reported no other illicit drug use, which was confirmed by self-report and by urine drug
toxicology screen. Only one MRJ-user reported also using tobacco, which minimizes the
possibility that the observed findings were related to effects of tobacco use on brain
metabolites (Epperson et al., 2005; Gallinat et al., 2007; Gallinat and Schubert, 2007).
Moreover, when we removed this single MRJ tobacco-user from the analyses, significantly
lower global mI/Cr and significant correlations observed in MRJ-users were maintained.
Measures of impulsivity and mood state, as well as drug use, were collected via self-report,
which has its own inherent limitations (Magura, 2010; Williamson, 2007). However, urinary
THC/Cre levels provided significant objective evidence confirming MRJ use.

Notable strengths included collection of multiple spectra at high field (4.0 Tesla) using 2D
J-Resolved MRSI, along with the use of GAMMA-simulated basis sets for LCModel fitting,
to provide an exact, theoretically-correct template for each spectral extraction. Further, the
PRESS-CSI scheme minimized the number of spectra with poor quality due to subcutaneous
lipids, while permitting collection of 45 high quality spectra that allowed for tissue
regression analyses. The use of a broadband water-suppression pulse to maximize global
water-suppression throughout the PRESS-box resulted in a small creatine misfit at 3.8ppm,
although this would have affected all spectra for all subjects, minimizing the likelihood of
influencing our results. While there is debate regarding the use of Cr as a denominator for
determining metabolite ratios (Doelken et al., 2009; Safriel et al., 2005), notably, neither Cr
T2 nor Cr/total signal (both T2 corrected) differed between groups, suggesting that Cr
served as a relatively unbiased denominator for determining metabolite ratios in this study.
Although T2 relaxation times and correction factors were calculated for Cho, NAA and
NAA+NAAG, T2 correction was not feasible for mI. It is plausible that mI T2 could have
affected the results, but this seems unlikely given that no other T2 differences were
observed. A final caveat is that proton metabolite values in the present study were likely T1-
weighted, given the relatively short TR of 1.25s. Although it is unlikely that the observed
metabolite findings are due solely to T1 differences between groups, any tendency for
pathologically-based T1 changes between groups could affect metabolite levels. Ideally, a
longer TR would be necessary to obtain fully-relaxed spectra, however given the CSI/
multiple TE-sampling acquisition scheme, the resulting acquisition time would have been
unacceptably long for subjects to endure.

In conclusion, young MRJ-dependent men demonstrated significantly lower global mI/Cr
and less distribution of this glial metabolite in WM relative to non-using counterparts. While
this exploratory investigation did not address regionally specific MRJ-related alterations in
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mI/Cr, regression analyses of tissue distribution of mI/Cr, across several regions known to
contain high concentrations of CB1 receptors, revealed novel findings, in that WM mI/Cr
distribution is particularly vulnerable in young MRJ-dependent men with a relatively short
duration of MRJ use. Importantly, the mI/Cr indices were significant neurobiological
correlates of impulsivity and mood in MRJ-users, showing correlation patterns that were
unique from those observed in same-aged subjects who do not use MRJ. Previous work has
identified metabolite differences between drug dependent populations and non-using
comparison subjects, particularly with regard to the influence of monitored abstinence on
recovery of metabolite levels and associated improvements in cognitive and clinical
functioning. Thus, the design of this study, which probed the neurochemical correlates of
active use rather than abstinence, should be applied in the future to longitudinally investigate
proton metabolites from the period of active use through extended drug abstinence, as well
as to also include cohorts of women with and without MRJ-dependence.
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Figure 1.
A,B. A,B) Sagittal and axial T1-weighted images depicting placement of the PRESS box
over the volume of interest.
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Figure 2.
A-C. A) Axial T1-weighted images depicting MRSI voxel grid, with corresponding J=0.0Hz
sample spectra from voxels in the parieto-occipital GM matter (B-1, B-2, B-3) and from
striatal WM (B-4). C) J=0.0Hz spectrum shown with LCModel fit and labeled metabolites.
Abbreviations: Glu, Glutamate; Gln, Glutamine; Myo-I, myo-Inositol; Cho, Choline; Cre,
Creatine; NAA, N-acetyl-aspartate.

Silveri et al. Page 18

Psychiatry Res. Author manuscript; available in PMC 2012 March 31.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
A,B. Group regression plots of mI/Cr levels as a function of %GM for all subjects in each
group for all voxels with high quality spectra. Individual data/regression lines in Figure 3A
represent the MRJ group, open squares a with dashed line, and in Figure 3B, the NU group,
open circles with a solid line. Slopes of the linear regression were calculated per subject
(data not shown), and group averages demonstrated that slopes were not significantly
different from zero in the MRJ group (slope=.001±.002, P=. 49), but were significantly
different in the NU group (slope= −.009±.003, P=.05).
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Figure 4.
A,B. Group regression plots of Cho/Cr levels as a function of %GM for all subjects in each
group for all voxels with high quality spectra. Individual data/regression lines in Figure 4A
represent the MRJ group, open squares a with dashed line, and in Figure 4B, the NU group,
open circles with a solid line. Slopes of the linear regression were calculated per subject
(data not shown), and group averages demonstrated that slopes were significantly different
from zero for both the MRJ group (slope=−.016±.006, P=.002) and the NU group (slope=−.
031±.006, P=.003).
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Table 2

Proton metabolite ratios

MRJ (n=13) NU (n=10) F1,23 P

Cho/Cr 0.29±0.03 0.30±0.02 0.15 ns

mI/Cr 0.80±0.12 0.96±0.12 11.85 .003*

NAA/Cr 1.25±0.20 1.22±0.12 0.29 ns

NAA + NAAG/Cr 1.55±0.21 1.49±0.13 0.34 ns

Glu/Cr 0.88±0.16 0.88±0.09 0.38 ns

Gln/Cr 0.26±0.12 0.20±0.09 2.43 .14

Gln/Glu 0.30±0.11 0.23±0.10 1.72 ns

Data represent average metabolite ratios (/T2-corrected Cr)±SD. Cho, NAA, and NAA + NAAG metabolite numerators were T2-corrected.

*
Indicates statistical significance, P < . 05. Abbreviations: Cho, Choline; mI, myo-Inositol; NAA, N-acetyl-aspartate; NAA + NAAG, N-acetyl-

aspartate + N-acetyl-aspartyl-glutamate; Glu, glutamate; Gln, glutamine.
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