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Anticipating future outcomes is central to decision making and a failure to consider long-term
consequences may lead to impulsive choices. Adolescence is a vulnerable period during which
underdeveloped prefrontal cortical systems may contribute to poor judgment, impulsive choices,
and substance abuse. Conversely, substance abuse during this period may alter neural systems
involved in decision making and lead to greater impulsivity. Although a broad neural network
which supports decision making undergoes extensive change during adolescent development,
one region that may be critical is the medial prefrontal cortex. Altered functional integrity of this
region may be specifically related to reward perception, substance abuse, and dependence.
In the present investigation, we acquired structural magnetic resonance images (MRI), using
a 3T SiemensTrio scanner, from 18 cannabis abusing adolescents (CA; 2 female and 16 male
subjects; mean age, 17.7 years; range 16—19 years), and 18 healthy controls (HC; 6 female and
12 male subjects; mean age, 17.2 years; range 16-19 years). In order to measure medial orbital
prefrontal cortex (moPFC) morphology related to substance abuse and impulsivity, semi-
automated cortical reconstruction and volumetric segmentation of MRIs was performed with
FreeSurfer. Impulsivity was evaluated with the Barratt Impulsiveness Scale (BIS). Our results
indicate that cannabis abusing adolescents have decreased right moPFC volume compared
to controls, p = 0.01, d = 0.92, Cl .. = 0.21, 1.59. Cannabis abusing adolescents also show
decreased future orientation, as indexed by the BIS non-planning subscale, when compared to
controls, p=0.01, d=0.89, Cl ., = 0.23, 1.55. Moreover, total moPFC volume was positively
correlated with age of first use r(18) = 0.49, p< 0.03, suggesting that alterations in this region
may be related to initiation of cannabis use or that early initiation may lead to reduced moPFC

volume.
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INTRODUCTION

Adolescence is a time during which a variety of factors may converge
to increase the likelihood of substance use initiation, abuse, and
dependence (Schepis et al., 2008). Adolescents may be particu-
larly susceptible to cannabis use since it is the most commonly
abused substance worldwide with North America ranking second
for reported utilization (UN, 2008). Adolescence may also be a
time of vulnerability to addiction, as it has been reported that early
initiation increases the risk for cannabis dependence (Chen et al.,
2005). A greater risk for dependence may be associated with an
increased sensitivity to the rewarding properties of drugs during
this developmental stage (Spear, 2000) and cannabis abuse may dis-
rupt normal neuromaturation and reward sensitivity (Crews et al.,
2007). Consistent with this perspective, preclinical models indicate
that cannabinoid receptor type 1 (CB,) significantly changes density
in prefrontal cortex and other reward related brain regions during
adolescence (Ellgren et al., 2008), suggesting a possible interval of
neural vulnerability to cannabis exposure.

Preclinical models have provided further evidence that chronic
or escalating doses of delta-9-tetrahydrocannabinol produce alter-
ations in prefrontal and nucleus accumbens dendritic morphology
30 days following treatment (Kolb et al., 2006) and this cellular

reorganization may be related to disruptions in the function of
these structures which are normally involved in reward repre-
sentation and goal-directed behavior (Robinson and Kolb, 2004;
Kalivas and Volkow, 2005). In accordance with this view, animal
models have shown that brain reward systems become hypersensi-
tive to drugs of abuse such as heroin and cocaine following ado-
lescent cannabis exposure (Ellgren et al., 2007; Higuera-Matas
etal., 2008). Collectively, these studies indicate that the transition
from childhood to adulthood involves a critical window during
which cannabis use can impact normal remodeling of the prefron-
tal cortex (Egerton et al., 2006; Crews et al., 2007) and possibly
alter the incentive salience of other drugs of abuse (Robinson and
Berridge, 1993).

The neurocognitive impact of initiating cannabis use early in
life is also of great concern (Medina et al., 2007; Jacobus et al.,
2009). Studies employing neuroimaging techniques have shown
that prefrontal cortical gray matter undergoes significant mor-
phological change during adolescence and research investigating
prefrontal functioning during this period suggests that delayed
development of this region may be related to both cannabis
use and risk for substance abuse. For example, Medina et al.
(2007) demonstrated that adolescent cannabis users who were
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abstinent for nearly a month showed mild impairments across
several dimensions of neuropsychological functioning includ-
ing psychomotor speed, attention, and memory. Cannabis use
during adolescence has also been related to altered neural activity
in studies using functional magnetic resonance imaging (fMRI)
techniques paired with behavioral assays of frontal function.
For example, compared to controls, abstinent adolescent can-
nabis users show decreased functional activity of the dorsola-
teral prefrontal cortex during performance of a spatial working
memory task (Schweinsburg et al., 2008) and, consistent with this
observation, adult cannabis users have also been shown to have
altered frontal activity in a working memory task (Kanayama
et al., 2004). Cannabis users who initiated use before the age of
17 have been shown to have decreased frontal cortical gray mat-
ter compared to those who initiated after the age of 17 (Wilson
etal.,, 2000) and early initiation, compared to late initiation, has
been associated with poorer performance on neuropsychologi-
cal tests (Pope et al., 2003). Additionally, a negative correlation
between frontal activation and risk for substance use disorder,
as indexed by neurobehavioral disinhibition, has also been dem-
onstrated in adolescents (McNamee et al., 2008). These studies
suggest that cannabis abusing or at-risk adolescents show altered
frontal function and potentially developmentally delayed frontal
maturation. Thus, during adolescence, protracted development of
frontal cortical systems, in tandem with reduced structural con-
nectivity and peak reward related sensitivity, might contribute to
suboptimal decision-making capacities and increased impulsivity
(Luna and Sweeney, 2004; Yurgelun-Todd, 2007; Ernst and Fudge,
2009; Somerville and Casey, 2010).

Morphogenesis of the prefrontal cortex has been associated
with an enhanced capacity to temporally organize action plans
and choices as a means of reaching goals (Fuster, 2002). It has been
hypothesized that the orbital and medial regions of the prefrontal
cortex are the critical loci for representing goals and computing
choice based on reward value (Rolls and Grabenhorst, 2008). In
accordance with a role for this region in reward evaluation, plan-
ning, and goal-directed action, impaired decision making and
impulsivity are characteristic of damage to the medial prefron-
tal cortex (Bechara et al., 2000; Berlin et al., 2004). Suboptimal
decision making, impulsivity, and substance abuse have been
related to an inability to reflect on future prospects, a function
thought to be mediated by the ventromedial prefrontal cortex
(Bechara, 2005). Although impulsivity is a complex construct,
trait impulsivity has been associated with several independent
dimensions such as decreased attention, motor control, and
future orientation, factors indexed by the Barratt Impulsiveness
Scale (BIS; Barratt, 1994; Moeller et al., 2001). Studies apply-
ing morphometric imaging techniques have demonstrated that
alterations in medial orbital prefrontal (moPFC) gray matter
volume are correlated with observed and self-reported reported
impulsivity in adults and adolescents. For example, a negative
correlation between right moPFC gray matter volume and the BIS
non-planning subscale was demonstrated in a large community
sample including male and female adults (Matsuo et al., 2009)
and decreased right moPFC cortical volume was also shown to
be associated with increased observed impulsivity in a sample of
adolescent males (Boes et al., 2009).

Based on the findings above, we reasoned that adolescent
cannabis users may be more impulsive and have altered orbital
prefrontal volume in contrast to healthy controls. Accordingly,
we acquired MRIs from a community sample of healthy adoles-
cents and adolescents with a history of cannabis abuse to exam-
ine whether cannabis abuse might be associated with increased
self-reported impulsivity and alterations in orbital prefrontal
cortex volume.

MATERIALS AND METHODS

SUBJECTS

Eighteen adolescents with cannabis abuse (16 males, 2 females,
mean age = 17.7 years; range 16—19 years) and 18 healthy controls
(12 males, 6 females, mean age = 17.2 years; range 16—19 years)
were recruited from the Salt Lake City community. The following
exclusionary criteria were applied: (1) presence of any current Axis
I disorder other than cannabis abuse (for the cannabis group);
(2) presence of a serious medical illness, including diabetes; (3)
presence of a neurological disorder; (4) history of head trauma
resulting in loss of consciousness requiring hospital evaluation;
(5) history of ECT treatment; (6) estimated IQ < 85 (based on
measures of verbal fluency and academic history); (7) claus-
trophobia or metal implanted within the body. Once potential
participants were identified as study candidates, cannabis users
were instructed to continue use as usual until the study visit. All
participants were enrolled in either high school, college, or had
recently graduated high school with plans to attend college. All
participants also reported average to above average success in aca-
demic achievement. We utilized verbal fluency performance as an
estimate of IQ. Previous research has found modest to moderate
correlations between verbal fluency and estimates of intelligence
(for review see Strauss et al., 2006). Cannabis abusing subjects in
the present study performed somewhat better on the verbal flu-
ency test (M = 45.8, SD = 9.5) than healthy controls (M = 37.5,
SD = 8.7). Neither groups showed clinically significant levels
of anxiety as assessed with the Hamilton Anxiety Rating Scale
(HAM-A; HC, M = 1.27,SD = 1.93; CA, M = 2.0, SD = 2.66) or
depression as assessed with the Hamilton Depression Rating Scale
(HAM-D; HC, M = 0.77, SD = 1.43; CA, M = 2.11, SD = 3.07)
(Hamilton, 1960, 1969).

PROCEDURE

The University of Utah School of Medicine institutional review
board approved the study and all participants read the informed
consent and assented to participate in the study. Parents were
required to consent for participants less than 18 years of age. A
certificate of confidentiality was also used to protect personal infor-
mation regarding substance use activities from forced disclosure.
All participants were interviewed using a modified version of the
Structural Clinical Interview for DSM Disorders (SCID), HAM-A,
and HAM-D, to determine lifetime psychiatric history and cannabis
use history and abuse/dependence status (Table 1). All cannabis
using participants met criterion for cannabis abuse. On the day of
the study visit, MRIs and self-report measures of impulsivity were
acquired. After acquiring MRIs, subjects were escorted to a separate
testing room and administered the BIS version 11. The BIS is a
30 item self-report questionnaire that indexes three independent
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dimensions of impulsivity: non-planning, motor, and attention
(Patton et al., 1995). These dimension are related to future versus
present orientation, acting without thinking, and attentional vigi-
lance, respectively. Scores on each dimension are summed to obtain
an overall impulsivity score. The SCID, HAM-A, and HAM-D were
also administered. All subjects also provided a urine sample under
the direct observation of a same-gender member of the research
group immediately prior to scanning (ARUP Drugs of Abuse Panel
9: ARUP Laboratories, Salt Lake City, UT, USA). An aliquot of the
urine underwent standard laboratory urinalysis, which included gas
chromatography—mass spectroscopy (GC-MS) to quantify the level
of nor-9-carboxy-delta 9-tetrahydrocannabinol (THCCOOH).

MRI ACQUISITION AND IMAGE ANALYSIS

All acquisitions were performed with a Siemens 3-T Trio mag-
net using a 12 channel head coil and T-1 weighted 3D MPRAGE
sequence: field of view 256 mm, TR 2000 ms, TE 3.38 ms, flip angle
8°,1 mm slice thickness. High-resolution T1 MPRAGE volumes in
DICOM format were anonymized, imported into the FreeSurfer
(http://surfernmr.mgh.harvard.edu/) image analysis environ-
ment, and transformed into the MGZ format recognized by the
analysis package. Standard semi-automated workflow procedures
employing both surface-based and volume-based pipelines were

Table 1 | Demographic and clinical description of subject sample.

Healthy controls Cannabis users

(N=18) (N=18)
Age (years) 17.2+£0.82 17.7+£0.94
Sex (N) 26 J12 Q2 216
Handedness (N) 18 Right handed 18 Right handed
Age at first use (years) - 14.86 +0.31
Age at regular use (years) - 16.72+0.20
Average frequency/ week - 9.13+1.96
Estimated lifetime uses - 1351.94 +322.54
THCCOOH (ng) - 429.16 £84.63
Family history of substance abuse - 50%
History of other substance abuse - 11%*
Current other substance abuse - -
History of tobacco use - 22%
Current tobacco use - 22%
History of psychiatric diagnosis - 5% **
Current psychiatric diagnosis - -
HAM-A 1.27+0.45 1.89+0.62
HAM-D 0.78+0.33 2.0+0.71

Mean and SE for demographic variables, cannabis use dimensions, and HAM-A/
HAM-D scores. Additionally, percentage of cannabis abusing and healthy control
subjects with positive family history of substance abuse, history or current other
substance abuse/tobacco use, or psychiatric diagnoses are reported. Estimates
of lifetime cannabis use were calculated by summing the number of weeks
since the age of reported first regular use until the week of the study visit and
multiplying that value by the reported average frequency (episodes) of use per
week.

HAM-A, Hamilton anxiety rating scale; HAM-D, Hamilton depression rating
scale.

*Both identified subjects had a history of alcohol use.

**The identified subject had a history of major depression.

used. The surface-based analysis involved registration with the
Talairach and Tournoux atlas, intensity normalization, and skull
stripping, followed by white matter labeling (Dale et al., 1999).
Cortical white matter surfaces were used in a deformation pro-
cedure that assigns gray and white matter borders by following
intensity gradients to the position at which the maximum shift in
intensity designated the transition to the other tissue class (Fischl
and Dale, 2000). An automated registration procedure was used to
label each voxel in an MRI volume based on probabilities estimated
from a manually labeled training set (Fischl et al., 2002). Standard
FreeSurfer predefined region of interest (ROI) labels for moPFC
and lateral orbital prefrontal cortex (loPFC) were used in the final
statistical analysis. Robust correlations between the predefined
ROIs and manual tracing procedures have been demonstrated in
both of these regions (Desikan et al., 2006). After the analyses
were completed, volume data for ROIs in moPFC and loPFC were
extracted from the imaging analysis environment and submitted
to statistical testing.

RESULTS

DATA REDUCTION AND STATISTICAL ANALYSIS

Initially, values for brain volumes were obtained by taking the ratio
of regional (ROIs) to total segmented brain volume for each subject
and multiplying the obtained quotient by 100, hereafter referred
to as volume (see Table 2).

Total segmented brain volumes included all brain regions iden-
tified in FreeSurfer aseg.mgz. This set of measures includes the
ventricles, but excludes the dura. An estimate of lifetime cannabis
use was also calculated by summing the number of weeks since the
age of reported first regular use multiplied by the reported average
frequency (episodes) of use per week. Following transformations,
all data were analyzed using SPSS 17 for Mac.

Previous research indicates that early initiation of cannabis use
is associated with reduced frontal cortical gray matter (Wilson
etal.,2000) and that right moPFC volume is negatively correlated
with non-planning impulsivity (Matsuo et al., 2009). Therefore,

Table 2 | Regions of interest.

Healthy controls Cannabis P d

(n=18) users (n=18)

Mean £ SE Mean + SE
L loPFC 0.644+£0.014 0.644+£0.013 0.97 0.01
R IoPFC 0.656 +£0.015 0.653+0.013 0.87 0.05
Total loPFC 1.301+£0.027 1.297 +£0.024 0.91 0.09
L moPFC 0.370 £0.009 0.387 £0.022 0.92 0.04
R moPFC 0.402 +0.008 0.369+0.013 0.01* 0.92
Total moPFC 0.772+0.015 0.737+0.017 0.13 0.51
Total orbital PFC 2.074+0.038 2.035+0.035 0.54 0.25

Mean, SE, p-values, and Cohen’s d for adjusted volumes in mm? for regional and
total ROls. Values for brain volumes were obtained by taking the ratio of regional
to total segmented brain volume for each subject and multiplying the obtained
quotient by 100.

ROI, region of interest; L, left and R, right,; IoPFC, lateral orbital prefrontal cortex;
moPFC, medial orbital prefrontal cortex.

*Indicates significant difference between groups.
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we tested the hypothesis that cannabis abusing adolescents
have altered moPFC volume and report increased impulsivity
compared to healthy controls. Bonferroni adjusted independ-
ent-samples t-tests were conducted for moPFC volumes and a
significant difference between groups for right moPFC volume
1(34) = 2.74, p = 0.01, d = 0.92, CI ,_ = 0.21, 1.59, but not left
moPFC volume #(34) = 0.1, p = 0.92, or total moPFC volume
£(34) = 1.51, p = 0.13 was demonstrated. CA adolescents showed
reduced volume in right moPFC compared to controls (Figures 1
and 2). Bonferroni adjusted independent-samples t-tests were
conducted for impulsivity measures (non-planning, attention,
motor, and total) and a significant difference between groups for
the BIS non-planning subscale was demonstrated #(34) = —2.66,
p=0.01,d=0.89,CI ,. =0.23, 1.55, with cannabis abusing ado-
lescents showing increased non-planning impulsivity compared
to HCs. However, there were no significant differences between

FIGURE 1 | Inferior and sagittal 3-D representations with ROIs and
reference regions employed in FreeSurfer including: (A) moPFC in red,
loPFC in dark green, and frontal pole in purple and (B) medial view showing
superior PFC in light green, moPFC in red, and frontal pole in purple. ROI,
region of interest; PFC, prefrontal cortex; loPFC, lateral orbital prefrontal
cortex; moPFC, medial orbital prefrontal cortex.

FIGURE 2 | Coronal sections from CA subject with (A) cortical (red) and
white matter (yellow) surfaces outlined, (B) ROl in entire orbital prefrontal
cortical region, (C) ROl in loPFC, and (D) ROl in moPFC. CA, cannabis abusing;
RO, region of interest; loPFC, lateral orbital prefrontal cortex; moPFC, medial
orbital prefrontal cortex. Yellow ROl line was thickened for visibility in (B-D).

groups for any other measures of impulsivity including attention
t(34) = —1.21, p = 0.23, motor #(34) = —0.13, p = 0.89, or total
impulsivity #(34) = —1.55, p = 0.13.

Exploratory analysis revealed no significant differences between
groups for regional lateral orbitofrontal volumes or total orbital
PEC volume: right loPFC, p = 0.87; left loPFC volume, p = 0.97;
total loPFC volume, p = 0.91; total orbital PFC volume, p = 0.45. A
separate exploratory analysis using all orbital prefrontal regions (see
Table 2) did, however, show a modest positive relationship between
age of first use and left moPFC volume r (18) =0.57,p = 0.01 as well
as between age of first use and total moPFC volume r (18) = 0.49,
p =0.03 (Figure 3).

DISCUSSION

The results of the present investigation indicate that, compared
to healthy controls, cannabis abusing adolescents have decreased
right moPFC volume and also report increased impulsivity
related to decreased future orientation as indexed by the BIS
non-planning subscale. While there were no significant corre-
lations between right moPFC volume and several measures of
cannabis use, total moPFC volume was positively associated with
age of first use.

Damage to the medial prefrontal cortex has been shown to
impair decision making using the Iowa gambling task (IGT)
(Becharaetal.,1994,1999) and cannabis users also show diminished
choice optimization and decreased functional activation of orbital
prefrontal regions during performance of the IGT (Bolla et al,,
2005; Verdejo-Garcia et al., 2007). Suboptimal performance on
the IGT in healthy college-aged students has been associated with
higher scores on the BIS (Sweitzer et al., 2008), further suggesting

60

50 T T T T
12 13 14 15 16 17

Age at First Use

(Total moPFC Volume mm?/Total Segmented Brain Volume mm*)*100

FIGURE 3 | Correlation between total moPFC volume and age of first use
in adolescent cannabis users, r(18) = 0.49, p=0.03. Two scores overlap in
scatter plot, (N = 18). moPFC, medial orbital prefrontal cortex.
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that cannabis use is related to altered orbital prefrontal function,
impaired decision making, and possibly self-reported impulsivity.
Although, our data did not indicate a correlation between total
moPFC volume and impulsivity, our findings are in line with these
studies since cannabis abusing participants in the current study did
show altered moPFC volume and increased non-planning impul-
sivity. Our results thus support the proposal that cannabis abuse
is related to dysregulated moPFC functioning and the ability to
reflect on future outcomes. Consistent with these findings, previ-
ous research using a sample of healthy adolescent boys showed
reduced right moPFC volume to be associated with higher levels of
observed impulsivity (Boes et al., 2009). Matsuo et al. (2009) also
found the BIS non-planning subscale to be negatively correlated
with right orbital prefrontal volume in a community sample of
healthy adults.

Shortsightedness during adolescence may be driven by an
enhanced motivation to seek novelty and cannabis abuse may be
related to this drive. For example, increased self-reported nov-
elty seeking has been demonstrated in cannabis users (Hale et al.,
2003) and increased frequency of use has been associated with
heightened sensation seeking (Eisenman et al., 1980). Interestingly,
there is evidence to suggest a potential relationship among nov-
elty seeking, adolescent cannabis abuse, and basal density of CB,
receptors. For example, a positron emission tomography (PET)
study in a large sample of healthy adult volunteers demonstrated
that CB, receptor availability was inversely correlated with self-
reported novelty seeking (Van Laere et al., 2009). CB, receptor
density is thought to undergo change in the prefrontal cortex
and nucleus accumbens during adolescence (Ellgren et al., 2008)
and treatment with the synthetic cannabinoid HU210 has been
shown to reduce CB, receptor density in cortical and subcorti-
cal brain regions in a preclinical model of adolescent substance
abuse (Dalton and Zavitsanou, 2010). A separate line of research
has suggested that cannabis use may adversely impact reward sys-
tems or drug-related cue salience. For example, a study examining
the effect of a reward task on mood in adult cannabis users and
non-users found that monetary reward had a positive impact on
mood in non-users participating in a spatial recognition task, but
had no such effect in cannabis users (Martin-Soelch et al., 2009).
Moreover, the prefrontal-accumbens circuit is normally involved
in reward processing related to goal-directed behavior and cellular
adaptations resulting from repeated drug exposure are thought to
critically modify this circuit so that it becomes biased toward drug
seeking (Kalivas and Volkow, 2005). Consistent with this notion,
a study that investigated functional brain activation in response
to cannabis cues compared to neutral cues, in briefly abstinent
adult users, showed activity in orbitofrontal cortex and nucleus
accumbens positively correlated with the marijuana problem scale
(Filbey et al., 2009), suggesting that increased self-reported nega-
tive family, social, legal, and occupational consequences related
to cannabis abuse are associated with increased activation within
the prefrontal-accumbens circuit. Collectively, these studies sug-
gest that adolescent cannabis use may be related to altered reward
seeking and drug-related reward salience as well as neural sensiti-
zation, attenuation of normal cannabinoid system development,
and alterations in brain regions associated with reward and deci-
sion making.

Delayed maturation of frontal systems during adolescence
is also thought to contribute to impaired decision making and
shortsightedness (Galvan et al., 2006; Ernst et al., 2008; Fareri
et al., 2008; Steinberg et al., 2009) and protracted development
of the prefrontal cortex may be importantly related to emotional
dysregulation during this developmental period (Yurgelun-Todd,
2007). For example, Killgore and Yurgelun-Todd (2007) used
fMRI to test the neural correlates of emotional reactivity in ado-
lescents using an experimental paradigm in which fearful faces
were shown. They further characterized emotional intelligence in
the same group using the Bar-On emotional quotient inventory
(EQ-1). The results of the study suggested that adolescent EQ
was associated with functional activation within several regions
implicated in the integration of cognitive and emotional infor-
mation and an inverse relationship between EQ-i score and activ-
ity within the ventromedial prefrontal cortex during viewing
of fearful faces was specifically observed. These results suggest
that increased activation in the ventromedial prefrontal cortex
is associated with poorer EQ-scores, consistent with reduced
neural efficiency in processing emotional information in low
EQ adolescents. Given that the same region is also implicated
in cannabis use in the present investigation, it is quite possi-
ble that some adolescent cannabis users may have diminished
emotional intelligence. Insensitivity to future outcomes may be
a specific impairment within this general capacity. Thus, some
adolescents may be especially vulnerable to initiating cannabis
use during this time due to delayed emotional development and
a corresponding reduced capacity to use emotional information
to guide decisions. However, cannabis use may impact both nor-
mal emotional and neural development and lead to long-term
developmental slowing (Figure 4). Consistent with this idea,
the transition from drug initiation to dependence is thought to
results in potent neuroplastic changes and structural reorganiza-
tion (Koob and Le Moal, 2005; Koob and Volkow, 2010), which
may in turn impact the capacity for life experiences to induce
plasticity and provide the cognitive and behavioral advantages
associated with normal maturation (Robinson and Kolb, 2004;
Koob and Volkow, 2010).

While the present results may have implications for understand-
ing adolescent decision making and neural development with
respect to cannabis use, possible inferences should be cautiously
considered within the context of the limitations of this study. For

Future Cannabis
c Orientation ~— "e—-- Abuse >
Emotional  —ee— Prefrontal
Development Development

FIGURE 4 | Possible relationships among neural development,
emotional development, substance abuse, and prospective thinking in
decision making. Multiple entry points within the model (e.g., prefrontal
development or cannabis abuse) suggest that a window of vulnerability may
occur during normal neurodevelopment, emotional development and
decision making, and may increase risk for cannabis abuse. Conversely,
normal neurodevelopment may be altered by cannabis abuse, disrupt
emotional development and decision-making capacities, and increase risk for
compulsive drug use.

www.frontiersin.org

December 2010 | Volume 1 | Article 225 | 5



Churchwell et al.

Adolescent cannabis use and impulsivity

example, the sample size used in this study was modest and groups
were not gender matched, which may prevent generalization of
these findings. Specifically, a differential impact of cannabis use
on a measure of entire prefrontal cortical volume (including gray
and white matter) for abstinent male and female users has been
observed (Medina et al., 2009).

A further limiting factor in this study is the manner in which
impulsivity was measured. The BIS is a self-report instrument
and thus may be susceptible to over or underestimation based on
socially desirable responding or inaccurate self-perception (Meda
etal.,2009). Similarly, the relationship between laboratory and self-
report measures of impulsivity and their respective association with
frontal morphology for both healthy and substance abusing popula-
tions is yet unclear (Matsuo et al., 2009). There is some evidence to
suggest that laboratory and self-report measures are unrelated in
adults and adolescents (Reynolds et al., 2008). For example, Bjork
etal. (2009) did not observe any associations between frontal gray
matter volumes and scores on the BIS in a healthy adult population.
However, they used a delay discounting task to demonstrate that
increased preference for immediate over delayed rewards is associ-
ated with decreased gray matter volume in dorsolateral and infero-
lateral prefrontal cortex. However, functional activation of medial
prefrontal cortex during delay discounting has also been linked to
the subjective value of rewards (Kable and Glimcher, 2007), sug-
gesting a central role for this region in evaluating immediate versus
remote choice outcomes.

An additional consideration in the present study is that cannabis
abusing participants were instructed to continue using as usual
until study day. It is possible that recent use may have influenced
responding on the BIS. However, there was no correlation between
tetrahydrocannabinol metabolite values and BIS scores, suggesting

that active levels did not influence BIS responding. Lastly, this study
employed a cross sectional design and it cannot be determined
whether cannabis use produces alterations in frontal morphology
and impulsivity or whether these differences existed prior to and
contributed to initiation.

Of 2.7 million people 12 years or older in the U.S. to initiate
drug use in 2007, cannabis was the number one drug of choice,
constituting 56.2% of initiates (SAMHSA, 2008). Cannabis is read-
ily available to adolescents and nearly 32% of 12th graders use
cannabis annually (Johnston et al., 2008). It has been proposed
that early initiation of cannabis use may increase the risk for can-
nabis dependence (Chen et al., 2005) and that heavy cannabis use
may also have a negative neurocognitive impact (Pope et al., 2001;
Schweinsburg et al., 2008). Given that the transition from child-
hood to adulthood is a significant time of neural and emotional
change, the impact of cannabis use may be a critical determinant in
long-term outcomes for some individuals with respect to substance
abuse disorder and general trajectory. The present results suggest
that adolescent cannabis users have reduced right moPFC volume
and that age of first use and volume reductions in this region
are also related. Adolescent cannabis users also showed increased
levels of non-planning impulsivity, suggesting a possible source of
impaired decision making. Going forward, characterizing neural,
decision making, and behavioral dimensions of adolescent can-
nabis abuse will be critical for determining biomarkers of risk, in
addition to being essential for optimizing intervention and treat-
ment strategies (Churchwell and Yurgelun-Todd, in press).
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